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Abstract: Municipal solid waste (MSW) treatment is one of the major contributors to carbon emissions.
The improvement in MSW treatment carbon emission efficiency is crucial for China to achieve its CO2

emission targets. Firstly, this study used the super-efficiency SBM-DEA model to calculate the MSW
treatment carbon emission efficiency in 31 provinces in China from 2010 to 2019. The results show
that the MSW treatment carbon emission efficiency in all provinces except Shanghai and Jiangsu is
less than 1, and the provinces with high efficiency are mainly located in eastern China. Secondly, the
spatial auto correlation model and spatial Markov chain are used to test the regional differences and
the spatial spillover effect of efficiency. The results show that the national average efficiency shows a
fluctuating downward trend, and only the western region achieves a gradual increase. The regional
differences in China’s MSW processing efficiency of carbon emissions show a fluctuating upward
trend, and the regional background affects the spatiotemporal evolution pattern of the efficiency.
Finally, the special error model was used to analyze the factors and influence paths that affect the
efficiency, and to find that the degree of government intervention as an influencing factor that restricts
the improvement of efficiency. Based on the research results, we put forward countermeasures and
suggestions to improve the MSW treatment carbon emission efficiency in each province and the
country as a whole.

Keywords: MSW treatment; carbon emission efficiency; greenhouse gases; regional difference; spatial
spillover effect; China

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) released its Synthesis Report:
Climate Change 2014, stating that global warming has become an important international
political issue [1]. According to the International Energy Agency (IEA), China emitted
6.2 billion tons of carbon dioxide in 2007, surpassing the United States as the world’s largest
emitter [2]. China’s carbon emissions are increasing rapidly; in the baseline scenario, China
emitted more than a third of the world’s carbon emissions during 2021 [3,4]. Faced with
this grim reality, the Chinese government takes reducing carbon emissions and developing
a low carbon economy as a national strategy [5,6]. China has made a solemn commitment
to the world to reduce its carbon emissions intensity, from the levels of 2005, by 40% to
45%, by 2020 [7,8]. In the meantime, to combat global climate change and sustainable
development, the Chinese central government intends to achieve the peaking of carbon
dioxide emission around 2030 [9].

The increasing complexity of human socio-economic activities has proved to be the
main cause of global warming [10,11]. With the increasing amount of municipal solid waste
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(MSW) generated by China’s consumer activities and the increasing amount of disposal,
MSW treatment activities contribute to several environmental problems and health effects,
and generate emissions of greenhouse gases (GHGs), with an important contribution to
the global climate change problem [12,13]. China is the largest developing country in the
world [14], and the relationship between the current increase in MSW production and the
suppression of GHG emissions is intensifying [15]. The development of the MSW industry
in China is faced with the dual constraints of MSW treatment quantity control and carbon
emission control [16]. In this case, the scientific and appropriate improvement of MSW
treatment carbon emission efficiency is the fundamental solution to solve the long-term
problems in the development of the MSW treatment industry in China. However, MSW
treatment carbon emission efficiency in China has not been determined, and there is no
relevant research in the previous literature, and so the subject requires further exploration.
This paper will be a zero breakthrough in the literature on MSW treatment industry carbon
emission efficiency in China.

With the above background, the research of this paper is imperative. This study
used the super-efficiency SBM-DEA model to measure MSW treatment carbon emission
efficiency. By considering both the expected output and unexpected output, the problem
of high efficiency estimation caused by slack variables is solved, and the MSW treatment
carbon emission efficiency of 31 provinces across the country is accurately calculated and
compared. In addition, this study also analyzed the spatial correlation and spatial spillover
effect of the MSW treatment carbon emission efficiency in different regional backgrounds
through ESDA, and comprehensively analyzed the carbon emission efficiency of China’s
MSW industry from the perspectives of time and space. The purpose of this paper is that
the conclusions of this study can provide some references for the study of carbon emissions
from MSW treatment, and provide some help for the development of MSW treatment plans
in different regions of our country. We hope that we can make some contributions to our
country’s carbon emission reduction goals in 2030.

2. Literature Review

At present, the main treatment methods of MSW in China include sanitary landfill,
incineration power generation, aerobic composting, and anaerobic fermentation [17]. The
quantity of GHGs, expressed in terms of CO2 equivalent (CO2e), are measured as they
are emitted into the atmosphere by an MSW treatment system from within a specified
boundary. The set of GHGs and boundaries are defined in accordance with the method-
ology adopted and the objective of carbon foot-printing. Bogner and Matthews [18] used
the method recommended by the IPCC 2006 Guide to research CH4 emissions and the
recycling situation in MSW landfills all over the world from 1980 to 1996 on an annual
basis. The results showed that in the United States and some other developed countries,
the recovery rate of CH4 is increasing year by year, and the emissions are reducing year by
year. Studies have shown that landfills emit the most GHGs compared with composting
and incineration technologies, suggesting that landfills should be reduced or combined
with composting and incineration [19–22]; however, some scholars have reached opposite
conclusions [23]. Friedrich and Trois [24] analyzed and compared the GHG emissions in
three landfill scenarios by integrating transport, recovery, composting, and landfill gas
recovery. Wang et al. [25] and Wang et al. [26], analyzed which of the two approaches,
incineration combined with energy recovery or landfill combined with landfill gas uti-
lization, is more effective under different climatic conditions in China for GHG emission
reduction. The results showed that the former is more suitable in the north and the latter in
the south, and the efficiency of energy recovery in China needs to be improved compared
with that in Europe. Bi et al. [27] took Hong Kong as a case to study the carbon emissions
of waste collection, transportation, and treatment from the perspective of logistics. They
found that poor choice of facilities, disorganized travel chains, and severe underloading
were responsible for poor waste management, and they developed a combined approach
that not only improves the efficiency of waste collection and transport, but also helps to
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reduce waste and carbon emissions from the treatment process. Mariëlle et al. [28] used
the simulation model to compare the energy savings and CO2 emissions under the two
modes of MSW recycling and incineration. The results, referring to the MSW treatment in
the Netherlands in 2008, showed that high-quality recycling can reduce 2.3 MtCO2 per year,
while the incineration can only reduce 1/3 of the recycling, and reduces 0.7 MtCO2 per year.
However, the economy and technology of the high-quality MSW recycling policy should be
further evaluated. Razza et al. [29] used the LCA method to evaluate the treatment methods
of tableware and bottles in MSW. The results showed that when using a composting method
instead of landfill and incineration to treat such wastes, energy consumption decreased
from 1490 kJ to 128 kJ, and GHG emissions decreased from 64 CO2-eq to 22 CO2-eq.

A measurement of MSW treatment carbon emission efficiency is the MSW indus-
try input and output relationship, which is an important indicator to assess the level of
the low carbon economic development of the MSW treatment industry, reflecting the ex-
tent and effectiveness of the MSW treatment industry in the implementation process, for
both economic and environmental assessment values. The principle of carbon efficiency
emphasizes the potential of carbon emission reduction, and a higher carbon efficiency
means that less carbon emissions will be produced for the same economic output [30].
Therefore, in the study of MSW treatment carbon emission efficiency, better GDP output
and less carbon emissions imply that there will be higher carbon emission efficiency of
MSW treatment than when the same human, material, and financial resources are invested
to treat MSW. Domestic and international studies on carbon emission efficiency mainly
use data envelopment analysis (DEA) models, stochastic frontier models, TOPSIS, and
CGE models. However, in terms of measurement indicators, carbon efficiency does not
reflect the comprehensive performance of production factors by a single indicator [31]. To
better deal with the multi-input multi-output problem, methods such as data envelopment
analysis (DEA) and further evolution of super-efficiency slacks-based measure (SE-SBM)
models are more widely used to assess carbon emission efficiency [32]. The International
Energy Agency [33] uses DEA by sector to study the regional differences in carbon emission
efficiency. Zhao et al. [34] proposed a stochastic radial DEA model extended to a non-radial
approach to measure energy use and carbon dioxide emission efficiency by analyzing data
from 2010. The results showed that CO2 emission efficiency has a significant effect in differ-
ent regions. Ramanathan [35] used the DEA model to investigate the relationship between
economic growth, energy consumption, and CO2 emissions from a global perspective to
explore the factors affecting carbon emissions. Maradan and Vassiliev [36] investigated the
cross-country differences in carbon emission reduction costs by distinguishing between
developing and developed countries, using a DEA model.

DEA is one of the methods for efficiency measurement under the condition of multiple
inputs and multiple outputs. Its advantage is that the optimal weight is only obtained from
the actual input and output data of the decision-making unit, which has strong objectivity.
However, the assumption of the DEA model is that the proportion of expected output
increase and the non-expected output decrease is the same, which is not completely consis-
tent with the actual production activities, due to the absence of slack variables, which will
the cause overestimation of efficiency. The super-efficiency SBM-DEA model proposed by
Tone [37] can correct such errors in efficiency evaluation and improve the accuracy of the
efficiency measurement. The super-efficiency SBM-DEA model has been widely used in the
service industry [38], green energy efficiency [39,40], and eco efficiency [41,42]; however, it
is rarely used to study MSW treatment carbon emission efficiency and the spatial charac-
teristics of MSW treatment carbon emission efficiency. According to Tobler’s First Law of
Geography [43], all things are connected, and things that are closer are more closely con-
nected. The spatial correlation characteristics of MSW treatment carbon emission efficiency
cannot be effectively analyzed by traditional mathematical statistical methods. However,
using the exploratory spatial data analysis method (ESDA), it is possible to scientifically
identify the spatial characteristics of MSW treatment carbon emission efficiency, and to
reveal the current status of its spatial distribution and spatial structure. In this study, the
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exploratory spatial data analysis, spatial autocorrelation model, and spatial Markov chain
were used to analyze the spatial structure and spatial spillover effect of MSW treatment
carbon emission efficiency.

3. Methods
3.1. Super-Efficiency SBM-DEA

This paper selects the super-efficiency SBM model to measure the carbon emission
efficiency of China’s MSW. Using this method, one can consider the two dimensions of
economy and environment at the same time, and incorporate multiple factors, such as
carbon emissions, human resources, and capital, into the efficiency evaluation system, so as
to obtain a more comprehensive efficiency measurement value. The super-efficiency SBM
model is a non-radial DEA model proposed by Tone [37], which allows for the simultaneous
analysis of carbon emission efficiency in the two dimensions of input and output. The radial
DEA model does not contain slack variables, while the super-efficiency SBM model contains
slack variables. In addition, the super-efficiency SBM model can be used to compensate
for the inherent limitations of the radial measurement and can further evaluate multiple
effective decision making units. Tone [44] proposed the non-expected super-efficiency SBM
model, which considered the non-expected output for the first time and could better reflect
the nature of the efficiency evaluation. Super-efficiency SBM-DEA has been verified by
domestic and international studies to be an effective method for measuring MSW treatment
carbon emission efficiency. In this paper, the non-oriented super-efficiency SBM model is
used to measure the carbon emission efficiency of MSW treatment in 31 provinces of China.
The formula under the unguided assumption is:

minρSE =
1 + 1

m ∑m
i=1 S−i /xik

1 + 1
s1+s2

(
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r=1 sg
r /yg
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t /yb
rk
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)
> 0

λ, s−, s+ ≥ 0

In the formula, xij, yrk represent input and output, respectively, λ is the index weight,
and ρSE represents the carbon emission efficiency value of DMU. It is worth emphasizing
that the symbols that appear in all formulas are described in Table A1.

3.2. Spatial Autocorrelation Model
3.2.1. Global Spatial Autocorrelation

The global spatial autocorrelation describes the average degree of correlation of all
spatial units with the surrounding area over the entire region, and it is tested with the
global Moran index [45]. It is calculated as follows:

I =
n ∑n

i=1 ∑n
j=1 ωij(yi − y−)

(
yj − y−

)
∑n

i=1 ∑n
j=1 ωij(yi − y−)2 (3)

In the formula, n represents the number of spatial units in the region; ωij represents
the spatial weight; yi and yj represent the observed values of the ith and jth spatial units in
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the spatial region, respectively; and y− represents the average value of the observations.
Moran’s I value is from −1 to 1. In this paper, when Moran’s I is greater than 0 and
significant, it means that there are clusters of provinces with high efficiency values and
provinces with low efficiency values in space. When Moran’s I is less than 0 and significant,
it indicates that the attribute values of provinces are negatively correlated in space, and
provinces with larger (smaller) efficiency values are less likely to cluster together. When
Moran’s I = 0, it means that the efficiency values of all provinces are randomly distributed
and there is no spatial correlation.

3.2.2. Local Spatial Autocorrelation

Global spatial autocorrelation can help to avoid potential instability problems at
different locations, to some extent. Local spatial autocorrelation can accurately reveal the
spatial heterogeneity of spatial elements in the entire region, and can count the spatial
agglomeration patterns at different locations. Equation (4) is the local Moran index formula:

Ii =
Zi
S2

n

∑
j 6=i

ωijZj (4)

Zi = yi − y

Zj = yj − y (5)

S2 =
1
n ∑(yi − y)2

ωij is the spatial weight value, n is the total number of all regions in the study area,
and Ii is the local Moran index of the ith region. Local Moran index range is not limited to
−1~1. In this paper, the local spatial autocorrelation method is used to show the influence
of each province on the efficiency value of the surrounding provinces, and to show the
clustering areas that exist in each province in China; there are four cases, namely high-high,
high-low, low-high, and low-low. Ii represents the impact of high/low carbon emission
efficiency of MSW in province i on the high/low carbon emission efficiency of MSW in its
surrounding areas. In this paper, local indicators of the spatial association (LISA) cluster
map are used to present the local spatial correlation of MSW treatment carbon emission
efficiency.

3.3. Spatial Markov Chain

Spatial Markov chain combines spatial lag and the traditional Markov method [46],
which can effectively calculate the transition probability change of MSW treatment carbon
emissions efficiency in different periods and different types (that is, from t period m type to
the probability of type n in t + 1 period). The Markov method divides the carbon emission
efficiency of MSW into k types, and is used to calculate the probability of converting
from one type to another type; the spatial Markov method is to establish a k ∗ k transition
probability matrix. This study uses the first-order Rook adjacency matrix as the spatial
weight matrix. The element Xmn in the matrix represents the probability of converting a
province with efficiency type m to a province with efficiency type n in year t. The matrix
element Xmn can be calculated using the following equation estimate:

Xmn =
Ymn

Ym
(6)

Ymn refers to the number of provinces of type m in year t converted to provinces of type
n in year t+ 1, and Ym refers to the sum of the number of provinces of type m in all years. By
comparing the transition probabilities, the upward or downward transition probability of
MSW treatment carbon emissions efficiency under different geographical backgrounds will
be discovered, and the influence of geographical background on provinces with different
efficiency types can be clarified.
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3.4. Spatial Error Model

This study considers that there may be spatial correlation between the MSW process-
ing carbon emission efficiency between regions. Therefore, it is necessary to use spatial
econometric methods to conduct empirical research to prevent traditional econometric
models from ignoring the spatial spillover effect and resulting in biased empirical results. In
addition to the explained variables, the spatial correlation may also come from explanatory
variables and error terms. After the Wald and LR tests, this paper finally chooses to use the
spatial error model. In this paper, the spatial error model is used to conduct a more accu-
rate analysis of the influencing factors of carbon emission efficiency, fully considering the
mutual influence between adjacent provinces. The spatial error model (SEM) is as follow:

Y = Xβ + ε, ε = λWε + µ, µ ∼ N
[
0, σ2 I

]
(7)

In the formula, λ is the spatial error correlation coefficient, which measures the influ-
ence of the error impact of the adjacent individuals on the individual observations. The
element Wij of the spatial matrix W describes the correlation between the error items of the
jth section individual and the ith section individual.

4. Data Sources and Variables Selection
4.1. Input-Output Data

This study uses the super-efficiency SBM-DEA model to calculate the MSW treatment
carbon emissions efficiently in 31 provinces of China from 2010 to 2019. The research on
MSW treatment carbon emission efficiency aims at reducing the carbon emissions of MSW
treatment, achieving sustainable development, and solving the problem of MSW treatment
under the carbon neutral blueprint. On the basis of the comprehensive consideration
of scientific, systematic, comparable, and operability selections, this paper refers to the
selection of the carbon emission efficiency evaluation index based on existing research
results, and finally constructs the efficiency evaluation index system. To ensure the relia-
bility and scientificity of the conclusions of this study, all data are authoritative from the
official government documents “China Urban-Rural Construction Statistical Yearbook” and
“China Statistical Yearbook”. Input and output variables are shown in Table 1.

Table 1. Variable description.

Variable Indicator Description

Input indicators
Human Urban resident population
Capital Government green technology expenditure

Pollution emission input MSW harmless treatment capacity
Output indicators Economic output GDP

Unexpected output Pollution output MSW treatment carbon emissions

Environmental factor
Economic development level Value added of tertiary industry

Technology level Government R&D investment
Degree of government intervention Government expenditure to GDP ratio

The efficiency evaluation index system constructed in this study consists of input
variables, output variables, and external environmental variables. In the selection of specific
indicators, this paper combines, from two aspects of economic and ecological benefits, the
characteristics of MSW to consider, and selects three input variables: (1) Urban resident
population [47,48]. In the traditional agricultural society, changes in population have a
direct impact on environmental changes, because changes in population will directly lead to
changes in MSW and GHG emissions. When human beings enter the industrialized society,
population changes have an indirect and composite impact on the field of MSW through
urbanization and industrialization. (2) Government green technology expenditure [49,50].
In recent years, green and sustainable development is an important issue in the construction
and development of China’s MSW field. Green technology innovation, as a key measure
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to unlock the “economic and environmental” dilemma, has attracted increasing attention.
The relationship between the development of green technology and the field of MSW has
been fully confirmed by many scholars. The government’s green technology expenditure
has become an important basis for evaluating the low carbon competitiveness of MSW in
different provinces and cities in China. (3) MSW treatment capacity [51,52]. Under the same
MSW disposal mode, the more MSW that is processed, the higher the GHG emissions. Two
output indicators were selected: (1) GDP as expected output. GDP is the most common
indicator in the development of MSW [47,53,54]. The lifestyle of high income and high
consumption groups will produce more MSW. (2) MSW treatment carbon emissions, as the
ultimate goal of this study, were set to be the unexpected output.

4.2. Influence Factors of MSW Treatment Carbon Emissions

Due to the differences in the level of economic development, technological innovation,
and government intervention among provinces, the MSW treatment carbon emissions
efficiency in the provinces considered was affected.

Economic development level [55–57]: Determined by selecting the added value of
the tertiary industry to represent the economic development of China’s provinces. This
is important because the prosperity and development level of the tertiary industry has
become one of the main indicators to measure modern society’s economic development
degree. MSW is mostly produced by some aspect of the industry that has a link to the
development of the tertiary industry, but does not necessarily entirely belong to the tertiary
industry. If properly used, it can not only help to improve the MSW treatment carbon
emission efficiency, but can also feedback to the tertiary industry and bring more economic
benefits. The United States, for example, has vigorously developed MSW recycling as the
most promising tertiary industry. Therefore, the tertiary industry, as a major component of
economic development in each province, has a significant impact on the MSW treatment
carbon emission efficiency.

Level of science and technology [6,50]: Research and development (R&D) input repre-
sents the level of science and technology in various provinces and cities in China. R&D
refers to the systematic and creative activities in a field of science and technology that aim to
increase the total amount of knowledge and use this knowledge to create new applications,
including basic research, applied research, and experimental development. Internationally,
R&D investment indicators are usually used to reflect a country’s technological innovation
strengths and core competitiveness. Technological progress has improved the MSW treat-
ment carbon emission efficiency. Therefore, there is no doubt that in the field of MSW in
this study, the input of R&D greatly affects the MSW treatment carbon emission efficiency.

Government intervention degree [58–61]: Government intervention degree refers to
the government regulating the economic activities of the industry through various actions to
regulate the MSW treatment carbon emissions, and can mainly be understood as economic
intervention. Therefore, we chose the ratio of government expenditure to GDP to represent
the degree of provincial government intervention in MSW treatment carbon emissions.
In the rapid development of MSW, fiscal expenditure plays an irreplaceable central role.
Through the proportion of government expenditure in GDP, we can measure the financial
situation, financial structure, and China’s provinces’ level of attention to the MSW industry,
which is beneficial to improve the regulation level of financial expenditure in the MSW
industry. Therefore, this study selects the ratio of government expenditure to GDP to
represent the government intervention degree in the MSW industry, which effectively helps
us to study the MSW treatment carbon emission efficiency.

5. Results and Discussion

This paper studies the temporal and spatial evolution of China’s MSW treatment
carbon emission efficiency, and discusses the research conclusions from four aspects. First,
the text measures the carbon emission efficiency of China’s MSW, and discusses the tem-
poral and spatial characteristics of the three major regions of China’s eastern, central, and



Energies 2022, 15, 3987 8 of 23

western regions. Second, from an inter-provincial perspective, this paper explores the
spatial characteristics of MSW treatment carbon emission efficiency, studies the degree of
correlation between provinces, and highlights four types of clusters. Third, from the per-
spective of time, this paper obtains the probability of inter-provincial efficiency transition,
both considering and not considering the background factor. Fourth, this paper considers
the spatial correlation and analyzes the factors that affect the efficiency of MSW treatment
carbon emission efficiency.

5.1. Preliminary Results on MSW Treatment Carbon Emission Efficiency

In this section, this paper uses the super-efficiency SBM model to measure China’s
overall MSW carbon emission efficiency, and analyzes the five provinces with the highest
and lowest efficiency. Subsequently, this paper divides China into three regions (east,
middle, and west), discusses the spatial characteristics and temporal evolution of the
different regions, and uses the coefficient of variation to measure the inter-provincial
efficiency differences within the regions.

5.1.1. Interprovincial Difference Analysis of MSW Treatment Carbon Emission Efficiency

Based on the data of China’s MSW treatment carbon emissions from 2010 to 2019,
this paper calculates the MSW treatment carbon emission efficiency in 31 provinces based
on the super-efficiency SBM panel model. Because the MSW treatment data of the Tibet
Autonomous Region from 2010 to 2015 are not disclosed, they cannot be calculated. The
results of MSW treatment carbon emission efficiency are shown in Figure 1. The number in
each square represents the carbon emission efficiency value of the province in that year,
and the percentage in blue represents the level of the province’s efficiency value in that year.
As Figure 1 shows, except for Shanghai and Jiangsu, the MSW treatment carbon emission
efficiency in all provinces is lower than one. The average MSW treatment carbon emission
efficiency in Tibet from 2016 to 2019 is 0.2731, which is at a very low level. This means that
the MSW treatment carbon emission efficiency in most provinces of China has not been
optimized and needs further improvement.

From 2010 to 2019, the MSW treatment carbon emission efficiency in different provinces
showed different trends. Shanghai, Jiangsu, Fujian, Beijing, and Zhejiang were the top
five provinces in the value of MSW treatment carbon emission efficiency. The high carbon
emission efficiency of these provinces may benefit from the two dimensions of policy
and economy. On the one hand, the MSW treatment policies of these five provinces are
complete, and they have detailed requirements for MSW treatment methods and GHG
emission standards. For example, Zhejiang Province and Jiangsu Province have introduced
“Zhejiang MSW Management Regulations” and “Jiangsu MSW Management Regulations”,
respectively, which formally incorporate MSW treatment into the legal framework, and
clearly require the acceleration of the use of incineration, composting, and other resource
treatment methods to replace landfill, reducing the huge carbon emissions generated by
the landfill treatment of MSW, thereby improving the MSW treatment carbon emissions
efficiency in China. On the other hand, most of these provinces are located on the eastern
coast, with a superior geographical location, high levels of openness, and a strong economic
level. The government has adequate financial support and promotes the implementation
of MSW treatment and carbon reduction policies. For example, in 2017 and 2018, only
Xicheng, Chaoyang, and Fengtai districts in Beijing invested CNY 2.343 billion in MSW
carbon reduction treatment. In 2010, the Shanghai government invested CNY 14.7 billion to
establish the largest old port MSW incineration plant in China, which laid a solid material
foundation for the carbon reduction practice of MSW treatment in Shanghai. The govern-
ment’s capital investment to achieve the stable development of the MSW treatment industry
can introduce advanced MSW treatment technology and reduce carbon emissions per unit
of MSW treatment, thereby improving the MSW treatment carbon emissions efficiency.
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Jilin, Hainan, Heilongjiang, Ningxia, and Qinghai are the five provinces with the
lowest MSW treatment carbon emission efficiency. The low efficiency of these five provinces
may be due to two reasons. Firstly, the construction of MSW treatment facilities in these
provinces is unadvanced, and the capacity of carbon reduction treatment is weak. For
example, only seven cities in the Jilin Province have established MSW incineration plants,
and the MSW treated by incineration is as low as 24.3%. In 2019, nearly 20% of the MSW
did not undergo harmless treatment, which seriously restricted the goal of carbon reduction
in MSW treatment, resulting in high MSW treatment carbon emissions, and thus becoming
an important reason for the low MSW treatment carbon emissions efficiency. Secondly,
the government’s investment in carbon reduction in MSW treatment has been wasted,
and a large number of harmless waste treatment projects have been left unfinished. For
example, in 2008, the central government offered CNY 1.64 billion to help Heilongjiang
Province build 102 harmless waste treatment projects, aiming to introduce advanced MSW
treatment technologies to reduce carbon emissions in the treatment process. However, by
2016, 34 projects had not been completed and 21 projects had not been put into operation.
This greatly slows down the process of MSW carbon reduction and means that government
funding is no longer expected to reduce carbon emissions, thus reducing the MSW treatment
efficiency. Finally, these provinces lack the guidance of an MSW treatment system, and
MSW violations occur frequently. For example, some areas in Qinghai and Ningxia still use
in situ landfill and in situ incineration to treat MSW. This backward treatment will produce
a large number of GHG and reduce the MSW treatment carbon emissions efficiency. In
addition, the lack of MSW treatment system and the lack of regulation will further promote
the generation of the illegal treatment of MSW, forming a vicious cycle of more MSW
treatment and lower MSW treatment carbon emission efficiency.
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5.1.2. Analysis of Regional Differences in Carbon Emission Efficiency

According to the Chinese government’s geographical division rules, this paper divides
China into three regions—eastern, western, and central—to compare the efficiency of MSW
between different regions. The eastern region includes 11 provinces, including Beijing,
Shanghai, and Tianjin. The western region includes 12 provinces, including Chongqing,
Xinjiang, and Inner Mongolia. The central part includes eight provinces, including Hei-
longjiang, Jilin, and Hunan. The average efficiency of the eastern region is significantly
higher than that of the central and western regions, which is due to the MSW harmless
disposal construction and the implementation of carbon reduction. The eastern region is
often used as a choice for pilot cities, who can first understand and realize the national
policy orientation of MSW disposal and carbon reduction. With the support of national
finance, technology, and policy, the eastern region government vigorously promotes the
reform of the MSW treatment industry, comprehensively carries out carbon reduction
activities, and establishes a complete set of low carbon treatment systems for MSW, so the
MSW treatment carbon emission efficiency is higher.

Figure 2 depicts the future development trend of MSW treatment carbon emission
efficiency in eastern, central, and western China. Overall, during 2010–2019, the average
MSW treatment carbon emission efficiency in China increased first and then decreased,
generally showing an inverted U-shaped, which is inconsistent with the typical EKC,
and may be closely related to the change of the actual situation of MSW treatment in
China. During the 12th Five-Year Plan period, the central government deepened the reform
of MSW treatment methods, required the full implementation of incineration and other
methods for the reduction of MSW treatment carbon emissions, such as incineration, and
promulgated a series of policies, such as the “12th Five-Year Plan for the Construction of
National Urban MSW Innocuous Treatment Facilities” to provide protection for them, so
that the MSW treatment carbon emission efficiency in China increased from 2010 to 2014.
However, since the 13th Five-Year Plan, the central government has shifted its focus and
reduced its attention on MSW treatment, and the optimization of carbon reduction methods
for MSW treatment has slowed down. The improvement of China’s carbon reduction
capacity cannot offset the negative impact of the sharp increase in MSW production, so the
MSW treatment carbon emission efficiency shows a downward trend.

Energies 2022, 15, x FOR PEER REVIEW 11 of 24 
 

 

 
Figure 2. Mean of the MSW treatment carbon emission efficiency for the whole of China and for the 
three regions. 

From the perspective of the change trend, the MSW treatment carbon emission effi-
ciency in the western region is the only region with growth. The average MSW treatment 
carbon emission efficiency increased from 0.3840 in 2010 to 0.4324 in 2019 (an increase of 
12.60%), while the MSW treatment carbon emission efficiency in the eastern and central 
regions showed a fluctuating downward trend, and the decline in the eastern region was 
more obvious. The growth of the western region may benefit from the country’s attention 
to the western region, giving more financial and technical support under the policy guid-
ance of the western development; the western region also recognizes its shortcomings and 
promulgates a series of policies on MSW treatment and carbon reduction to respond to 
the national orientation. For example, Ningxia promulgated the “Thirteenth Five-Year 
Plan for the Implementation of Greenhouse Gas Emission Control in Ningxia Hui Auton-
omous Region”, advocating for low carbon packaging, and reducing the carbon emissions 
generated by MSW treatment from the source. Therefore, it is brave to make counter cur-
rent progress within the context of the overall downward trend of national efficiency. In 
the future, the western region cannot be careless and should continue to maintain the 
trend of progress, while the eastern and central regions cannot relax their requirements 
for MSW treatment and carbon reduction. It is necessary to find new impetus for efficiency 
improvement by strengthening control and enacting policies, to curb the downward trend 
in time. 

Figure 3 shows the variation coefficient of MSW treatment carbon emission efficiency 
in three regions and the whole of China. The variation coefficient is the ratio of standard 
deviation to the average value of MSW treatment carbon emission efficiency, which is 
used to measure the statistical deviation and spatial difference of the inter-provincial effi-
ciency value. From 2010 to 2019, the spatial difference of MSW treatment carbon emission 
efficiency in China fluctuated and was at a high level. In terms of the differences within 
the three regions, different characteristics were observed, and the spatial difference of 
MSW treatment carbon emission efficiency in the eastern region increased slowly. The 
central region showed a “U” trend (first convergence and then diffusion) in 2010–2015 
and 2015–2019, respectively, and reached the peak in 2019. The difference in the western 

Figure 2. Mean of the MSW treatment carbon emission efficiency for the whole of China and for the
three regions.



Energies 2022, 15, 3987 11 of 23

From the perspective of the change trend, the MSW treatment carbon emission effi-
ciency in the western region is the only region with growth. The average MSW treatment
carbon emission efficiency increased from 0.3840 in 2010 to 0.4324 in 2019 (an increase of
12.60%), while the MSW treatment carbon emission efficiency in the eastern and central
regions showed a fluctuating downward trend, and the decline in the eastern region was
more obvious. The growth of the western region may benefit from the country’s attention to
the western region, giving more financial and technical support under the policy guidance
of the western development; the western region also recognizes its shortcomings and
promulgates a series of policies on MSW treatment and carbon reduction to respond to the
national orientation. For example, Ningxia promulgated the “Thirteenth Five-Year Plan for
the Implementation of Greenhouse Gas Emission Control in Ningxia Hui Autonomous Re-
gion”, advocating for low carbon packaging, and reducing the carbon emissions generated
by MSW treatment from the source. Therefore, it is brave to make counter current progress
within the context of the overall downward trend of national efficiency. In the future, the
western region cannot be careless and should continue to maintain the trend of progress,
while the eastern and central regions cannot relax their requirements for MSW treatment
and carbon reduction. It is necessary to find new impetus for efficiency improvement by
strengthening control and enacting policies, to curb the downward trend in time.

Figure 3 shows the variation coefficient of MSW treatment carbon emission efficiency
in three regions and the whole of China. The variation coefficient is the ratio of standard
deviation to the average value of MSW treatment carbon emission efficiency, which is
used to measure the statistical deviation and spatial difference of the inter-provincial
efficiency value. From 2010 to 2019, the spatial difference of MSW treatment carbon
emission efficiency in China fluctuated and was at a high level. In terms of the differences
within the three regions, different characteristics were observed, and the spatial difference
of MSW treatment carbon emission efficiency in the eastern region increased slowly. The
central region showed a “U” trend (first convergence and then diffusion) in 2010–2015 and
2015–2019, respectively, and reached the peak in 2019. The difference in the western region
was small and low in 2010–2016, with a large fluctuation in 2016–2018, reaching its peak in
2017 and basically returning to its initial state in 2019. In general, the variation coefficient of
the three regions has a rising trend, indicating that with the passage of time, the difference
of MSW carbon emission efficiency in various provinces is gradually widening.
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5.2. Spatial Correlation Analysis of MSW Treatment Carbon Emission Efficiency

In this section, this paper uses the global spatial autocorrelation model to judge the
correlation of the efficiency of MSW treatment carbon emission efficiency in our country’s
provinces. At the same time, according to the local autocorrelation model, the distribution
of different efficiency clusters in China is found, and the clusters at different time nodes are
compared to discover the evolution trend of China’s efficiency clusters.

5.2.1. Global Spatial Autocorrelation

According to Tobler’s First Law of Geography, the spatial distance affects the correla-
tion between object attribute values. Closer spatial distance means a stronger correlation
between object attribute values (i.e., stronger spatial dependence). In this study, according
to the 0–1 spatial weight matrix adjacent to the provinces, the Moran index of the MSW
treatment carbon emission efficiency in 31 provinces of China from 2010 to 2019 can be
found. As shown in Table 2, the global Moran index of all the years exceeded 0, and passed
the 1% significance level test. These results show that the MSW treatment carbon emission
efficiency has a positive spatial correlation, and there are obvious high-high or low-low
agglomeration areas. The results obtained in this paper are consistent with the study
of Tian et al. [62] There is also a significant spatial correlation in China’s overall carbon
efficiency, and this trend continues to increase over time.

Table 2. Moran’s I index of the MSW treatment carbon emission efficiency in China during 2010–2019.

Global Moran’s I z-Score p-Value

2010 0.464 4.3284 0.002
2011 0.376 3.5568 0.003
2012 0.483 4.3176 0.001
2013 0.415 3.8265 0.001
2014 0.433 3.9759 0.001
2015 0.452 4.1143 0.001
2016 0.648 5.9508 0.001
2017 0.306 3.0736 0.006
2018 0.500 4.6018 0.001
2019 0.482 4.5383 0.001

5.2.2. Local Spatial Autocorrelation

The global Moran index shows the overall spatial correlation characteristics of MSW
treatment carbon emission efficiency, but it ignores the spatial correlation model of some
regions. Therefore, in this study, the LISA clustering map was used to determine the
aggregation points of high-high, low-low, high-low, and low-high MSW treatment carbon
emission efficiency. Figure 4 shows the clustering maps of MSW treatment carbon emission
efficiency in China in 2010, 2015, and 2019.

In 2010, high-high concentration areas were distributed in Shandong, Jiangsu, Anhui,
Zhejiang, and Shanghai (East China), and low-low concentration areas included Inner
Mongolia, Gansu, and Shaanxi (Northwest China); in 2015, Shandong was removed from
the high-high concentration area, reducing it to just four provinces, while the low-low
concentration area further expanded, gaining Jilin Province; by 2019, the high-high con-
centration area included four provinces, with Anhui being replaced by Shandong, and the
low-low concentration area further expanded, including the entire northwest and parts of
the northeast and southwest. Overall, the spatial differentiation of MSW treatment carbon
emission efficiency in China is obvious, showing a spatial differentiation pattern of “high in
the south and low in the north” and “high in the east and low in the west”. The distribution
of high-high concentration areas is relatively stable, and the low-low concentration areas
continue to spread.
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5.3. Spatial Spillover Effect of MSW Treatment Carbon Emission Efficiency

In this section, the Markov matrix and the spatial Markov matrix are used to study
the change of transition probability of MSW treatment carbon emission efficiency in dif-
ferent periods and types. At the same time, by comparing the transition probabilities,
we can discover the change law of MSW treatment carbon emission efficiency within the
context of different geographical backgrounds, and clarify the influence of the geographical
background on provinces with different efficiency types.

5.3.1. Markov Matrix

The spatial pattern analysis shows that the MSW treatment carbon emission efficiency
in China has obvious global and regional spatial agglomeration. In this paper, the Markov
and the spatial Markov transition matrix are used to determine the spillover effect of
MSW treatment carbon emission efficiency in China. According to the level of MSW
treatment carbon emission efficiency, 30 selected provinces are divided into four categories
(because the efficiency deviation in Tibet from 2010 to 2015 will lead to the distortion of the
probability of conversion from a high level to a low level, it is eliminated): low level (<25%),
medium and low level (25–50%), medium and high level (50–75%), and high level (>75%).

Figure 5 shows the traditional Markov transition matrix; the diagonal elements repre-
sent the probability that the regional MSW treatment carbon emission efficiency remains
unchanged, rather than the diagonal elements representing the probability that the re-
gional carbon emission efficiency changes. As shown in Figure 5, from 2010 to 2019, the
probabilities of high-level and low-level provinces maintaining the original level of MSW
treatment carbon emission efficiency are 0.8382 and 0.8261, respectively, indicating that the
levels of MSW treatment carbon emission efficiency in each province are consistent, and the
transition probability of the efficiency level is low. Yca B et al.’s research on China’s water
efficiency reached a similar conclusion [63]. Most provinces with high efficiency levels and
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provinces with low efficiency levels were able to maintain stability, and the probability
of downward and upward jumps was small. Compared with the above provinces, the
stability of the provinces with a medium MSW treatment efficiency level is relatively low,
and their efficiency level is more likely to change compared with the provinces with high
and low efficiency (the probability of the medium efficiency level remaining unchanged is
0.6515 and 0.6866, which is less than the probability of maintaining a high or low level). In
addition, the change of MSW treatment carbon emission efficiency mostly occurs between
two adjacent efficiency levels, and the probability of a jump transition (e.g., from a low level
to a high level) is relatively small. Overall, the MSW treatment carbon emission efficiency
in China has strong stability in a certain range, and the change probability is small.
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Figure 5. Markov transition matrix of the MSW treatment carbon emission efficiency in China
during 2010–2019.

5.3.2. Spatial Markov Matrix

The spatial Markov matrix of MSW treatment carbon emission efficiency in China is
shown in Figure 6. If the regional background does not affect the efficiency transformation,
the probability of efficiency transformation in Figure 6 should be the same as that in
Figure 5. However, the comparison between Figures 5 and 6 shows that the influence of
the regional background in different provinces on the MSW treatment carbon emission
efficiency is different. Therefore, it is necessary to comprehensively analyze the transfer
matrix, considering the regional background. The conclusions are as follows:

(1) The transfer of MSW treatment carbon emission efficiency types is not geographically
isolated but is largely related to the surrounding economic environment. On the
one hand, for the provinces in the middle and high levels, the better the regional
background, the greater the probability of upward transfer (for example, for the
provinces in the middle and high levels, the probability of upward transfer is 0, 0.0500,
0.1111, and 0.2778, respectively, when the regional background gradually improves);
on the other hand, for provinces in the low and medium levels, the influence of the
regional background on the probability change is not the same (for example, for
provinces in low levels, the probability of efficiency increase is 0.1538, 0.222, 0.1, and
0, respectively, when the regional background gradually improves). This result shows
that the background conditions of adjacent regions play a very important role in the
change process of MSW treatment carbon emission efficiency in provinces and affect
the spatial spillover effect of MSW treatment carbon emission efficiency in China
through different ways and with different intensities.
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(2) In any regional background, a province has the highest probability of maintaining
low or high MSW treatment carbon emission efficiency, and usually has stronger
efficiency stability than the provinces with medium-low and medium-high types (for
example, in the high level regional background, the probability of maintaining low
or high is 1 and 0.9020, respectively, and the probability of maintaining medium or
high is only 0.55). This shows that the regional differences in MSW treatment carbon
emission efficiency in China’s provinces are relatively stable, and the differences will
persist for a long time.

(3) The provinces with medium-low or medium-high MSW treatment carbon emission
efficiency are relatively active, which means that they are more likely to experience the
transformation of their efficiency level than other provinces. Generally, there is a high
type conversion probability between the MSW treatment carbon emission efficiency
levels of the two adjacent types, and there is a low type conversion probability
between the efficiency levels with large differences. However, it can be seen from
the probability, which is far away from the matrix diagonal, and which is close to
zero, that regardless of the regional background, the probability of the continuous
transition across multiple levels in a short time is very low.
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Figure 6. Spatial Markov matrix of the MSW treatment carbon emission efficiency in China
during 2010–2019.

5.4. Analysis of Influencing Factors on MSW Treatment Carbon Emission Efficiency

The spatial effect test results based on the residuals of the ordinary OLS estimation
results (Table 3) show that the statistics of the spatial lag model (SLM) and the spatial error
model (SEM) significantly reject the null hypothesis of “no spatial lag” at the 1% level,
which confirms the rationality of using a spatial economic model. The robust LM-lag has
not passed the significance level test, which means that the spatial error model (SEM) is
a better model. The Wald test and the LR test also proved that the spatial error model
is suitable.
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Table 3. LM test.

Test Statistic df p-Value

Spatial error
Moran’s I 3.01 *** 1 0.003

Lagrange multiplier 148.932 *** 1 0
Robust Lagrange multiplier 119.81 *** 1 0

Spatial lag
Lagrange multiplier 29.199 *** 1 0

Robust Lagrange multiplier 0.076 1 0.783
Note: *** denote the significance at the 1% levels.

This paper selects the influencing factors from the perspectives of economy, environ-
ment, government, science, technology, etc. However, due to the strong multicollinearity
between the explanatory variables, after the variable selection, the economic development
level, economic technology level, and government intervention were the final explanatory
variables for the efficiency in dealing with MSW carbon emissions. Table 4 shows the regres-
sion results of the above factors. The spatial autocorrelation coefficient λ is 0.2082, which
is remarkable at the 0.01 level, indicating that there are still some unmeasured factors in
addition to the influencing factors selected in this paper, resulting in the spatial dependence
of MSW treatment carbon emission efficiency in China. Each influencing factor is described
as follows:

(1) The coefficient of economic development level is positive, passing the 5% significance
test. The results show that the added value of the tertiary industry is positively corre-
lated with the MSW treatment carbon emission efficiency. The better the development
of the tertiary industry, the higher the MSW treatment carbon emission efficiency.
This result can be explained from both government and business perspectives. On
the one hand, the governments in the developed regions of the tertiary industry
have more financial income and less economic pressure, so they will focus more on
sustainable development, have the confidence to promulgate stronger policies and
strictly supervise their implementation, and will take the MSW treatment carbon
emission as the focus of urban development, thereby improving the efficiency level.
On the other hand, the tertiary industry developed areas have a high level of con-
sumption and a large amount of MSW. There will be a huge profit space in the MSW
treatment industry, which is expected to become a “blue ocean area”. Under the call
of the government and the guidance of the market, the MSW treatment industry has
formed a good market atmosphere, attracting the inflow of talent, technology, and
social funding, helping the MSW treatment industry to reach a new height in the
cause of carbon emission reduction, and thus improving the MSW treatment carbon
emission efficiency.

(2) The coefficient of scientific and technological level is positive, and passed the 5%
significant indigenous test, which shows that government R&D investment is pos-
itively correlated with the MSW treatment carbon emission efficiency. Good fiscal
expenditure is a necessary condition for the development of the industry. On the
one hand, the higher government expenditure on science and technology will help
to realize more accurate support for the key technologies and core areas of MSW
treatment, as well as the creation of a good academic ecology and innovation envi-
ronment, and more scientific research institutions and high-quality talents, who will
be attracted to the work of MSW treatment and carbonization reduction. The results
obtained are consistent with the findings of Lybecker et al. [50], who found that gov-
ernment support for innovative technologies motivates researchers to develop clean
technologies and enables wider dissemination of technologies and innovations in the
country. Researchers are looking forward to the prospect of carbon reduction in MSW
treatment, and are constantly creating new values for reducing carbon emissions in
the process of MSW treatment, and improving the efficiency of carbon emissions in
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MSW treatment. On the other hand, science and technology expenditure can promote
the improvement of technology, changing the nature of domestic garbage and garbage
treatment. R&D can promote the production of new materials such as degradable
plastics, and the carbon emissions generated by processing new materials will be
significantly reduced. In addition, the increase in science and technology expenditure
will promote the implementation of resource utilization methods such as composting,
which will reduce carbon emissions in the treatment process, and improve the carbon
emission efficiency of MSW treatment.

(3) The coefficient of government intervention is negative, and the 1% test shows that
the ratio of government expenditure to GDP is negatively correlated with the MSW
treatment carbon emission efficiency, which may be due to two reasons. From the per-
spective of the government, many developing countries, led by China, have relatively
unadvanced carbon reduction methods for MSW treatment. People have not formed
the concept of “zero carbon emission” in ideology, so most of the methods adopted
by the national government are mandatory. In particular, the government always
puts forward mandatory requirements for residents with mandatory expenditure. For
example, investment in 4 + n classification of MSW bins nationwide, in order to force
residents to perform MSW classification. Too much government intervention will
lead to the residents’ rebellious psychology, hurt the rights and interests of policy
subjects to some extent, and promote an effect which is not good. From the business
perspective, the high proportion of government expenditure to GDP will increase the
operating pressure of MSW treatment enterprises, and even cause excessive imple-
mentation of policies by enterprises, reduce the enthusiasm of social capital entry,
destroy the sustainability of MSW treatment, and thus reduce the MSW treatment
carbon emission efficiency.

Table 4. Regression results of the influencing factors of the MSW treatment carbon emission efficiency
in China.

Variable Coefficient Std.Err z p > z

Three. 0.036414 ** 0.017836 2.04 0.041
Tec. 0.716677 ** 0.029264 2.45 0.014
Gov. −0.42762 *** 0.138248 −3.09 0.002

λ 0.208212 *** 0.01459 14.27 0
Note: ***, ** denote the significance at the 1%, 5% levels.

6. Extended Discussion with Current Studies in Related Fields

To increase the scientific significance of the study, we extended our discussion of the
above findings with other current studies dealing with the topic of MSW and CO2 emissions.
Through the calculation of the spatial autocorrelation model and the Moran Index, this
paper finds that there is agglomeration in the MSW treatment carbon emission efficiency of
various provinces in China, and the reasons for the agglomeration are consistent with the
research conclusions of Li and Cheng [64]. Li and Cheng hope to find a way to improve
the carbon emission efficiency of cities. Their research found that the convenience of
transportation can have a positive impact on the carbon emission efficiency of a region, and
this positive impact is more obvious for large cities and their surrounding cities. Taking
the Yangtze River Delta region as an example, as one of the earliest and fastest regions
for high-speed rail construction in China, the number of high-speed rail trips between
Nanjing and Shanghai has reached 230 times a day, and the relationship between cities
is particularly close. Convenient transportation helps cities in the Yangtze River Delta
region to communicate with each other, owing to their economy, talent, and technology.
The conclusion also indirectly verifies the calculation results of this paper. The convenient
transportation realizes the environmental scale effect between the solid waste fields, and
then the phenomenon of high-efficiency aggregation occurs. Moreover, most of the low and
middle agglomeration areas in this paper are in remote areas in the north and west, and
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underdeveloped transportation may be one of the reasons for this phenomenon. Previous
studies have provided more explanations and possibilities for the conclusion of this paper,
and more effective solutions to improve the MSW treatment carbon emission efficiency.

Kosajan et al. [65] started from the perspective of MSW treatment with carbon emission
reduction. They calculated the effect of different processes on reducing carbon emissions
by comparing different MSW treatment technologies. By comparing the conclusions of the
two papers, it is found that the high carbon emission efficiency in the MSW treatment of
certain provinces, calculated by the super-efficient SBM-DEA model, is not only due to
their complete relevant policies and rapid economic development, but also due to their
high level of CKC (co-processing in cement kiln) technology development [65,66]. The
inspiration to this paper of the past successful cases is to pay full attention to the technology
and processes of MSW treatment, vigorously promote the treatment methods with good
carbon reduction benefits such as CKC, and replace the treatment methods with large
carbon emissions such as landfills. In future research, we will pay more attention to the
above research hotspots.

Wang et al. [67] summarized the characteristics of China’s carbon emission market in
their research, and the research conclusions have many similarities with the conclusions ob-
tained in this paper through local spatial autocorrelation and the Markov model operation.
First of all, there are great differences between different carbon emission markets in China,
with high efficiency markets and low efficiency markets. The same problem is faced in the
field of MSW in China. From the coefficient of variation of efficiency, it can be seen that the
level of intra-regional differences in various regions of China is gradually increasing, and
there is a great gap in the MSW treatment with carbon emission between regions. Whether
it is the carbon emission market or the field of MSW, most of the agglomeration areas
with high carbon emission efficiency overlap in the eastern provinces with rapid economic
development. Second, Wang et al. [67] believe that the spillover effect between different
carbon markets is unstable, and the exchange volume between them is small. We also found
through Markov’s test that the MSW treatment with carbon emissions of each province
in China has the highest probability of remaining unchanged in the future, indicating
that high-concentration areas have limited driving help for other regions and that there is
still the problem of an efficiency gap. When this article discusses how to bridge the gap
between the various clusters, the suggestions of Wang et al. provide us with a reference:
High-efficiency gathering areas can participate in MSW treatment in other regions through
cooperation, investment, etc., establish an integrated MSW treatment information platform,
and share the latest MSW treatment technology, management experience, and carbon
reduction methods with surrounding areas in a timely manner. The more convenient the
information transfer, the stronger the effectiveness of carbon reduction technology and
experience sharing, and the easier it is to fluctuate and spill over with other agglomeration
areas, thereby driving efficiency improvements.

To summarize, the research results of this paper have something in common with
previous research in related fields. By comparing and learning from previous successful
research cases, it provides valuable reference information for the calculation results and
research conclusions of this paper. At the same time, an extended discussion with other
current studies dealing with the topic of MSW and CO2 emissions will increase the scientific
significance of the study and will affect its accessibility to a broader audience.

7. Conclusions

The conclusions of this study are as follows: (1) From 2010 to 2019, the MSW treatment
carbon emission efficiency in most provinces of China was at a low level. From the
perspective of the change trend, the overall average MSW treatment carbon emission
efficiency in China shows a fluctuating downward trend, and the central and eastern regions
have different degrees of downward trends, and the western region is the only region to
realize the gradual increase in carbon emission efficiency. (2) The spatial differentiation of
MSW treatment carbon emission efficiency in China is obvious, and the overall pattern is
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“high in the south and low in the north” and “high in the east and low in the west”. The high-
high concentration areas are mainly concentrated in the eastern coastal areas, and the low-
low concentration areas are mainly distributed in the northern areas, and gradually spread
to the northwest. (3) The probability of keeping the efficiency level of MSW treatment in
China unchanged is the highest. The MSW treatment carbon emission efficiency in China
has a great relationship with the surrounding economic environment, which is affected by
different ways and intensities of background conditions in adjacent regions. (4) The level
of economic development and technological innovation has promoted the improvement of
MSW treatment carbon emission efficiency, while the degree of government intervention
has inhibited the MSW treatment carbon emission efficiency.

The research conclusions of this paper expand the boundaries of domestic research
on MSW carbon emissions. At the same time, it is helpful for the construction of my
country’s MSW management system, and provides a basis for the formulation of MSW
treatment plans in different regions of our country. However, due to the limited research
time, conditions, and resources, this paper still has some limitations. On the one hand,
although the model-based research method has good scientificity and stability, the model is
a simulation of the actual prototype, not the prototype itself, and the research accuracy is
still affected by the data sample size, accuracy, and model design. The calculation results
have errors within a certain range. On the other hand, this paper selected the data of 31
provinces from 2010 to 2019, which limited the sample range to some extent. The number,
timeliness, and richness of the cases still need to be improved, so more verification is needed
in the promotion of the conclusions. Local governments should formulate MSW treatment
policy according to local conditions. In future research, we will further expand the scope of
the sample data, hoping to evaluate the national MSW treatment carbon emission efficiency
in real time. In the future, we will be committed to research on the MSW treatment carbon
emission efficiency in more developing countries, and we will help developing countries to
improve their overall system of MSW management.

Author Contributions: Conceptualization, X.C. and Y.J.; methodology, X.W. (Xuan Wang) and X.C.;
software, X.W. (Xuan Wang); formal analysis, X.C.; investigation, X.C.; resources, Y.J.; data curation,
X.C. and X.W. (Xuan Wang); writing—original draft preparation, X.C. and X.W. (Xiankun Wang);
writing—review and editing, X.S.; supervision, Y.J. and X.S.; funding acquisition, Y.J. and X.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2020YFD1100104), the Major Project of Philosophy and Social Sciences Research, Ministry of
Education (grant number 17JZD026) and the Natural Science Foundation of China (No. 72004130).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Appendix A

Table A1. Different notations and their descriptions.

Section Notations Descriptions

3.1

ρSE MSW carbon emission efficiency value
m Number of input variables
s1 Number of expected outputs
s2 Number of unexpected outputs
S−i Input redundancy
S+

r Shortfall in expected output
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Table A1. Cont.

Section Notations Descriptions

S+
t Redundancy of undesired output

Sg
r Shortfall in expected output

Sb
t Redundancy of undesired output

xik Input value of the kth DMU
yrk Expected output value of the kth decision variable
btk Unexpected output value of the kth decision variable
yg

rk Expected output value of the kth decision variable
yb

rk Unexpected output value of the kth decision variable
λ Weight of DMU

3.2

I Moran index
ωij Spatial weight
yi Observation value of the ith space unit
yj Observation value of the jth space unit
y− Observed average
S2 Variance
n Total number of study areas

3.3
Xmn Transition probability value
Ymn M-type area in year t converted to n-type areas in t + 1 year
Ym Total number of areas of type M

3.4

Y Dependent variable (efficiency value)
X Independent variable (influencing factor)
β Variable coefficient
λ Spatial error correlation coefficient

Wε Spatial matrix
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