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Abstract: At present, various contradictions in most coal-energy cities have become increasingly
prominent, which has become a disharmonious factor restricting the optimization and upgrading
of coal-energy cities. Since the turn of the century, taking effective improvement and protection
measures and promoting the economic transformation of cities reliant on coal as an energy source
has been the primary job of departments at all levels in order to secure the sustainable growth of
cities. In this paper, the economic transformation and sustainable growth of coal-energy cities are
included in the enhanced TOPSIS economic transformation evaluation model based on the proposed
entropy weight. This study examines the industrialization of cities that rely on coal energy resources,
assesses the industrial efficacy of coal energy using the DEA technique, and proposes a plan for the
industrialization of cities that rely on coal energy resources. This paper summarizes the industrial
transformation process of coal-energy cities and designs an evaluation method for the industrial
economic transformation of coal-energy cities. This paper determines a set of evaluation index
systems suitable for the economic transformation of coal-based energy cities; constructs an evaluation
model for the economic transformation of improved TOPSIS coal-based energy cities based on entropy
weight; and, finally, calculates and analyzes the industrial economic statistics of a city over the years.
It is found that, at the economic structure level, the transformation score of driving forces increases
from 0.606 to 0.871; at the level of social economic structures, the transition score of the pressure
system increases from 0.476 to 0.779, and the transition score of the state system increases from
0.401 to 0.699; at the level of urban construction structures, the transformation score of the pressure
system increases from 0.467 to 0.568; and at the level of comprehensive transformation structures, the
transformation score affecting the system increases from 0.611 to 0.716. This shows that, in the process
of transformation, the driving force of industrial and economic development in coal-energy-based
cities is sufficient, while the pressure of social and economic transformation is great. In the process of
transformation, we should strengthen infrastructure construction and protect the urban environment.

Keywords: coal energy; resource based cities; industrial structure; economic transformation;
sustainable development; evaluation model

1. Introduction

Coal-energy cities are cities that range from individual coal mines to cities that in-
tegrate production, living, services, and trade. Coal mining is the pillar industry of coal
cities, and coal production and output are their main economic function. In addition to
providing energy and power for the city’s heating, smelting, and transportation indus-
tries, coal also fuels the city’s industrial and domestic electricity through thermal power
generation [1]. The regional distribution of coal energy output value is shown in Figure 1.
Many coal-resource-based cities struggle with achieving coordinated development between
the economy and the environment because most energy-resource-based cities are heavily
dependent on the mining and processing of mineral resources, and the coal energy indus-
try typically has characteristics of high energy consumption and high emissions. This is
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especially true given China’s ongoing efforts to promote energy conservation and emission
reduction. Excessive resource consumption and environmental harm will steadily decline
when the industrial structure is upgraded and changed. As a result, the industrial structure
must change for resource-based cities” economies to grow sustainably.
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Figure 1. Regional layout of China’s coal energy industry.

Under the premise of insufficient financial capital accumulation and imperfect social
security, social problems and contradictions such as employment, distribution, and resi-
dents’ lives in coal-energy cities are gradually highlighted and intensified with the decline
of the coal industry, becoming a significant disharmonious factor restricting the stability
and development of coal energy-resource-based cities [2]. Despite their high dependence
on resource advantages, some emerging coal-energy cities in Inner Mongolia and western
China still need to break through potential development barriers through institutional
and institutional changes due to common problems in the industrial structure and social
systems of these cities. Coal energy exploitation acts directly on nature, causing serious
damage to the environment. In addition, cities lack public awareness of environmental
governance and adequate financial investment. Attention has been turned to the poor
environmental quality of cities that rely on coal as an energy source [3]. After years of high-
intensity development, resource reserves have been gradually depleted, mining costs have
risen sharply, competitiveness has been seriously weakened, and layoffs have increased
significantly. The decline of the leading industries inevitably affects the economic and social
development of these cities, and some cities in serious situations are already struggling.

Extensive study has been done on the transformation of coal energy-resource-based
cities at home and abroad in order to improve the quality of life of locals and increase
the sustainable development capability of coal energy-resource-based cities. According
to Papyrakis [4], the beneficial direct impact of mineral energy on economic growth is
outweighed by the detrimental indirect impact. Tonts [5] believes that dependence on
coal and other energy often makes cities turn to single-use resources, and diversified
development is relatively difficult. Using a data envelopment analysis technique, Fang
Xingcun et al. [6] assessed the economic transformation efficiency of 23 cities in China
that are dependent on energy resources and concluded that these cities’ transformation
efficiencies are currently low. Xu Yaxuan et al. [7] evaluated the performance of the energy
environment in the Central Plains Economic Zone based on China’s urban economic green
development index, as shown in Figure 2. Blagojevi¢ et al. [8] defined and assessed the
criteria affecting the efficiency of railroad enterprises and proposed a DEA-based approach
(i.e., a method based on data development analysis) to assess the efficiency of railroad
enterprises in terms of improving competitiveness. Hassanpour [9] studied an assessment
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including 405 Iranian industries involving input and output criteria by DEA combined with
the ratio model of Additive Ratio Assessment (ARAS) and the weighing system of a Kendall
and Friedman test supported by SPSS software. The results of the study classify Iranian
industries with respect to the nominal capacity of industries in certain clusters. Moreover,
the current review paves the way for the implementation of energy and material flows in
industries. The transition of the low-carbon economy in Jiaozuo City was evaluated using
the TOPSIS evaluation model by Wang Xuejun et al. [10].
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Figure 2. The relationship between energy mix and environmental performance.
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From a comprehensive perspective, the existing studies lack a study that takes an
energy-based city as a sample, the energy transition capacity index system has not been
formed, and there is less research on the specificity of energy transitions in different types
of resource-based cities, not to mention in-depth analyses of the factors influencing energy
transition capacity. This paper first analyzes the industrial development process of coal
energy-resource-based cities, which is manifested by the depletion of resources and the be-
ginning of coal enterprises’ losses. Then, the industrial efficiency of coal energy is evaluated
based on the DEA method, which has the advantage of facilitating the evaluation of the
relative efficiency of energy units. Based on this, development strategies for the industrial
economy of coal-energy cities are proposed involving energy restructuring, industrial up-
grading, and other programs. This paper summarizes the industrial transformation process
of coal-energy cities, including the three aspects of environmental assessment, development
orientation, and model selection. Then, an evaluation method for the industrial and eco-
nomic transformation of coal-energy cities, namely AHP hierarchical analysis, is designed.
In the study of this paper, a set of evaluation index system suitable for measuring the
economic transformation of coal-energy cities is determined. Then, an improved TOPSIS
evaluation model for the economic transformation of coal-based energy cities based on
entropy weights is established, and the energy economic statistics of a city over a period of
time are calculated and analyzed. This study shows that during the transition process, the
industrial and ecological economic development of coal-energy-based cities is sufficiently
dynamic, while the pressure of social and economic transformation is enormous.

2. Industrial Economic Development Mechanism of Coal Energy-Resource-Based Cities
2.1. Industrial Development Process of Coal Energy-Resource-Based Cities

The benefits of the coal energy industry determine the overall level of the urban
economy to a large extent, but the economic benefits brought by coal energy to local areas
are lower than their intrinsic values over a long period of time. The income and profits
of coal energy enterprises largely depend on the price of coal energy products. The state
plans to lower the price of electric coal energy, which accounts for more than half of the
total output. There is a considerable outflow of benefits from the coal industry. In addition,
after the diversification of energy investment entities, there was vicious competition among
private coal mines in various regions. The supply of coal energy was greater than the
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demand, and the price of coal energy was even lower than the cost price. Many coal energy
enterprises suffered losses [11]. Most of the domestic coal-energy cities are in a period
of resource recession or depletion. The industrial pattern supported by the coal energy
industry makes it difficult to transform the urban economy, and urban economic growth is
slow or even negative, which has become the focus of national assistance and support [12].

The coal-energy city’s industry as a whole shows a structural feature that the sec-
ond, third, and first industries are heavily dependent on the coal energy industry. The
industrial structure of coal energy is shown in Figure 3. Coal-based energy cities thrive
on coal. Most of them are gradually developed from coal energy production bases. The
secondary industry dominated by coal energy accounts for an absolute proportion of the
urban economic and industrial structure. The output value and employment of the coal
energy industry are in a monopoly position in various industries. The output of coal energy
and the market price of coal energy largely determine the rise and fall of cities [13]. In
terms of the construction of the industrial chain, with the coal energy industry as the center,
vertically, it is associated with gunpowder, machinery, manufacturing, transportation, and
civil engineering industries, and then derives a series of manufacturing industries such
as the electricity, metallurgy, and chemical industries, which are raw materials. Horizon-
tally, there are services such as technology, sales, logistics, and transportation. The coal
energy is dominated by the export sales of primary products, which is weakly related to
the non-energy industries within the city, resulting in a certain degree of labor market
segmentation and commodity market segmentation which hinders the city’s industrial
economy from generating a positive externality and scale effect and developing in the
direction of diversification and integration.
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Figure 3. Coal energy industry production process.

The entropy of the energy industry structure is a significant indicator of its level,
indicating the reasonable integrity and capacity for sustainable development of the internal
energy industry set up in the area. It is especially appropriate for energy-resource cities
with a single structure. The exact formula is as stated in Equation (1):

Q= YIW; x In(1/W,)P M

where Q is the entropy of the energy industry structure, i is the type of energy industry,
i=1,...,n and W; is the proportion of i energy industry output value in the total output
value. The higher the value is, the more it reflects that the coal energy-resource-based cities
maintain balanced development among various industries, and can withstand the risk of
fluctuations in the coal energy industry with strong economic growth potential. The single
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industrial structure and incomplete industrial categories of coal-energy cities have exposed
the economy and society to high risks, which is not conducive to the coal-energy cities
dealing with the plight of resource depletion in advance and cultivating new economic
growth points.

2.2. Efficiency Evaluation of the Coal Energy Industry Based on the DEA Method

Due to the restriction of objective factors such as energy reserves and geographical
location, as well as the restriction of subjective factors such as energy industry structure,
organizational form, and spatial layout of the energy industry, each coal-based energy city
has a certain degree of differentiation and difference in energy industry efficiency and
economic development level [14]. In order to more accurately measure the above differences
and provide more effective references for the reform and transformation policies of the
energy industry, this section proposes an efficiency evaluation method for the energy
industry based on DEA. American operations researchers Charnes A. and Cooper W.
created the novel system analysis technique known as “data envelopment analysis” (DEA)
based on the idea of “relative efficiency evaluation”. To assess the efficacy of DMUs, it
primarily employs linear programming principles and observed effective sample data,
multi-index input, and multi-index output.

The DEA method of energy industry efficiency evaluation has the following
characteristics:

(1) DEA can deal with the evaluation of the relative efficiency of the energy industry in
multi-input decision-making units, especially multi-output decision-making units;

(2) DEA does not have to predetermine the precise input and output functions of
the decision-making units, which promotes the relative effectiveness of the eval-
uation unit.

The study examines the generation of various energy sources and outputs. I organi-
zations or decision-making units use N inputs to get M outcomes. For DMU;, the input
vector is I x N vector X;, and the output vector is I x M vector Y;; then, there are:

X; = (xl,xz,L,xNi)T >0,i=1,2,L,1 2)

Yi= (Y1, Y, LYy) 20,i=1,2L1 3)

The N X [ input matrix X and the M x I output matrix Y can be used to represent the
energy input and output data of all I cities. As there are multiple energy inputs and outputs,
the energy industry decision-making unit (DMU) should be evaluated. All inputs should
be combined into a comprehensive input quantity and all outputs into a comprehensive
output quantity. Then the input and output should be compared. The weight of each input
or output needs to be determined. Set:

v = (01,05, L,0m)"
_ T 4)
u= (ulr uz, Lr us)
The smaller the total energy input I, the greater the total output Q, and the higher the
efficiency of the energy industry unit DMU. Therefore, the proportion of total energy input
to total energy output serves as a gauge of a device’s efficiency.

_ g _ Zi:1 UrYyi (5)

E;
I Yy vpXpi

E; is the energy industry efficiency evaluation index of DMU;; each output index’s
weight is represented by U, while each energy input index’s weight is represented by V. To
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find the weight vector that maximizes E;, for each DMU;, solve the C;R model (P) of DEA
to obtain the following maxima:

25:1 UrYyi

X § Xt (6)
21;1:1 prpi

max E; =

Change the fractional planning model of the energy industry into the linear planning
model of the energy industry:

1

b= o)
21;171:1 VpXpo

Hr = tuy, wp = top (7)

Then the energy industry model is transformed into:

S
1 UplYyg
max hjg = 727171*1 rJrio (8)
p:] prpiO

2.3. Industrial Economy Development Strategy of Coal Energy-Resource-Based Cities

Economic transformation and low-carbon development are two different terms in the
emergence, growth, maturity, and decline of coal-energy cities. They interact with one
another depending on the functional entity of coal energy-resource-based cities and are
born jointly during the development life cycle of such cities. In a way, transformation
and development are distinct from one another and related to one another, producing an
organic dialectical relationship (as depicted in Figure 4) to support the growth of cities
reliant on coal as an energy source.

N\

Economic problem I Economic sustainability |
Problems s Sustainable
of coal Social problem |~—' mation of |— Developm- Social sustainability |
] coal ent of coal
based
energy ; based - —
cities cological problems |——> energy energy Ecological sustainability |
. itil
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Energy problem I Energy sustainability |

Theory of sustainable
development

Figure 4. The relationship between the transformation of coal-based energy cities and sustainable
development.

On the one hand, economic transformation serves the dual objective of achieving
sustainable economic development of coal energy-resource-based cities and is the sole path
to its realization [15]. The transformation involves economic restructuring, state-owned
enterprise reform, regional economic development, labor employment, social security,
ecological environment governance, resource exploration and development, resource tax re-
form, and other related fields, and ultimately achieves the goal of social progress, economic
development, ecological environment improvement, and sustainable use of coal energy.

On the other hand, the sustainable development theory of the coal energy-resource-
based city economy plays a guiding role in urban transformation [16]. The central idea of
the theory of sustainable development is to encourage the coordinated and shared growth
of the economy, society, and ecological environment of coal-energy cities or regions in
order to maximize the ecological benefits, economic benefits, social benefits, and other
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all-encompassing benefits and to realize the objective of sustainable development. The
purpose of the transformation of coal energy-resource-based cities is to restructure and
ameliorate the issues that exist in these cities in terms of social, economic, ecological, and
resource costs, with the ultimate objective being to support the long-term growth of these
cities. The transition of cities that rely on coal for energy can be guided by the sustainable
development paradigm.

3. Industrial Economic Transformation Plan of Coal Energy-Resource-Based Cities
3.1. Industrial Transformation Process of Coal Energy-Resource-Based Cities

According to the definition of industrial economic transformation of coal energy-
resource-based cities, this process aims to help the growth of urban economies break their
rigid ties to energy- and coal-resource-based industries and find new, innovative industries
to take the place of the coal energy sector, the advantages of which have declined as
resources have been depleted. Based on the current situation of coal-based energy cities and
the development characteristics of the energy industry, it is necessary to reposition the city’s
leading industry and carry out industrial transformation based on its own comparative
advantages when studying the industrial transformation of particular coal-based energy
cities. The basic industrial transformation path of cities with a coal energy resource base is
shown in Figure 5.

Process of industrial transformation

of coal based energy cities

|
! }

Problems of coal energy cities Industrial characteristics of energy cities

\ /

Environmental assessment of industrial transformation

|

Urban industrial positioning

l

Select transformation mode

|

Industrial transformation

| |
Withdrawal of decli- Emerging industries Industrial structure
ning industries appear adjustment

Figure 5. Flow chart of industrial transformation of coal energy-resource-based cities.

(1) Examine the internal and external context of the industrial economic change of cities
dependent on coal as an energy source. Prior to making judgments on the industrial
economic transformation of coal energy-resource-based cities, it is important to iden-
tify the key influencing elements, which entails analyzing the internal and external
environmental factors that limit those decisions. Discover the benefits and drawbacks,
and then place the growing industries of coal energy-resource-based cities according
to the environmental conditions, choosing the appropriate industrial transformation
mode. The industrial transformation environment of coal energy-resource-based cities
mainly includes the internal environment and external environment [17].

(2) Relocate the industrial growth of cities dependent on coal for energy. The next step is
to reorient the industrial growth of coal energy-resource-based cities after weighing
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the benefits and drawbacks, as well as the strengths and weaknesses of this industrial
transformation and development [18]. When positioning urban emerging industries,
it is important to fully take into account the primary functions of the city, the level of
urban development, the characteristics of urban development, the stage of economic
development, and other factors according to the goals, the environment, and the
unique characteristics of a city’s urban industrial development [19]. Therefore, when
repositioning its industrial development, we should combine the advantages of coal-
energy cities with the laws of economic development, learn from each other, and
develop industries with their own characteristics and advantages.

The choice of industrial transformation mode for coal energy-resource-based cities.
There are several choices for the mode of industrial economic transformation of coal
energy-resource-based cities. If the coal energy-resource-based cities are still quite rich
in resource reserves and have a good degree of mining, they can adopt the advantage
extension mode to develop and establish an industrial cluster for deep processing
and comprehensive utilization of coal energy. If the coal energy is nearly exhausted
and the recoverable resources are insufficient, the alternative industry model can be
selected to promote urban economic development [20]. While rationally developing
the existing advantageous industries, seek new industries to complement each other
and promote urban development. The green economy transformation model of coal
energy-based cities is shown in Figure 6.

[
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Policy orientation ] [ Coal [

1
\

@i [Coal gasification tail J

Circular economy ]

v N\

Big data | Coal gasification tail Special
steel
Cyeclic chain Energy cycle
Municipal M~0der11
services Biomass agriculture
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Figure 6. Green economy transformation model of coal energy-based cities.

3.2. Evaluation Method for Industrial Economic Transformation of Coal-Energy Cities

At home and abroad, multiple studies have been conducted on the selection of

evaluation methods for the industrial economic transformation of coal energy-resource-

based cities. The main evaluation methods include the AHP method [21], factor analysis

method [22], cluster analysis method [23], support vector machine method [24], neural
network method [25], etc. This section integrates the indicators with similar or overlapping
information in the indicator system of coal energy-resource-based cities through cluster
analysis, so as to highlight the useful information of the indicator system; Following the
dimension reduction and correlation elimination of the index system for the industrial eco-
nomic transformation of coal energy-resource-based cities, the analytic hierarchy process
is used to evaluate it. Finally, the factor analysis method is used to deal with the index
system, and the primary factors affecting the industrial economic transformation of coal
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energy-resource-based cities are extracted. The indicators are compared and ordered based
on their level and weight, allowing for the organic mixing of global and local data.

The fundamental concept behind using AHP to address the evaluation issue of in-
dustrial economic transformation of cities using coal-based energy resources is as follows:
A hierarchical and orderly model of the energy industry’s economic hierarchy is created
by first hierarchically serializing the problems to be solved, breaking down the energy
industry’s structure into its various constituent factors, and then hierarchically clustering
and combining the constituent factors based on their mutual influence and subordination
relationship. The weight value of the relative importance order of all elements at each level
is then calculated by mathematical methods after the relative relevance of each factor at
each level in the energy industry model is stated quantitatively in accordance with the
judgment of the energy structure. Finally, the combined weight value of the equivalent
importance order of the lowest level is obtained through the thorough calculation of the
weight value of the relative importance of the factors at all levels of the energy indus-
try structure. This value is used as the basis for the evaluation scheme of the industrial
economic transformation of coal energy-resource-based cities. Five steps are involved:

(1) Establish the hierarchical structure model of the coal energy industry. Using AHP
to analyze the system, we should first of all organize and level the problems, and
construct a hierarchical model of the coal energy industrial structure. The factors
involved should be grouped. Each group should be arranged as a hierarchy in the
form of the highest level, several related intermediate levels, and the lowest level.

(2) Establish a judgment matrix of coal energy transformation. The information basis of
AHP energy transformation evaluation is mainly people’s judgment on the relative
importance of various factors at the coal energy level.

a11,a12,---,1n

a»1,42,...,4
A — (ﬂi]‘)ml — 21,422 2n (9)

Anl, 802, - -+, 0nn

(38) A single-level hierarchy sorting the largest eigenvalue’s eigenvector, W, corresponds
to the judgment matrix A of coal energy transformation. The ranking weight of
the relative importance of the equivalent elements at the same level to a factor at
a higher level is what remains after normalization. The term “hierarchical single
ranking” refers to this method. When grading hierarchical orders, the judgment
matrix’s consistency must be verified, and the procedures are as follows:

e Step 1: Make a consistency indicator calculation.

Amax — 11
Cl=—"— 10
p— (10)
Step 2: To find the equivalent average random consistency index R, consult the table.
Step 3: Determine the consistency ratio and evaluate it.

e

CR_E

(11)
when CR is less than or equal to 0.10, it is thought that the judgment matrix for coal
energy transformation is consistent enough; when CR is greater than or equal to 0.1, it
is thought that the judgment matrix does not adhere to the consistency standards and
has to be amended.

(4) The coal energy sector’s overall ranking. The overall ranking of the coal energy indus-
try level refers to the ranking weight process of establishing the relative importance
of all components at a specific level to the overall aim.
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(5) Checking for consistency. Calculating a test quantity that is identical to the single
ranking is necessary to assess the consistency of the calculation findings for the overall
ranking of the coal energy transformation structure hierarchy. Assuming the pairwise
comparison of factors related to A; in Layer B yields the consistency index of single
ranking as CI(j), j =1, ..., m), and the corresponding average random consistency
index as RI(j), CI(j), RI(j) has been obtained in the single ranking of layers, then the
random consistency ratio of the overall ranking in Layer B is

CR — }ﬂ:l CI(])El] . mCh +aChh + ...+ a,Cly, (12)
;nzl Rl(j)a]- a Rl + ayRI, + ... +auRIy

4. Evaluation Model for the Economic Transformation of Coal
Energy-Resource-Based Cities

4.1. Evaluation Index System for the Economic Transformation of Coal-Based Energy Cities

The influence of coal energy-resource-based cities on urban economic transformation
is primarily assessed using the evaluation index system of urban economic transformation.
According to the theories of industrial structure and life cycles, the economic transformation
of cities dependent on coal for energy mostly involves the adjustment of major industries;
that is, under the intervention of the government and capital investment, the industry
enters a new cycle and the economy recovers. Therefore, when evaluating the economic
transformation, it is necessary to focus on the evaluation of the economic structure to
reflect the switching of the leading industries of coal energy-resource-based cities; in order
to demonstrate the government’s efforts in changing the industrial structure, it is also
necessary to assess the government’s investment. At the same time, it is important to assess
the current state of economic development and determine whether it has changed as a
result of the transformation.

This study employs the top-down approach to examine the economic transformation
indicators of coal energy-resource-based cities layer by layer, based on the conceptual
definition of economic transformation of coal energy-resource-based cities and the DPSIR
framework system. The first level is the target level, which is the economic transformation
level of coal energy-resource-based cities. The second level is the criteria layer, which
includes five kinds of indicators: driving force (D), pressure (P), state (S), impact (I), and
response (R). Various criteria layers correspond to various procedures. Cities with a reliance
on coal as an energy source can accurately indicate their economic transformation degree by
combining the five criteria layers. The third level is stratification according to the element
type; the fourth level is the indicator level, which is based on the principles of integrity,
scientificity, and operability [26].

4.2. Improved TOPSIS Urban Economic Transformation Evaluation Model Based on
Entropy Weight

Through the following six steps, we can analyze and obtain the economic transforma-
tion evaluation model of coal energy cities.

(1) Standardized energy transformation evaluation index value.
The standardized formula for positive indicators is as follows:
Yij = (x(i, /) = Xmin (/)] / [¥max () — Xmin ()] (13)

The standardized formula of the inverse index is as follows:

Yij = [Xmax () — (i, /)] / [¥max (j) = Xmin (})] (14)

In Equations (1) and (2), xI(j) is the value of the jth evaluation index in the ith
year; Xmin(j) and xmax(j) are the jth evaluation index’s minimum and maximum values,
respectively (i=1,2,... ,m;j=1,2,...,n).



Energies 2023, 16, 857

11 of 17

(2) Calculate the weight of coal energy indicators.

The Delphi technique, analytic hierarchy process, variation coefficient method, and
entropy weight method are some of the ways that coal energy weight can be calculated.
The entropy weight method is a method to calculate the index weight in accordance with
the judgment matrix formed by the index value of the evaluation object. Among them, the
Delphi method and analytic hierarchy process have strong subjectivity, which affects the
objectivity of the evaluation results for the economic transformation of coal-energy cities to
some extent. It can reduce the impact of human variables by excluding components that
are easily influenced by subjective considerations. In light of this, the coal energy index
weight is determined using the entropy weight method.

First, calculate the information entropy H; of the jth evaluation index, namely

m
Hj = —k Z Pz] ll‘l(plj) (15)
i=1

In Equation (15), k = 1/(In m), k > 0, and In is the natural logarithm; Pij = y;i/EY;;,
assume that p;;(In p;;) = 0 when p;; = 0.
Then, calculate the difference coefficient Gj of the jth evaluation index, i.e.,

G;=1- Hj (16)

Finally, calculate the weight W; of the jth evaluation index, namely
W;=Gj/) Gi(n=1,2,---,45) (17)

(3) Establish coal-energy-weighted normalization matrix V.
V= |Vi’m><n = W] X Yij (18)

In Equation (18), Yj; is the normalized matrix.

(4) Calculate the coal energy’s positive ideal value and negative ideal value.

The highest and lowest values in the weighted normalized coal energy decision-
making matrix are regarded as the positive and negative ideal solutions, respectively.
The successful ideal outcome is

Vt = {maxuv;|i=1,2,---,m} (19)
The counterproductive ideal result is
V™ = {minv;j|i=1,2,---,m} (20)

(5) Determine the distance D+ and D— from the positive ideal solution and the negative
ideal solution, respectively, in various years, using the coal energy transformation
assessment object.

n 2

o = | (- V=1 2 e
j=1
n 2

Dy = Y (Vi-v ) (i=12-,m) (22)
j=1

If the coal energy transformation assessment object is closer to the positive ideal
solution in Equations (21)—(23), the smaller the D+, the better the urban economic transfor-



Energies 2023, 16, 857

12 of 17

mation effect will be; if the coal energy transformation assessment object is closer to the
negative ideal solution, the worse the urban economic transformation effect will be.

(6) Determine the optimum solution’s distance C; from the evaluation object.

Ci = # (23)
D;" + D;

In Formula (23), C; is the proximity of the ith evaluation object to the positive ideal
solution. C; takes values between 0 and 1. The larger the value of C;, the smaller the
distance of the evaluation object from the positive ideal solution and the larger the distance
from the negative ideal solution, the closer the model is to the optimal level.

4.3. Test Results of Evaluation Model for Economic Transformation of Coal-Based Energy Cities

A city is a typical resource-based city, and coal energy is the most important energy
product. From 2015 to 2018, the production value of five traditional energy industries in a
city—namely, coal coke, electricity, metallurgy, chemical industry, and building materials—
accounted for more than 65% of the city’s industrial production value. The economic
and social development of a city has been confounded by the “three high and one low”
symptoms of high input, high consumption, high pollution, and low efficiency. A city’s
energy consumption in 2015 was 1.6 times higher than the national average per CNY 10,000
of GDP. The emissions of smoke accounted for 27% of the overall emissions, whereas the
emissions of sulfur dioxide from five conventional sectors accounted for 50% of the total
emissions. The effect of an energy-based city transition is generally classified into five levels:
low-level stage (N < 0.2), primary stage (0.2 < N < 0.4), intermediate stage (0.4 < N < 0.6),
more advanced stage (0.6 < N < 0.8), and advanced stage (0.8 < N <1).

This section uses the developed evaluation model of economic transformation of
coal-based energy cities to calculate, analyze, and obtain the development of an urban
economic transformation and sustainable development of a city from 2015 to 2018. It is
based on the evaluation index system of coal-based energy cities.

By analyzing Figures 7-10, we can get the economic transformation status of coal
energy-resource-based cities at all structural levels.

Economic transformation: according to the calculation results of the economic trans-
formation evaluation model of coal energy-based cities, in the economic structure level, the
transformation scores of each subsystem of a city showed an overall upward trend from
2015 to 2018, the transformation scores of driving forces increased from 0.606 to 0.871, and
the transformation scores of pressures increased from 0.542 to 0.803 (as shown in Figure 7).
This shows that in the practice of transformation, the driving force and pressure factors
are in a good position, and the driving force for the economic development of coal-energy
cities is sufficient. Rising driver scores indicate increased investment, contributing to the
gradual economic and environmental transformation of coal cities.

Social and economic transformation: according to the calculation results of the eco-
nomic transformation evaluation model of coal energy-based cities, in the socio-economic
structure level, the transformation scores of each subsystem of a city showed an overall
upward trend from 2015 to 2018, the transformation scores of the pressure system increased
from 0.476 to 0.779, and the transformation scores of the state system increased from 0.401
to 0.699 (as shown in Figure 8). This shows that in the practice of transformation, the
pressure and state factors are in a higher position, and the pressure of social and economic
transformation of coal-energy cities is greater. In the process of economic transformation,
the pressure score rises fast and will lead to a rapid shift in the energy mix.
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Figure 7. Percentage of subsystem scores in economic structure transformation of coal energy-
based cities.
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Figure 8. Scoring percentage of subsystems in social and economic transformation of coal-based
energy cities.

Urban construction transformation: according to the calculation results of the economic
transformation evaluation model of coal energy-based cities, in the urban construction
structure level, the transformation score of each subsystem of a city showed an overall
upward trend from 2015 to 2018, the transformation score of the driving force system
increased from 0.423 to 0.603, and the transformation score of the pressure system increased
from 0.467 to 0.568 (as shown in Figure 9). This shows that in the process of transformation,
the driving forces and pressure factors are in a high position, and infrastructure construction
should be strengthened in the process of transformation. The infrastructure construction
drive scores a rapid rise, giving ample impetus to the transformation of coal cities.
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Figure 9. Percentage of subsystem scores for urban construction transformation of coal-energy cities.

to some extent, contributed to the transformation of the integrated economy.

Percentage of transformation score/%

Comprehensive transformation of urban economy: according to the calculation results
of the economic transformation evaluation model of coal energy-based cities, at the level of
comprehensive transformation structure, the transformation score of each subsystem of a
city showed an overall upward trend from 2015 to 2018, the transformation score of the
pressure system increased from 0.538 to 0.751, and the transformation score of the impact
system increased from 0.611 to 0.716 (as shown in Figure 10). This shows that in the practice
of transformation, the comprehensive economic transformation of coal-based energy cities
is affected by environmental factors. In addition, the improvement of the environment has,
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Figure 10. Scoring percentage of subsystems in comprehensive economic transformation of coal-

based energy cities.
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5. Conclusions

At present, various contradictions in most coal-energy cities have become increasingly
prominent, which has become a disharmonious factor restricting the optimization and
upgrading of coal-energy cities. Taking effective improvement and protection measures
to promote the economic transformation of coal energy-resource-based cities to ensure
the sustainable development of cities is an important strategic goal and the main task of
departments at all levels since the new century. To solve the above problems, this paper
evaluates coal energy efficiency by using the DEA method and designs an optimized and
improved TOPSIS economic transformation evaluation model based on the entropy weight
method to conduct an in-depth theoretical study on the economic transformation and
sustainable development path of coal-energy cities.

The primary goal of this paper’s research is to examine how cities that rely on coal for
energy are evolving economically and developing sustainably. We have mainly done the
following in this work:

(1) This paper first analyzes the industrial development process of coal energy-resource-
based cities, which manifests itself in the depletion of resources and the beginning of
losses for coal enterprises. Then, the industrial efficiency of coal energy is evaluated
based on the DEA method, which has the advantage of facilitating the evaluation
of the relative efficiency of energy units. On this basis, the development strategy of
the industrial economy of coal-energy cities is proposed, involving energy structure
adjustment, industrial upgrading, and other programs.

(2) This paper summarizes the industrial transformation process of coal-energy cities,
including the three aspects of environmental assessment, development orientation and
model selection. Then, the evaluation method of industrial and economic transforma-
tion of coal-energy cities—namely, the AHP hierarchical analysis method—is designed.

(8) In this paper, a set of evaluation index systems suitable for the economic transforma-
tion of coal-based energy cities is determined, and an improved TOPSIS coal-based
energy city economic transformation evaluation model based on entropy weight is
constructed. Finally, based on the transformation evaluation model and sustainable
development theory, the industrial economic statistics of a city over the years are
calculated and analyzed. It is found that in the economic structure level, the transfor-
mation score of the driving force is increased from 0.606 to 0.871; in the level of social
economic structure, the transition score of the pressure system increased from 0.476 to
0.779, and the transition score of the state system increased from 0.401 to 0.699; the
TOPSIS model mainly uses the entropy value of indicators to determine the weight
of indicators according to the size of the information of each indicator, and obtains
objective evaluation results, thus making the determined weights more scientific.

The calculation results of the economic transformation evaluation model of coal-based
energy cities show that, in the practice of transformation, the driving force of the industrial
economic development of coal-based energy cities is sufficient, while the pressure of social
and economic transformation is great, so we should strengthen infrastructure construction
in the process of transformation, and pay attention to protecting the urban environment.
The evaluation model in this paper does not focus on the nonlinear correlation between C;
and D;, which may have some errors in the calculation and is a direction for future research.
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