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Currently, the world is facing two significant challenges: low-carbon development and overcapacity. Government departments
must reexamine their development strategy of energy industry. Implementing environmental regulatory policies and techno-
logical innovation can help alleviate coal industry’s overcapacity, while sustainable development requires joint actions of
governments, enterprises, and the market. Based on the evolutionary game theory, this study constructs a tripartite evolutionary
game model of local government, power industry, and coal enterprise. Under the premise of bounded rationality, the evolution
path of each player in the game under the market incentive environmental regulation is analyzed, and the influence of the change
of parameters of each player on the result is numerically simulated. )e study found that strengthening environmental regulation
by local governments is an inevitable choice to promote the transformation and upgrading of coal industry and power industry. In
addition, reducing law enforcement costs and technological innovation costs are the fundamental point of the coordinated
development of the three parties. Technological innovation in the power industry will reduce the probability of coal companies’
choosing clean production strategies, while seeking low-cost clean production technology and financial support is the key to coal
companies’ optimization of production capacity.

1. Introduction

Environmental protection has always been the focus of all
countries’ attention, and many countries are pursuing more
stringent environmental regulations to achieve green and
low-carbon development. )e Kyoto Protocol and the Paris
Agreement signed by many countries aim to control
greenhouse gas emissions; however, economic growth is
inevitably accompanied by substantial increase in power
generation [1]. Due to its low prices and large reserves, coal
is widely used in energy-intensive industries such as power
generation and heating. However, a large amount of carbon
dioxide is emitted during coal mining and use. About 40% of
global greenhouse gas emissions come from coal con-
sumption [2]. Many countries and regions have called for a
suspension of coal mining [3] and sought new ways of clean
production, such as increasing the proportion of renewable

energy and clean energy in power generation [4, 5]. How-
ever, with relatively high cost of promoting and utilizing
renewable energy and the low feasibility in the short term
[6], the emission reduction targets for complete decar-
bonization of the power sectors in many countries remain
unachievable. On the other hand, although countries like
China, the United States, and other major energy consumers
have restricted coal mining to meet their increasing demand
for electricity, coal-fired power remains dominant in most
developing countries [7, 8]. Notably, as an essential resource
for the industrial economic development, the scale of coal
trading is still enormous; meanwhile, the scale of the coal
industry’s backward production capacity is gradually
expanding as well. Since coal overcapacity causes a waste of
investment and destroys the ecological environment and
seriously endangers human society’s sustainable develop-
ment [9], how to use coal resources reasonably while
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protecting the environment is a significant problem that
needs to be solved urgently.

Overcapacity is a common problem [10]. Take China,
which ranks first in energy consumption, as an example. )e
2016 Central Economic Work Conference listed “de-ca-
pacity” as the first of the five major structural reform tasks,
and various coal de-capacity policies have been introduced
since then. However, in 2019, China’s coal overcapacity scale
has reached 210GW-260GW [11], which meant that the coal
overcapacity remained relatively serious. )e Chinese
government must strengthen its environmental regulations
and supervision of high-polluting industries such as coal and
electricity before reaching the “threshold” that the ecological
environment can withstand [12] so that to realize its promise
of extremely challenging emission reduction to peak carbon
dioxide emissions in 2030. Although environmental regu-
lations are conducive to improving the utilization rate of
energy companies and adjusting overcapacity [13], existing
environmental regulations may become rigid under different
socioeconomic conditions [14], let alone that it takes a long
time before the backward production capacity is eliminated
from market. )erefore, specific implementation of envi-
ronmental regulations by local governments is the key to
optimizing the production capacity structure and improving
the ecological environment. )e rules and regulations
promulgated by the government can help speeding up the
elimination of “zombie companies” in the coal industry and
accelerate the pace of de-capacity [15]. Since coal industry
and power industry belong to an industrial symbiosis sys-
tem, under the influence of environmental regulations and
other policies, the power sector is in a critical period of
transformation and upgrading, which will lead to a sharp
decline of the demand for coal in the future [16]. If the coal
industry does not carry out green innovation in time, it will
inevitably run adrift of the market needs. On the other hand,
many studies have proved that for countries such as China,
India, and Russia, where coal occupies a fundamental po-
sition in energy, as well as regions where coal occupies a
significant proportion of the energy mix (such as the Eu-
ropean Union), the key to energy transition is to promote
clean and efficient coal use [17–19]. In summary, resolving
coal overcapacity is a process of dynamic equilibrium that
requires the cooperation of government, coal companies,
and power industry, which will help optimize the industrial
structure while ensuring the quality of capacity reduction
and better achieving green and low-carbon development.

When studying the evolution of overcapacity under
environmental regulations, time, changes in supervision
efforts, and the learning capabilities of interest bodies need
to be taken into consideration [20]. )erefore, given the
assumptions of bounded rationality and decision-making
dynamics in the evolutionary game theory, many scholars
have explored the impact of environmental regulations on
enterprise innovation and overcapacity by constructing
evolutionary game models. As the primary consumers of
coal companies, power industry is closely related to coal
industry and both are affected by environmental regulations.

Furthermore, the coal purchase plan and power generation
technology innovation in the power industry also affect coal
companies’ production capacity. However, the existing re-
lated researches, which mainly focus on the game between
the central government, local governments, and coal en-
terprises [21–23], lack the investigation of external factors
such as the market supply and demand environment [24]. In
this respect, this paper uses evolutionary game theory to
contemplate the intensity of carbon emission reduction and
coal market demand after technological upgrading in the
coal and power industries, and studies the behavioral
strategy relationship and dynamic evolution mechanism
among the three-party game players of the local government,
power industry, and coal enterprises under different con-
straint scenarios so as to provide a theoretical reference for
the government to regulate and control related policy sys-
tems and help coal companies to break through the dilemma
of overcapacity with the goal of low-carbon development.

Compared with existing researches, this study mainly
makes contributions on the following aspects:

(1) )is study not only contemplates the game between
regulatory agencies and enterprises but also takes the
primary consumers of coal, namely, the power in-
dustry, as one of the main players in the game and
constructs a three-party evolutionary game model
(different from [20, 21]) to analyze how the tripartite
game’s leading players coordinate to promote the
transformation and upgrading of high-polluting coal
industries and power industries under the premise of
bounded rationality.

(2) Existing researches do not incorporate environ-
mental taxes and market factors into the game
model. )is paper takes the market-incentive envi-
ronmental regulations adopted by China, a major
coal consumer, as an example. )rough numerical
simulation of initial strategy selection, environ-
mental taxes, and government subsidies and pen-
alties, as well as costs and performance of innovation,
we analyze the influence of different environmental
regulations and other factors on the evolution path of
coal enterprises and the power industry.

(3) According to the results of the evolutionary game
analysis, the key factors affecting the stability of the
evolutionary game are found. It is concluded that
local governments may strengthen environmental
regulations and solve overcapacity by promoting
technological innovation of enterprises (different
from [25–27]), specifically, by increasing environ-
mental taxes and increasing subsidies and penalties
simultaneously, and the effect of strengthening
penalties is particularly significant. When the
amount of coal saved by technological innovation
reaches a certain threshold, the power industry will
actively carry out technological innovation. Al-
though the power industry is a close strategic partner
of coal companies, the power industry’s
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technological innovation strategies will have a neg-
ative incentive for coal companies’ cleaner produc-
tion. )erefore, reducing the cost of technological
innovation is the key to promoting the coordinated
development of coal and power industries.

)e rest of this paper is organized as follows: Section 2
reviews relevant literature; Section 3 constructs a tripartite
evolutionary game model of local government, power in-
dustry, and coal enterprises; Section 4 analyzes the evolu-
tionary stability of individual game player and the game
system; Section 5 carries out numerical simulations to verify
and analyze the research conclusions; Section 6 summarizes
the research results of this study and puts forward corre-
sponding policy recommendations.

2. Literature Review

)is paper aims to study the impact of environmental
regulations on the overcapacity of the coal industry and
conduct a quantitative analysis through evolutionary game
theory. )e literature related to this study mainly relates to
the impact of environmental regulations on enterprise in-
novation and overcapacity, the causes and solutions of
overcapacity, which are reviewed on the following aspects.

)e first aspect considers the impact of environmental
regulations on corporate innovation and overcapacity. In-
novation involves complex interaction between an enter-
prise and its environment. Shao et al. [28] believed that the
impact of environmental regulatory policies on enterprise
innovation can be roughly divided into four aspects: tech-
nological innovation, product innovation, institutional in-
novation, and ecological innovation. According to the
“Porter Hypothesis,” reasonable environmental regulations
will stimulate enterprises to carry out technological inno-
vation and achieve a win-win situation of improving en-
terprise competitiveness and reducing emissions [29].
Without mandatory requirement of environmental policy,
due to the externality of innovation, the marginal cost of
technological innovation of enterprises in the short term is
much higher than the marginal benefit, which would impede
enterprises from carrying out technological innovation due
to lack of sufficient motivation [30]. Based on the “Porter
Hypothesis,” scholars have concluded that there is a
U-shaped relationship between the intensity of environ-
mental regulation and overcapacity, and a significant
inverted U-shaped relationship with enterprise technolog-
ical innovation [31], that is, before reaching a certain
threshold, higher environmental regulations will improve
the technological innovation capabilities of enterprises and
alleviate overcapacity. For example, improving environ-
mental regulation can increase the utilization rate of in-
dustrial capacity [32], accelerate the exit of “zombie
companies” in the coal industry, and promote the gover-
nance of energy companies’ capacity issues [15]. By an
empirical analysis of 12 resource-based industries in China,
Li et al. [33] pointed out that environmental regulations have
a significant role in promoting technological innovation in
the lagging period of resource-based industries. Ren et al.

[34] divided China’s environmental regulations into three
types: command-controlled, market-incentive, and volun-
tary-consciousness. Command-controlled regulations refer
to the government’s enactment of environmental laws and
policies to enforce emission reduction; market-incentive
regulations refer to the use of economic means such as the
collection of sewage charges, emission taxes, etc., to limit
corporate pollution emissions; voluntary-consciousness
regulations refer to citizens actively supervising corporate
emissions and protecting the environment. And different
types of environmental regulations have different impacts on
enterprise innovation. Chen et al. [35] pointed out that
mandatory emission reduction is the main reason for the
overcapacity in the southeast coastal area of China. Pan et al.
[36] found that technological innovation can improve en-
ergy efficiency. In the long run, compared with command-
controlled environmental regulations, market-incentive
environmental regulations have more incentives and long-
term effects on technological innovation and significantly
improve energy efficiency. In addition, carbon tax has a
positive effect on energy saving and emission reduction and
can restrain energy consumption [37].

We can see that most of the literature focuses on the
comparison of the policy effects of different types of envi-
ronmental regulations, and this paper studies the impact of
specific types of environmental regulations on the overca-
pacity of specific industries, which is mainly manifested
through enterprise technological innovation.

)e second aspect considers the causes and solutions of
overcapacity. Generally speaking, the factors that cause
overcapacity are related to both supply and demand:
overheated investment on the supply side, uncertainty in
demand, reduced exports, information asymmetry, etc. In
addition, the government’s regulatory failure will also
promote overcapacity [32, 38]. Coal overcapacity has many
impacts on economic development and the environment,
such as a sharp decline in coal prices, which may cause loss
or even bankruptcy of a great number of companies [39],
and unreasonable allocation of economic resources, which
thereby hinders investment on renewable energy. Scholars
have found that although China’s current de-capacity policy
has achieved some results to a certain degree, there are still
drawbacks. Shi et al. [40] pointed out that China’s blind coal
reduction policy cannot solve the fundamental problem. It is
necessary to consider regional heterogeneity, and it would be
more reasonable to use market tools to regulate and control
capacity. Following a SWOT analysis on the safety and
environmental laws and regulations of China and the United
States, Dzonzi-Undi and Li [41] pointed out that a series of
policies related to coal production safety and environmental
protection formulated by China have insignificant effects on
promoting safe production, environmental protection in-
vestment, and technology research and development, and
only reduced the number of deaths. Regarding specific
measures to resolve overcapacity, Zhang et al. [42] pointed
out that eliminating backward units and regulating power
generation prices can help improve energy efficiency. )e
implementing of environmental regulation policies are
conducted by the central government and local
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governments, where the central government is the target
maker, and the local governments have actual control over
the specific implementation of the target [43]. However, due
to the pursuit of different interests, the effect of local gov-
ernments in improving overcapacity policies is better than
that of the central government [44], and the influence of
local governments on carbon emission reduction is more
significant than that of enterprises [45]. )e government can
use policy means to coordinate multi-interest bodies [46],
which shows that local governments play an important role
in capacity control and environmental protection.

)e above literature on resolving overcapacity mostly
focuses on the research of strategies between regulatory
agencies. )is paper focuses on the interaction between
regulatory agencies and enterprises, as well as between
enterprises and enterprises. We take the environmental
regulation policies implemented in China as an example,
assuming that local governments must implement the
central government’s relevant regulations on environmental
regulation and mainly adopt market-incentive environ-
mental regulations and adjust their regulatory intensity
according to actual conditions.

To sum up, the key to resolving overcapacity lies in the
close and reasonable arrangements of the government,
enterprises, and consumers. Researches nowadays focus on
the policy effects of government departments’ imple-
mentation of environmental regulations on corporate
overcapacity and do not place market factors in the same
research framework. On the contrary, this study incorpo-
rates environmental taxes, government subsidies, and
penalties, as well as innovation performance into the model.
)rough the three-party evolutionary game analysis of local
government, power industry, and coal enterprises, we
provide a reference for resolving the problem of coal
overcapacity and the establishment of a market-oriented
overcapacity early warning mechanism. )e research dif-
ferences between this study and other papers are shown in
Table 1.

3. Problem Analysis and Model Construction

3.1. Problem Analysis and Model Assumptions.
Overcapacity leads to a decline in coal prices, which in-
creases global coal demand again. Faced with huge envi-
ronmental pressure, if not strictly controlled, such a
situation will fall into a vicious circle, according to which, as
the executor of environmental regulations and policies, local
governments must adjust the intensity of regulations. )e
implementation of environmental regulations has brought a
considerable impact on coal-fired power plants, and the
power industry is closely related to coal companies whose
overcapacity is mostly affected by the amount of coal used in
the power industry. Both players are susceptible to envi-
ronmental protection policies. Based on the logical rela-
tionship diagram shown in Figure 1, this study explains the
game between local governments, coal companies, and
power industry players under market-incentive environ-
mental regulations.

Figure 1 shows that the implementation of environ-
mental regulations by local governments will impact the coal
companies and power industries. )e transformation and
upgrading of thermal power plants to increase clean energy
use will reduce the demand for coal and the operating in-
come of coal companies. As coal enterprises are affected by
environmental regulations, to make up for the loss of income
and meet future sustainable development, the probability of
choosing cleaner production will increase, and coal pro-
duction capacity will be in a more reasonable range. Con-
versely, if power plants maintain the original coal demand,
the probability of coal companies choosing cleaner pro-
duction will also decrease, which will exacerbate coal
overcapacity.

Based on the above analysis, before constructing an
evolutionary game model among local governments, power
industry, and coal companies, the following assumptions are
made:

(1) )ere are 3 players in the evolutionary game model,
assuming the local government as player 1, the power
industry as player 2, and coal companies as player 3,
and all three are bounded rational decision-makers.

(2) )e “Environmental Protection Tax Law of PRC”
came into effect on January 1, 2018, levying envi-
ronmental protection taxes on air pollutants, water
pollutants, solid pollutants, and noise.)e damage to
the ecological environment by the power industry
and coal companies is prominently manifested in air
pollution and water pollution [54]. )e tax rate of air
pollutants is 1.2 RMB to 12 RMB per pollution
equivalent while the tax rate of water pollutants is 1.4
RMB to 14 RMB per pollution equivalent. Local
governments can levy environmental taxes 1–10
times the minimum standard. )erefore, it is as-
sumed that each region’s environmental tax standard
is 1.2–14 RMB per pollution equivalent, which is set
as B. When local governments strengthen environ-
mental regulations, the cost paid is C1. Local gov-
ernments mainly impose environmental taxes on
coal-fired power companies by levying B/per pol-
lution equivalent standards, take financial or ad-
ministrative penalties P for polluting companies that
do not innovate in technology or maintain current
production capacity, and subsidize S for companies
that upgrade their technology to seek cleaner pro-
duction, so as to force coal companies and the power
industry to conduct clean production, alleviate the
problem of overcapacity, and protect the local en-
vironment. According to the actual situation, it is
assumed that C1 <P − S. Technological innovation
by either the power industry or coal companies can
bring additional environmental benefits R to the
local area. If both parties choose technological in-
novation, the local government’s environmental
benefits will be 2R. )ere is a principal-agent rela-
tionship between the central government and local
governments. When energy governance intensifies
conflict of interest, local governments will choose to
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continue relatively loose environmental regulatory
arrangements to seek a balance between environ-
mental regulations and the economic benefits of local
industries. It is assumed here that local governments
only impose environmental taxes on power industry
and coal companies. When the local environmental
pollution is severe, or coal overcapacity protrudes,
the local government will be held accountable by the
higher-level competent authority, and the corre-
sponding administrative penalty F, and F>C1. In
summary, the strategy set of local governments is
(strengthening regulations, maintaining current
regulations), B ∈ [1.2, 14].

(3) Nowadays, the proportion of coal power remains
high in China’s power industry, accounting for about
70%. Hydropower development has slowed down
while clean energy power generation such as wind
power and photovoltaics has developed rapidly;
however, the proportion of its total installed capacity
is still small [55] and coal-fired thermal power units
still rely mainly on load reduction. Besides, starting
from January 1, 2020, China has abolished the coal-
electricity linkage mechanism, allowing the market

to set part of coal-fired power generation prices,
which affects the profits of the power industry. With
the improvement of environmental regulations, the
amount of coal used in the power industry decreases,
and the demand for clean energy is gradually in-
creasing. )e power industry chooses technological
innovation to transform, upgrade, and adjust the
structure of energy use. In this respect, the amount of
coal saved is Q, the cost paid for technological in-
novation is C2, the increase in income after tech-
nological innovation is I2, and the initial emissions of
power industry are G2. If the power industry carries
out technological innovations, the emission reduc-
tions t2G2 can be brought about, and the environ-
mental taxes and fees that can be saved are Bt2G2.
However, if the cost of technological innovation is
too high, the cost of environmental compliance is
accordingly too low, or the cost gap between the use
of coal and new energy is too small, then the power
industry is likely to maintain the current coal con-
sumption. )erefore, the power industry strategy set
is (technical innovation, remaining unchanged),
t2 ∈ (0, 1).

Table 1: Papers that are most related to our research.

Literature Government department Power industry Coal industry Environmental regulation Technological innovation
[29] √ √
[47] √ √
[48] √ √ √
[49] √ √ √ √
[50] √ √ √ √
[51] √ √ √
[22] √ √
[52] √ √ √ √
[53] √ √ √
)is paper √ √ √ √ √
Source: authors’ compilation.

Local government

Environmental
regulation

Environmental
regulation

Power industry Coal enterprise

No

Yes
Coal demandUpgrade

Remain constant

Decline

Decline

Decline

Cleaner
production

Overcapacity

Increase

Coal production
capacity

Figure 1: Logical relationship diagram of the three-party evolutionary game.
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(4) Affected by environmental regulations, low-carbon
environmental protection requirements have be-
come increasingly stringent. )e cost of environ-
mental compliance for coal companies has increased
so much that if coal companies maintain their
existing capacity, hedging risks will be challenging.
Considering that the transformation and upgrading
of the power industry will exacerbate the overca-
pacity issue, coal enterprises seek ways to clean and
efficient use of coal with a cost of C3 and the increase
in revenue from cleaner production of I3. Assuming
that the current emissions of coal enterprises are G3,
and the emission reduction that cleaner production
can bring is t3G3, the environmental tax savings
would be Bt3G3. However, when coal companies’
cost of pollutant discharge is lower than the cost of
cleaner production, or the power industry maintains
the current demand for coal, companies will choose
to maintain unchanged. As China’s coal industry is
in a buyer’s market, if the coal company fails to
adjust the production capacity after the technological
innovation of the power company, it will cause
overcapacity, and the price in this case is U0; if the
coal enterprise conducts clean production, the coal
price is U1, U0 <U1. )erefore, the possible strategic

combination of coal companies is cleaner produc-
tion, remaining unchanged.

Assuming that under bounded rationality, the proba-
bilities that local governments choose to strengthen envi-
ronmental regulation and maintain the current intensity are
x and 1 − x, respectively; the probabilities that the power
industry chooses technological innovation and remains
unchanged are y and 1 − y, respectively; the probabilities
that coal companies choose cleaner production and remain
unchanged are z and 1 − z, respectively, x, y, z ∈ [0, 1].

3.2. Payoff Matrix of the Tripartite Evolutionary Game.
According to the above assumptions, the payoffmatrix of the
three parties, namely, local government, power industry, and
coal enterprise is so obtained (Table 2).

4. Evolutionary Game Model Solving and
Stability Analysis

4.1. Stability Analysis of Local Government. Assuming that
the expected profit when the local government chooses the
strategy of “strengthening regulation” is Ux, the expected
profit when the local government chooses the strategy of
“maintaining the current regulation” is U1− x, and the av-
erage expected profit is U1, we can obtain

Ux � yz 2R − B t2G2 + t3G3( 􏼁 − 2S − C1􏼂 􏼃 + y(1 − z) R − Bt2G2 − S + P − C1􏼂 􏼃

+ (1 − y)z R − Bt3G3 + P − S − C1􏼂 􏼃 +(1 − y)(1 − z) 2P − C1􏼂 􏼃,

U1− x � yz 2R − B t2G2 + t3G3( 􏼁􏼂 􏼃 + y(1 − z) R − Bt2G2􏼂 􏼃

+ (1 − y)z R − Bt3G3􏼂 􏼃 +(1 − y)(1 − z)(− F),

U1 � xUx +(1 − x)U1− x.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

)e replication dynamic equation of the local govern-
ment strategy selection is

F(x) �
dx

dt
� (1 − x)x − C1 + 2P + F(y − 1)(z − 1)􏼂

− (P + S)(y + z)􏼃.

(2)

Taking the derivative of F(x),

dF(x)

dx
� (1 − 2x) − C1 + 2P + F(y − 1)(z − 1)􏼂

− (P + S)(y + z)􏼃.

(3)

Let F(x) � 0, we can getx � 0, x � 1, y � − ([C1 − F −

2P + (F + P + S) z])/(F + P + S − Fz) � y∗, according to
the stability theorem of differential equations, if the prob-
ability that the local government chooses to strengthen
environmental regulation is in a stable state, it must meet the
conditions that F(x) � 0 and d(F(x))/dx< 0. When y � y∗,
we can get F(x) ≡ 0, any value of x is an evolutionary stable
strategy of the local government, and the local government

strategy does not change with time. When y≠y∗, there will
be two situations that result:

(1) When C1 − F − 2P + (F + P + S)z< 0, we can get
y∗ > 0. For any y in the interval [0, 1], when y>y∗,
we can get dF(x)/dx|x�1 > 0 and dF(x)/dx|x�0 < 0.
)us, x � 0 is the steady state. When y<y∗, we can
get dF(x)/dx|x�1 < 0 and dF(x)/dx|x�0 > 0. )us,
x � 1 is the steady state.

(2) When C1 − F − 2P + (F + P + S)z> 0, we can get
y∗ < 0. Because y ∈ [0, 1], then y>y∗ is held, we can
get dF(x)/dx|x�1 > 0 and dF(x)/dx|x�0 < 0. )us,
x � 0 is the steady state. Figure 2 shows the evolution
of local government strategies.

Proposition 1. ,e probability that the local government
chooses the strategy of “strengthening environmental regu-
lation” is positively related to the penalty amount imposed by
the superior authority on the local government, the punish-
ment income from strengthening environmental regulation,
and the cost of strengthening environmental regulation, and is
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negatively related to the cost of strengthening environmental
regulations and the number of subsidies to enterprises.

Proof. Figure 2 shows that the probability of local gov-
ernments adopting the strategies of “strengthening envi-
ronmental regulations” and “maintaining current
regulation” is the volume of space A1 and A2, respectively,
calculated as

VA1
� 􏽚

1

0
􏽚
1

0
− C1 − F − 2P +(F + P + S)z􏼂 􏼃dxdz

�
− 2C1 + F + 3P − S − (F + 2(P + S))y􏼂 􏼃

2
,

VA2
� 1 − VA1

.

(4)

□

According to the expression of VA1
when the local

government adopts the strategy of “strengthening envi-
ronmental regulation,” the first-order partial derivative of

each element can be obtained: dVA1
/dF> 0, dVA1

/dP> 0,
dVA1

/dC1 < 0, dVA1
/dS< 0. In summary, the increase in

penalties imposed by higher-level authorities on local
governments, the increase in revenue from fines coming
with strengthening environmental regulations, or the re-
duction in the cost of strengthening environmental regu-
lations and the reduction of subsidies can all increase the
probability of local governments’ strengthening of envi-
ronmental regulations.

Proposition 2. ,e probability that the local government
chooses the strategy of “strengthening environmental regu-
lation” is negatively related to the probability that the power
industry chooses “technical innovation” and the probability
that coal companies choose “cleaner production.”

Proof. When z< − ([C1 − F − 2P + (F + P + S)y])/(F+ P+

S − Fy) and y<y∗, we can get dF(x)/dx|x�1 < 0, thus, x � 1
is the steady state; otherwise, x � 0 is the steady state.
)erefore, with the gradual increase in y and z, the evo-
lutionary stabilization strategy of local governments will be

Table 2: Payoff matrix.

Local government Power industry
Coal enterprises

Cleaner production (z) Remain unchanged (1 − z)

Strengthen regulations (x)

Technical innovation (y)
2R − B(t2G2 + t3G3) − 2S − C1

I2 + S + QU1 + Bt2G2 − C2
I3 + S − QU1 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

R − Bt2G2 − S + P − C1
I2 + S + QU0 + Bt2G2 − C2

− QU0 − P

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Remain unchanged (1 − y)

R − Bt3G3 + P − S − C1
− P

I3 + S + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

2P − C1
− P

− P

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Maintain current regulations (1 − x)

Technical innovation (y)
2R − B(t2G2 + t3G3)

I2 + QU1 + Bt2G2 − C2
I3 − QU1 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

R − Bt2G2
I2 + QU0 + Bt2G2 − C2

− QU0

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Remain unchanged (1 − y)

R − Bt3G3
0

I3 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

− F

0
0

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

y = y∗ y < y∗ y > y∗

z z z

y

x

0 00 A1

A2

y

x

y

x

Figure 2: Phase diagram of strategy evolution of the local government.
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reduced from x � 1 (strengthening environmental regula-
tions) to x � 0 (maintaining current regulations).

)e probability that the local government chooses the
strategy of “strengthening environmental regulation” will
decrease with the increase of the probability that the power
industry chooses the strategy of “technological innovation”
and the probability that coal companies choose “cleaner
production.” It shows that the active technological inno-
vation of pollutant companies may slow down the process of

local governments’ strengthening of environmental
regulations. □

4.2. Stability Analysis of the Power Industry. Assuming that
the expected profit when the power industry chooses the
“technical innovation” strategy is Uy, the expected profit
when the power industry chooses the “remain unchanged”
strategy is U1− y, and the average expected profit is U2, we can
obtain

Uy � xz I2 + S + QU1 + Bt2G2 − C2( 􏼁 + x(1 − z) I2 + S + QU0 + Bt2G2 − C2( 􏼁

+ (1 − x)z I2 + QU1 + Bt2G2 − C2( 􏼁 +(1 − x)(1 − z) I2 + QU0 + Bt2G2 − C2( 􏼁,

U1− y � xz(− P) + x(1 − z)(− P),

U2 � yUy +(1 − y)U1− y.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(5)

)e replication dynamic equation of the power industry
strategy selection is

F(y) �
dy

dt
� (1 − y)y − C2 + I2 + BG2t2 +(P + S)x􏼂

+ Q U0(1 − z) + U1z( 􏼁􏼃.

(6)

Taking the derivative of F(y),

dF(y)

dy
� (1 − 2y) − C2 + I2 + BG2t2 +(P + S)x􏼂

+ Q U0(1 − z) + U1z( 􏼁􏼃.

(7)

Let F(y) � 0, we can get y � 0, y � 1, z � [− C2 + I2 +

BG2t2 + QU0+ (P + S)x]/Q(U0 − U1) � z∗, according to the
stability theorem of differential equations, if the probability
of choosing technological innovation in the power industry
is stable, it must meet the conditions that F(y) � 0 and
d(F(y))/dy< 0. When z � z∗, we can get F(y) ≡ 0, any
value of y is an evolutionary stable strategy of the power
industry, and the strategy of the power industry does not
change over time. When z≠ z∗, there are two situations that
result:

(1) When − C2 + I2 + BG2t2 + QU0 + (P + S)x< 0, we
can get z∗ > 0. For any z in the interval [0, 1], when
z> z∗, we can get dF(y)/dy|y�1 < 0 and
dF(y)/dy|y�0 > 0. )us, y � 1 is the steady state.
When z< z∗, we can get dF(y)/dy|y�1 > 0 and
dF(y)/dy|y�0 < 0. )us, y � 0 is the steady state.

(2) When − C2 + I2 + BG2t2 + QU0 + (P + S)x> 0, we
can get z∗ < 0. Because z ∈ [0, 1], then z> z∗ is held,
we can get dF(y)/dy|y�1 < 0 and dF(y)/dy|y�0 > 0.
)us, y � 1 is the steady state. )e strategy evolution
diagram of power industry is shown in Figure 3.

Proposition 3. ,e probability that the power industry
chooses the “technological innovation” strategy is positively

related to the increase in revenue brought by technological
innovation in the power industry, government subsidies and
penalties, the environmental taxes that can be saved, and the
increase in the cost of saving coal, and is negatively related to
technology research and development costs.

Proof. Figure 3 shows that the probability that the power
industry adopts “remaining unchanged” and “technological
innovation” strategies are the volumes of B1 and B2, re-
spectively, calculated as

VB1
� 􏽚

1

0
􏽚
1

0

− C2 + I2 + BG2t2 + QU0 +(P + S)x􏼂 􏼃

Q U0 − U1( 􏼁
dxdy

�
− 2C2 + 2I2 + P + S + 2BG2t2 + 2QU0􏼂 􏼃

2Q U0 − U1( 􏼁
,

VB2
� 1 − VB1

�
− 2C2 + 2I2 + P + S + 2BG2t2 + 2QU1􏼂 􏼃

2Q U1 − U0( 􏼁
.

(8)

□

According to the expression of VB2
, when the power

industry adopts the strategy of “technical innovation,” the
first-order partial derivative of each element can be obtained:
dVB2

/dC2 < 0, dVB2
/dI2 > 0, dVB2

/dP> 0, dVB2
/dS> 0,

dVB2
/dBG2t2 > 0, dVB2

/dQU1 > 0. In summary, it can be seen
that the increase in benefits after technological improvement
in the power industry, the increase in government subsidies
and penalties, the increase in environmental taxes and fees
that can be saved, and the increase in the cost of saving coal,
or the reduction of technology research and development
costs in the power industry can all promote the power
industry’s acceleration of technological innovation.

Proposition 4. ,e probability that the power industry
chooses the “technological innovation” strategy is positively
related to the probability that the local government chooses
“strengthen environmental regulation” and the probability
that coal companies choose “cleaner production.”

8 Mathematical Problems in Engineering



Proof. )e proving process is the same as Proposition 2.
)e probability of the power industry choosing the

strategy of “technological innovation” increases with the
increase of the local government choosing the strategy of
“strengthening environmental regulation” and the proba-
bility of coal enterprises choosing the strategy of “cleaner
production,” suggesting that the local government’s
strengthening of environmental regulations can promote the
technical innovation of the power industry, and the power
industry technology innovation needs the government’s
strict regulation. )e impact of coal companies’ strategic

choices on the power industry is further reflected in coal
price fluctuation, and the promotion of cleaner production
by coal companies can help the power industry in tech-
nological innovation. □

4.3. Stability Analysis of Coal Enterprise. Assuming that the
expected profit when the coal company chooses the “cleaner
production” strategy is Uz, the expected profit when the coal
company chooses the “remain unchanged” strategy is U1− z,
and the average expected profit is U3, we can obtain

Uz � xy I3 + S − QU1 + Bt3G3 − C3( 􏼁 + x(1 − y) I3 + S + Bt3G3 − C3( 􏼁

+ (1 − x)y I3 − QU1 + Bt3G3 − C3( 􏼁 +(1 − x)(1 − y) I3 + Bt3G3 − C3( 􏼁,

U1− z � xy − QU0 − P( 􏼁 + x(1 − y)(− P) +(1 − x)y − QU0( 􏼁,

U3 � zUz +(1 − z)U1− z.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

)e replication dynamic equation of coal enterprise
strategy selection is

F(z) �
dz

dt
� (1 − z)z I3 − C3 + BG3t3 +(P + S)x􏼂

+ Q U0 − U1( 􏼁y􏼃.

(10)

Taking the derivative of F(z),

dF(z)

dz
� (1 − 2z) I3 − C3 + BG3t3􏼂

+(P + S)x + Q U0 − U1( 􏼁y􏼃.

(11)

Let F(z) � 0, we can get z � 0, z � 1,
x � [C3 − I3 − BG3t3 + Q(U1 − U0)y]/(P + S) � x∗.
According to the stability theorem of differential equa-
tions, if the probability of selecting cleaner production in
the coal enterprise is stable, it must meet the conditions
that F(z) � 0 and d(F(z))/dz< 0. When x � x∗, F(z) ≡ 0,
any value of z is the evolutionary stable strategy of coal
enterprises, and the strategy of coal enterprises does not
change with time. When x≠x∗, there are two situations
that result:

(1) When C3 − I3 − BG3t3 + Q(U1 − U0)y> 0, we can
get x∗ > 0. For any x in the interval [0, 1], when
x> x∗, we can get dF(z)/dz|z�1 < 0 and
dF(z)/dz|z�0 > 0. )us, z � 1 is the steady state.
When x< x∗, we can get dF(z)/dz|z�1 > 0 and
dF(z)/dz|z�0 < 0. )us, z � 0 is the steady state.

(2) When C3 − I3 − BG3t3 + Q(U1 − U0)y< 0, we can
get x∗ < 0. Because x ∈ [0, 1], then x>x∗ is held, we
can get dF(z)/dz|z�1 < 0 and dF(z)/dz|z�0 > 0. )us,
z � 1 is the steady state. )e strategy evolution di-
agram of the coal enterprise is shown in Figure 4.

Proposition 5. ,e probability that coal companies choose
“cleaner production” is positively related to the increase in
revenue brought about by cleaner production, government
subsidies and penalties, and the environmental taxes and fees
that can be saved, and is negatively related to the decrease in
coal sales revenue and the cost of clean production inputs.

Proof. Figure 4 shows that the probability of coal enterprises
adopting “remain unchanged” and “cleaner production”
strategies are the volumes of D1 and D2 respectively, cal-
culated as

0 y

z = z∗ z < z∗ z > z∗

z

x

0B1

B2

y

z

x

0 y

z

x

Figure 3: Phase diagram of strategy evolution of the power industry.
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VD1
� 􏽚

1

0
􏽚
1

0

C3 − I3 − BG3t3 + Q U1 − U0( 􏼁y􏼂 􏼃

(P + S)
dydz

�
2C3 − 2I3 − 2BG3t3 + Q U1 − U0( 􏼁􏼂 􏼃

2(P + S)
,

VD2
� 1 − VD2

�
− 2C3 + 2I3 + 2(P + S) + 2BG3t3 − Q U1 − U0( 􏼁􏼂 􏼃

2(P + S)
.

(12)

According to the expression of VD2
, when the coal en-

terprise adopts “cleaner production” strategy, the first-order
partial derivative of each factor can be obtained:
dVD2

/dC3 < 0, dVD2
/dI3 > 0, dVD2

/dP> 0, dVD2
/dS> 0,

dVD2
/dBG3t3 > 0, dVD2

/d(Q(U1 − U0))< 0. In summary, it
can be seen that increasing the benefits of clean production
of coal enterprises, increasing government subsidies and
penalties, increasing the environmental taxes and fees that
can be saved, and reducing the difference in coal sales
revenue of coal enterprises or reducing the cost of clean
production can all promote coal enterprises’ speeding up of
clean production. □

Proposition 6. ,e probability that coal companies choose
“cleaner production” strategy is positively correlated with the
probability that the local government chooses “strengthening
environmental regulation.” However, it is negatively

correlated with the probability that the power industry
chooses the strategy of “technical innovation.”

Proof. )e proving process is the same as Proposition 2.
)e probability that coal companies choose a “cleaner

production” strategy increases with the increase in the
probability of local governments choosing “strengthening
regulation” strategy, indicating that subject to the measures
taken by the local government to improve environmental
regulation, coal companies must seek transformation and
upgrading actively. )e probability that coal companies
choose the “cleaner production” strategy decreases with the
increase of the probability when the power industry chooses
“technological innovation” strategy. )is conclusion con-
tradicts our analysis in the previous problem description
because as the demand for coal in the power industry has
drastically reduced after technological upgrades, the income
of coal companies from coal sales has also plummeted, which
is far from covering the cost of clean production; thus,
companies have insufficient motivation for independent
innovation and will eventually choose to maintain the status
quo. □

4.4. StabilityAnalysis of Tripartite EvolutionaryGame System.
It can be seen from the above that formulas (2), (6), and (10)
constitute a three-dimensional continuous dynamic system:

F(x) � (1 − x)x − C1 + 2P + F(y − 1)(z − 1) − (P + S)(y + z)􏼂 􏼃,

F(y) � (1 − y)y − C2 + I2 + BG2t2 +(P + S)x + Q U0(1 − z) + U1z( 􏼁􏼂 􏼃,

F(z) � (1 − z)z I3 − C3 + BG3t3 +(P + S)x + Q U0 − U1( 􏼁y􏼂 􏼃.

⎧⎪⎪⎨

⎪⎪⎩
(13)

Let F(x) � 0, F(y) � 0, F(z) � 0, we can get 9 system
equilibrium points: E1(0, 0, 0), E2(0, 1, 0), E3(0, 0, 1),
E4(1, 0, 0), E5(1, 0, 1), E6(1, 1, 0), E7(0, 1, 1), E8(1, 1, 1), and
E8(1, 1, 1), where E9(x∗, y∗, z∗) is the solution of formula
(9).

− C1 + 2P + F(y − 1)(z − 1) − (P + S)(y + z)􏼂 􏼃 � 0

I2 − C2 + BG2t2 +(P + S)x + Q U0(1 − z) + U1z( 􏼁􏼂 􏼃 � 0

I3 − C3 + BG3t3 +(P + S)x + Q U0 − U1( 􏼁y􏼂 􏼃 � 0.

⎧⎪⎪⎨

⎪⎪⎩

(14)

According to Selten’s research, only when X is a strict
Nash equilibrium, the strategy combination X is gradually
stable in a multi-agent evolutionary game dynamic repli-
cation system [56]. )e strict Nash equilibrium is a pure
strategy Nash equilibrium. )erefore, the asymptotically
stable state must be evolutionary stable strategies (ESS), and
it must be a pure strategy Nash equilibrium. E9(x∗, y∗, z∗) is
a nonstrict Nash equilibrium and does not meet the evo-
lutionary stability criterion of the multi-agent model [22].
)erefore, we only need to discuss the asymptotic stability of
the eight pure strategy equilibrium points of E1− 8 for the

0 y

x = x∗ x < x∗ x > x∗

z

x

D1

0 y

z

x

D2

0 y

z

x

Figure 4: Phase diagram of strategy evolution of coal enterprises.
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abovementioned dynamic replication system. To simplify
the calculation, let A � P + S, D � I2 − C2 + BG2t2,
E � Q(U0 − U1), and H � I3 − C3 + BG3t3, we can see that
A> 0 and E< 0.

By using the replication dynamic equation, the Jacobian
matrix of the tripartite game can be obtained as

J �

(2x − 1) C1 − 2P − F(y − 1)(z − 1) + A(y + z)( 􏼁 x(x − 1)(A − F(z − 1)) x(x − 1)(A − F(y − 1))

y(1 − y)A − D − Ax + Ez − QU0( 􏼁(2y − 1) y(y − 1)E

z(1 − z)A z(1 − z)E (− H − Ax − Ey)(2z − 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(15)

According to the first theorem of Lyapunov [57], all the
eigenvalues of the Jacobian matrix corresponding to the
asymptotically ESS must be less than 0. Taking the equi-
librium point E1(0, 0, 0) as an example to discuss its as-
ymptotic stability, the characteristic value of the Jacobian
matrix at E1(0, 0, 0) of the dynamic replication system is:
λ1 � − C1 + F + 2P, λ2 � D + QU0, λ3 � H. Since F>C1,
thus, λ1 > 0, E1 is an unstable point. Similarly, the gradual
stability of the remaining 7 equilibrium points can be
judged, and the results are shown in Table 3.

Scenario 1. When D + A + QU0 < 0 and H + A< 0, that is,
when the cost of innovation in the power industry is higher
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
higher than the sum of the benefits brought about by clean
production, the government subsidies and punishments,
and the saved pollution discharge cost, as shown in Table 3,
there is only one stable point E4(1, 0, 0) in the dynamic
replication system, which corresponds to the strategic set of
(strengthening environmental regulation, remaining un-
changed, remaining unchanged). In this case, the failure to
promote the technological innovation of coal power en-
terprises by local government’s strengthened environmental
regulation is a situation that should be avoided in policy-
making.

Scenario 2. When D + A + QU1 < 0 and H + A> 0, that is,
when the cost of innovation in the power industry is higher
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
lower than the sum of the benefits brought about by clean
production, the government subsidies and punishments,
and the saved pollution cost, as shown in Table 3, there is
only one stable point E5(1, 0, 1) in the dynamic replication
system, which corresponds to the strategic set of
(strengthening environmental regulations, remaining un-
changed, cleaner production). In this case, because power
industry cannot afford the high cost of technological in-
novation, even though local governments choose to
strengthen environmental regulations and coal companies

choose cleaner production, they still fail to change the power
industry's strategic choices.

Scenario 3. When D + A + QU0 > 0 and H + A + E< 0, that
is, when the cost of innovation in the power industry is lower
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
higher than the sum of the benefits brought about by cleaner
production, government subsidies, and punishments, the
saved pollution discharge cost, and reduced coal sales rev-
enue. It can be seen from Table 3 that there is only one stable
point E6(1, 1, 0) in the dynamic replication system, which
corresponds to the strategic set of (strengthening environ-
mental regulations, technical innovation, remaining un-
changed). In this case, even if local governments strengthen
environmental regulations and reduce coal consumption in
the downstream power industry, it is still the optimal
strategy for coal companies to maintain the status quo to
bring in more benefits.

Scenario 4. When D + QU1 > 0 and H + E> 0, that is, when
the cost of innovation in the power industry is lower than the
sum of the increase in revenue brought about by innovation
and the savings in coal purchase costs and pollution dis-
charge cost, as well as when the clean production cost is
lower than the sum of the benefits brought about by cleaner
production, saved pollution discharge costs, and reduced
coal sales revenue, as shown in Table 3, there is only one
stable point E7(0, 1, 1) in the dynamic replication system,
which corresponds to the strategic set of (maintaining
current regulations, technical innovation, cleaner produc-
tion). In this case, even if the local government still
maintains the current environmental regulations, when the
benefits of innovation can cover the cost of innovation, coal
companies and the power industry will spontaneously
choose to carry out technological innovation.

Based on the research hypothesis, the equilibrium points
of Scenarios 1–4 are E4(1, 0, 0), E5(1, 0, 1), E6(1, 1, 0), and
E7(0, 1, 1). For equilibrium point E4(1, 0, 0), local govern-
ments have adopted measures to strengthen environmental
regulation, but they have still failed to change the current
production status of coal-fired power companies and have
no research value. For the equilibrium point E7(0, 1, 1), the
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government chooses to remain unchanged, but the cost of
enterprise technological innovation is much higher than the
income in the short run. According to the Prisoner’s Di-
lemma, “remaining unchanged” is the absolute dominant
strategy of the power industry and coal companies. No coal
company and power industry will unilaterally choose
technological innovation; so in reality, this equilibrium point
does not exist and should be discarded. In summary,
E5(1, 0, 1) and E6(1, 1, 0) are the possible equilibrium points
of the three-dimensional dynamic system. Under certain
conditions, the strengthening of environmental regulations
by local governments can enable the power industry to
choose technological innovation or enable coal companies
for clean production, which will help resolve overcapacity
and improve environmental quality.

5. Simulation Analysis

By referring to relevant statistical indicators in the “China
Environmental Statistical Yearbook” and “China Environ-
ment Yearbook” (https://www.yearbookchina.com), we as-
sign values to the model, and use MATLAB software to
perform simulation analysis to verify the validity of evo-
lutionary stability analysis.

)e difference between the cost of technological in-
novation and the benefits brought about by innovation has
a significant impact on the stability of the equilibrium
point. )e system is in a dynamic process in which each
entity continuously adjusts the game strategy. )rough
effective adjustment of relevant parameters, the three-party
game players can be observed considering how to reach the
optimal strategy. According to the model hypothesis and
the interaction relationship between the two more ideal
evolutionary steady-state constraints of Scenarios 2 and 3,
we assign values to the system parameters. To simplify the
calculation, assume that the amount of steam coal that can
be saved by power plant A after technological innovation is
1, the coal price U0 � 2.6, and U1 � 3. For Scenario 2, the
remaining parameter assignments are: C1 � 3, P � 10,
S � 3, F � 5, C2 � 45, I2 � 15, B � 14, G2 � G3 � 1,
t2 � t3 � 0.3, I3 � 15, andC3 � 30; For Scenario 3, the
remaining parameter assignments are: C1 � 3, P � 10,

S � 3, F � 5, C2 � 30, I2 � 15, B � 14, G2 � G3 � 1,
t2 � t3 � 0.3, I3 � 15, and C3 � 45. For the sake of gener-
ality, assume that the probability of initial game strategy
choice of local government, power industry, and coal
company are respectively x � 0.5, y � 0.4, and z � 0.4; in
the short term, the innovation income of coal companies
and the power industry is a fixed value. On this basis, this
study mainly analyzes the impact of initial strategy selec-
tion, environmental taxes, local government subsidies and
punishments, and changes in the cost of the technological
innovation of the power industry and coal companies on
the evolution process and results of the three-dimensional
dynamic system.

5.1. ,e Impact of Initial Strategy Choice on the Stability of
Game Strategy. Local governments, power industry, and
coal companies are in the same dynamic system. Changes in
one player’s game strategy will have a corresponding impact
on the other two players’ strategic choices. To analyze the
impact of strategy selection on the evolutionary game
process and results, on the basis of the initial values, keeping
the remaining parameters unchanged, four groups of values
are set: x � 0.5, y � z � 0.4; x � 0.8, y � z � 0.4; x � 0.5,

y � 0.8, z � 0.4; and x � 0.5, y � z � 0.8. )e simulation
result is shown in Figure 5.

It can be seen from Figure 5 that under the conditions of
Scenario 2, as the probability of the power industry choosing
technological innovation strategies increases, the evolution
rate of coal companies gradually slows down, which further
verifies Proposition 6.When the advantage of thermal power
generation weakens and technological innovation in the
power industry shifts to other energy resources, the oper-
ating income of coal companies will drop sharply. Even if the
government grants certain subsidies, they cannot cover the
costs of clean production. How to save costs and seek low-
cost innovation is one of the challenges faced by coal
companies. Whether in Scenarios 2 or 3, lower y and z will
push the local government to stabilize and strengthen en-
vironmental regulations, which further verifies Proposition
2. With the increase of x, the stability of the evolution rate of
coal enterprises under Scenario 2 and the power industry
under Scenario 3 has increased significantly, which means

Table 3: Local stability analysis results.

Equilibrium point
Eigenvalues

Asymptotically stable
λ1 λ2 λ3

E1(0, 0, 0) − C1 + F + 2P D + QU0 H Unstable point
E2(0, 1, 0) − C1 + P − S − D − QU0 H + E Unstable point
E3(0, 0, 1) − C1 + P − S D + QU1 − H Unstable point
E4(1, 0, 0) C1 − F − 2P D + A + QU0 H + A Condition 1
E5(1, 0, 1) C1 − P + S D + A + QU1 − H − A Condition 2
E6(1, 1, 0) C1 − P + S − D − A − QU0 H + A + E Condition 3
E7(0, 1, 1) − C1 − 2S − D − QU1 − H − E Condition 4
E8(1, 1, 1) C1 + 2S − D − A − QU1 − H − A − E Unstable point
Condition 1: D + A + QU0 < 0, H + A< 0
Condition 2: D + A + QU1 < 0, H + A> 0
Condition 3: D + A + QU0 > 0, H + A + E< 0
Condition 4: D + QU1 > 0, H + E> 0
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that local governments’ strengthening of environmental
regulations has a significant policy effect and reveals the
indispensable role of local governments in promoting in-
dustrial upgrading.

5.2.,e Impact of Environmental Tax on the Stability of Game
Strategy. Coal and power companies are regarded as high
polluting industries and are sensitive to environmental taxes.
Environmental taxes of different levels have different im-
pacts on the power industry and coal companies’ strategic
choices. )erefore, to analyze environmental taxes’ impact
on the evolutionary game process and results, based on the
initial values, we keep the remaining parameters unchanged,
set three groups of values:B � 14; B � 7; and B � 1.2. )e
simulation result is shown in Figure 6.

It can be seen from Figure 6 that under Scenario 2,
only when the environmental tax standard (B) reaches the
maximum value, the coal companies’ strategic choice
tends to be a stable state of cleaner production. And as B
drops to the minimum value within the constraints, the
coal companies’ strategic choices have changed from
cleaner production to remaining unchanged. Similarly,
under Scenario 3, the larger the B, the shorter the evo-
lution time required for the power industry to reach a
stable state of technological innovation. )e above
analysis further verifies Propositions 3 and 5. Under the
lower environmental tax, the power industry has insuf-
ficient motivation to break through the original tech-
nology; a higher environmental tax can promote clean
production for coal enterprises. We can conclude that the
adoption of the highest environmental tax by local gov-
ernments is essential to reduce the production capacity of
coal companies and optimize the energy use structure of

the power industry. Levying a carbon tax can reduce
carbon emissions. However, due to the diverse and heavy
tax burdens of the coal industry, the normal operations of
coal enterprises may be affected considering reality. Be-
sides, environmental taxes will also hinder investment in
renewable energy [58]. )erefore, local governments
should make reasonable adjustments to environmental
taxes based on actual local conditions and seek a balance
between corporate innovation and environmental
protection.

5.3. ,e Impact of Government Subsidy and Punishment In-
tensity on the Stability of Game Strategy. Most local gov-
ernments strengthen environmental regulations and
encourage coal power companies to carry out technological
innovation by issuing administrative orders and formulating
supporting subsidies and punishments. To analyze the in-
fluence of government subsidies and punishments on the
evolutionary game process and results, based on the initial
values, we keep the remaining parameters unchanged and
set four groups of simulation values: P � 10, S � 3; P � 10,
S � 0, P � 0, S � 3; and P � 0, S � 0. )e simulation result is
shown in Figure 7.

It can be seen from Figure 7 that under Scenario 2 when
the government subsidies and penalties become more and
more powerful, the probability of coal companies choosing
cleaner production increases significantly; under Scenario 3,
increasing subsidies and penalties can speed up the evolution
rate of technological innovation in the power industry. No
matter under Scenarios 2 or 3, the local government only
issues subsidies or only adopts punitive measures, and the
impact on the power industry and coal companies’ strategic
choices is not as practical as the simultaneous use of
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Figure 5: Evolution path under different initial strategies. (a) Scenario 2. (b) Scenario 3.
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subsidies and punishments; the effect of adopting the sub-
sidy policy only is not as good as the policy of adopting
penalties only; penalizing enterprises that violate the regu-
lations alone can significantly increase the rate of evolution
of local governments. When local governments do not take
any subsidies and impose penalties (P � 0, S � 0), coal and
power companies choose to keep the existing technology

unchanged. Even if the local government eventually tends to
strengthen the stable state of environmental regulation, due
to the decline in revenue, the evolution and stability of the
local government will be extended. )e above analysis also
further verifies Propositions 1, 3, and 5. It can be seen that
the local governments adopt a two-pronged approach to
increase environmental taxes, subsidies, and punishments,
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and strictly supervise the coal and power industries, which
will promote the transformation and upgrading of the coal
power industry.

5.4. ,e Impact of Technological Innovation Cost on the
Stability of Game Strategy. )e cost of technological inno-
vation in the coal-fired power industry is high. Except for
large state-owned enterprises, most small and medium-sized
enterprises cannot afford considerable costs in the short
term; therefore, they lack technological innovation moti-
vation. To analyze the impact of technological innovation
costs on the evolutionary game process and results, based on
the initial values, we keep the remaining parameters un-
changed and set two groups of values:C2 � 45, C2 � 40, C2 �

35; C3 � 45, C3 � 38, C3 � 31. )e simulation result is
shown in Figure 8.

It can be seen from Figure 8 that under Scenario 2, with
the gradual decrease of C2, the power industry’s strategic
choices no longer tend to be stable, but display a trend
toward technological innovation strategies. Under Scenario
3, with the decrease of C3, the strategic choices of coal
companies fluctuate sharply and are no longer stable in a
passive state that remains unchanged. Moreover, when coal
enterprises’ innovation cost reduces to a certain level, local
governments and coal enterprises’ strategic choices are
distributed symmetrically.)e above analysis further verifies
Propositions 3 and 5. It can be seen that the cost of inno-
vation is a crucial factor affecting the transformation and
upgrading of enterprises. Most companies use financing
channels like loan to plan for technological upgrades.
However, given that financial institutions nowadays do not
know much about the operating characteristics of coal and
electricity companies, existing financial products lack ap-
plicability and high financing costs. Besides, the lack of

collateral for small andmedium-sized coal enterprises makes
it difficult to meet the financing needs for technological
innovation, which further restrains enterprise innovation
motivation.

5.5. ,e Impact of Coal Saving on the Stability of Game
Strategy. With the strategic transformation of the power
industry, the demand for thermal power will continue to
decline.)e strategic choices of coal companies are bound to
change to cater to the market. )e coal saving Q brought
about by technological innovation in the power industry is
used to describe coal companies’ sensitivity to the power
industry strategy. Based on the initial values, we keep the
remaining parameters unchanged and set three groups of
values: Q � 1; Q � 2.5; Q � 4.5. )e simulation result is
shown in Figure 9.

It can be seen from Figure 9 that under Scenario 2, with
the increase of Q, the evolution rate of coal enterprises’
choice of cleaner production slows down. In the short term,
the decline in coal enterprises’ operating income is an es-
sential factor affecting cleaner production. Technology up-
grades have saved coal consumption for the power industry.
As the demand for coal has fallen sharply, the power
industry’s choice of maintaining the same strategy has
slowed down and even reversed. While under Scenario 3, the
impact of coal sales volume on coal enterprises’ evolution is
not significant for the reason that coal enterprises are more
likely unable to bear the innovation costs of cleaner pro-
duction actively. )e above analysis further verifies Prop-
ositions 3 and 5, which shows that coal companies are
susceptible to technological upgrades in the power industry.
)e reduction in coal market demand will further aggravate
coal overcapacity. Coal companies follow market demand as
an inevitable choice for sustainable development.
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6. Conclusions

Based on the evolutionary game theory, this paper analyzes
the evolutionary game process between local government,
power industry, and coal enterprises through modeling. We
analyze both the stability of a single player and the overall
system, and conduct numerical simulations by adjusting
factors such as the initial strategy choice of the game player,
environmental taxes, government subsidies and punish-
ments, technological innovation costs, and coal demand to
explore the specific evolution path of a coal company’s
overcapacity under market-incentive environmental regu-
lations. )e numerical simulation analysis in this study
further verifies the inferences of the stability analysis,
summarizes the results of several simulations, and draws
specific conclusions as follows:

(1) )e actions of local governments, concurrently in-
creasing subsidies and punishments or increasing
environmental taxes, can enable coal and power
companies to reach an evolutionarily stable state
faster, and the simultaneous implementation of both
will help to further shorten the evolution time. In-
creasing government subsidies to energy companies
can alleviate overcapacity to a certain extent (different
from [59, 60]), but it is not as effective as taking
punishment measures. If coal-fired power companies
actively choose technological innovation, local gov-
ernments will not change the current regulatory
policies. Under this condition, the benefits of com-
panies after innovation are far greater than the costs.
In reality, this situation is difficult to exist in the early
stages of technological innovation. It also shows that
increasing environmental regulation is an inevitable
choice for local governments to help enterprises
transform and upgrade and resolve overcapacity.

(2) )e cost of enterprise technological innovation is a
key factor affecting the stability of evolution. When
the cost of innovation is lower, enterprises tend to
choose technological innovation. )erefore, in
technological innovation and capacity reduction of
coal power enterprises, financial support should be
increased. )e government provides many subsidies
to thermal power plants every year. Although sub-
sidies may lead to inefficient use of resources [61],
appropriate subsidies are necessary to transform the
coal and power industries.

(3) From the perspective of initial strategic choices, the
strategic choices of local governments have a pro-
found impact on the evolution and stability of coal-
fired power companies. Reducing the cost of
implementing environmental regulations and in-
creasing the penalties for overcapacity can shorten
the evolution time for local governments to
strengthen environmental regulations, which will
help realize the coordinated development of the
three parties ultimately. Technological innovation in
the power industry will reduce the operating income
of coal companies and delay the evolutionary sta-
bility time for them to choose cleaner production.
)e increase in revenue and the reduction in both
parties’ costs are an essential prerequisite for coal
companies and power industry’s collaborative
innovation.

(4) )e amount of coal saved after technological inno-
vation is the focus of attracting power industry
adjustment strategies. A certain level of coal saving
will promote the power industry to carry out tech-
nological innovation actively. It also shows that with
the continuous upgrading of power generation
technology in the power industry, renewable energy
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Figure 9: Evolution paths at different coal saving rates. (a) Scenario 2. (b) Scenario 3.
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and clean energy will continue to swallow the coal
market. )e importance of clean coal production has
become more prominent.

According to the above research conclusions, the fol-
lowing policy implications can be drawn:

(1) When local governments implement specific envi-
ronmental regulations and policies, there are often
certain deviations related to their interests, which
may result in the phenomenon that the coal industry
can hardly reach the goal of reducing the production
capacity. )e central government must strengthen
the supervision on local governments, and local
governments must use their information advantages
to rationally and timely regulate local environmental
regulations. Overcapacity reduction is a task that
every department should pay attention to. Taking a
series of measures to reduce the cost of government
environmental regulations can effectively promote
local governments to strengthen their attention to
overcapacity reduction tasks. On the other hand, the
follow-up work to reduce overcapacity also requires
the government to take supporting measures to
speed up the process of transformation and
upgrading of coal power enterprises by adhering to
the principle of combining market forces with
government support.

(2) Economic development cannot be completely sep-
arated from the support of the coal industry; in other
words, coal companies must assess the situation and
improve their competitiveness through active clean
production to meet the needs of the power industry
and other consumers, accelerate the withdrawal of
outdated production capacity, and improve de-ca-
pacity mechanism by arranging properly the reset-
tlement of assets, debts, and employees. )e business
of coal and power companies involves vast invest-
ment, and their technological innovation costs and
difficulties are also high. Coal mining companies
should actively enhance their research to promote
clean production technologies such as unharmed
coal and intelligent mining to reduce subsequent
operating costs and cater to green and era require-
ments of low-carbon development. In addition,
given that many small and medium-sized coal
companies do not have the economic strength to
increase investment in clean production, planning
mergers and acquisitions with other high-quality
coal companies may be a good choice for their future
development.

(3) )e existing differentiated industrial lending policies
in the coal industry have given great support to high-
quality companies, forcing “zombie companies” to
withdraw from the market voluntarily. However, this
has also made it more difficult for some small and
medium-sized coal companies with good credit to
obtain financing, thus making it difficult for them to
put clean production into action. )erefore, it is

necessary to optimize the existing big data platforms
such as the China (Taiyuan) Coal Trading Center and
improve the credit ratings for coal companies. Fi-
nancial institutions should meet the financial needs
of high-quality coal companies and innovate in-
clusive financial products so as to achieve the goal of
“structural reduction of production capacity and
optimization of production capacity.”

)is study has certain limitations: Firstly, local gov-
ernments, power industry, and coal companies are in a
complex system that many factors affect their strategic
choices, and this study is not comprehensive enough to
consider the influencing factors in the tripartite game
process. Secondly, due to the limitations of data acquisition
and the ideality of parameter assignment, we only carried
out numerical simulations at the industry level. In the next
step, we will conduct more profound research in combi-
nation with actual cases.
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