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With environmental pollution problems becoming more andmore serious, administrators need to change their original system of
performance achievement evaluation and build a new performance achievement view of ecological civilization. Based on the view
of achievement evaluation of ecological civilization, this research develops a continuous-time differential game of environmental
pollution control between local government and enterprises by taking into consideration dynamic change in pollutants in the
environment into account. By analyzing the equilibrium solution of the game, the role of the assessment mechanism of ecological
civilization is explored, and countermeasures are proposed to provide a scientific basis for improving the assessment mechanism
of ecological civilization in China’s environmental pollution control. +e results have shown that enterprises’ equilibrium
pollutants output is negatively correlated to Ecological Civilization Index. Instead, the government’s efforts to curb pollutions are
positively correlated to the environmental review. With th`at, lowering enterprises’ cost of production and pollution reduction
alongside imposing more severe punishment would help improve pollution management. Setting up reasonable reward-pun-
ishment system would improve local governments’ pollution management. Elsewhere, the research employs the method of
numerical simulation to testify the relationship among the importance of environmental review, enterprises’ pollutant output, and
government’s efforts to manage pollutions. Finally, the research also suggests necessary measures to solve environmental
pollutions and introduces a numerical simulation analysis.

1. Introduction

When the environment increasingly experienced heavier
environmental burden, and pollutions caused by social and
economic activities have become gradually unbearable,
environmental problems will become the bottleneck for the
development of each country [1–3]. +e contradiction be-
tween limited natural resources and the growth of human
demand is one of the core issues of regional and global
sustainable development [4]. +e Chinese economy has
prospered for over 40 years, creating a miracle of robust
economic growth, but the problem of environmental pol-
lution has worsened. +e problem of environmental

pollution has become an important constraint factor, hin-
dering people’s aim to improve quality of living standards.
Improving environmental quality has undoubtedly played a
key role in improving people’s standards of living [5].

In order to improve the ecological environment, China
began to launch a national-level strategy for the first time
since the 10th Five-Year Plan. “Sustainable development
strategy” proposed from the 15th National Congress of the
Communist Party of China to the 19th National Congress of
the CPC emphasized that “Lucid waters and lush mountains
are invaluable assets.” Environmental protection strategies
are playing an increasingly important role in government
management and social governance in China. +erefore, as
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an important policy tool, the assessment of ecological civ-
ilization has become an important means to solve ecological
environment problems and coordinate the relationship
between environmental protection and economic develop-
ment (ecological civilization is a new stage for civil devel-
opment. +at is to say, the civilization after the industrial
revolution is a sum of material and spiritual civilization
caused by harmony among humans, nature, and society.+e
harmony among nature, humans, and society, which would
achieve sustainable development and virtuous cycle, should
be an ideal way of living. Based on the perspective of har-
mony between humans and nature as well as the viewpoint
of the 18th National Congress of the Communist Party of
China, ecological civilization is the sum of materials, spirits,
and institutions after human beings successfully protected
and created ideal ecological environments. +e impressive
results would come from successful engineering systems of
economic, political, cultural, and social construction. +e
results are also the measures of civilization development).

Political performance review is an important tool to help
advance the modernization of the country’s governance
system and capacity for governance. In China’s environ-
mental governance, most scholars believe that the central
government’s long-term implementation of “GDP-only”
performance evaluations of local officials has led to a lack of
fundamental institutional incentives for environmental
governance [6]. Some related issues have been discussed in
existing research; for example, using the principal-agent
framework, Liu et al. pointed out that the binding targets of
the “eleventh five-year plan” clearly defined the adminis-
trative responsibilities of local governments and the con-
sequences of rewards and punishments in environmental
governance, and the political pressure brought by the as-
sessment on local officials improved the intensity and ef-
fectiveness of policy implementation. However, in the
process of evaluation, problems such as distorted evaluation
results failure of evaluation incentives and loss of control
over evaluation constraints have emerged due to asymmetric
information. Most of these studies are limited to the the-
oretical level, and there is not much literature on the
quantitative assessment of environmental performance from
the perspective of game theory [7, 8].

At present, many scholars have applied the game theory
method to studying the environmental pollution control
problem. In real economic activities, due to the influence of
the external environment, information, cognitive con-
straints, and other factors, rational decision-making is dif-
ficult [9]. Based on the perspective of the circular industrial
chain, the stakeholders of enterprises, governments, and
consumers in the resource treatment of livestock and poultry
wastes are incorporated into an evolutionary game system to
explore the interaction results between network cooperation
subjects in the circular economy [10]. Analyzing the rela-
tionship between related stakeholders in environmental
governance is essential for the model [11]. In environmental
governance, enterprises are the source of environmental
pollution and the main body of governance, while the
government is the main body of environmental standard
formulation and supervision. +erefore, there are many

evolutionary game studies with the government and en-
terprises as the game players. By constructing the game
model of government and enterprise and interenterprise and
intergovernment evolution, we will study the influencing
factors of local government’s environmental regulation
strategy [12], the influence of carbon tax and subsidy on
manufacturers’ low-carbon strategy choice [13], the strategic
choice behavior of enterprises and environmental protection
departments, and causes of enterprise pollution, prevention,
and control focus [14]. Benhong et al. establish an evolu-
tionary game model between government regulatory de-
partments and electronic and electrical products’
manufacturing enterprises and to carry out simulation
analysis under different strategies [15]. Benhong et al.
studied from the perspective of enterprises that the estab-
lishment of a cooperative mechanism for resource sharing in
the ecosystem can effectively promote value cocreation,
thereby improving the environmental performance of en-
terprises [16].

Now, the use of differential game method to discuss
environmental pollution control is at the initial stage. Yeung
established a cooperative differential game model for cross-
border industrial pollution. +e main characteristics of the
model are as follows: various industrial enterprises are
competing with each other, and the governments cooperate
with each other in the treatment of environmental pollution,
and for the first time, they obtain a time-consistent solution
in the cooperative differential game of pollution control, and
for the first time, a time-consistent solution was obtained in
the cooperative differential game of pollution control [17].
Kossioris and Plexousakis pointed out that the dynamic
problems of pollution and resource management need to be
analyzed with the framework of differential game, and the
nonlinear feedback Nash equilibrium solution of lake pol-
lution control is obtained [18]. Finally, the feedback Nash
equilibrium solutions, optimal control solutions, and open-
loop Nash equilibrium solutions are compared. Yeung used
the method of differential countermeasures to explore the
game between policymakers and enterprises that pursued
maximum profits while causing pollution. In this game, the
government decided the level of pollution tax collection, and
the enterprise determined the output level, obtained feed-
back Nash equilibrium solution, and extended the game to
multiple enterprises. Akihiko Yanase established a differ-
ential game model for international pollution control [19].
+e study points out that the level of environmental policy
determined deviates from the social optimal level in the non-
cooperative policy game, and the equilibrium result of
emission tax game is worse than that of command-control
game. +is is because the emission tax will cause more
pollution and a decline in social welfare.

Due to the special attributes of environmental indicators,
the academic literature on environmental performance
appraisal focuses on the following three aspects: first, the
analysis and research on the practice and exploration of
environmental performance appraisal; second, the estab-
lishment of environmental performance appraisal indicator
system, including the principles of index construction, the
selection and design of indicators, and the determination of
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weights; and third, the government’s environmental per-
formance appraisal system research, including the deter-
mination of the object of assessment, the standard of
assessment criteria, and the selection of assessment methods.
However, most of these studies are limited to the theoretical
level, and there is not much literature on the quantitative
assessment of environmental performance from the per-
spective of game theory.

Environmental pollution control is a continuous dy-
namic game process. Differential game is a dynamic game
model that studies the competition and cooperation of two
or more parties in a continuous tablet. +erefore, based on
the differential game model, this paper constructs a game
model of environmental pollution control between the
government and enterprises under the constraint of the
evaluation mechanism of ecological civilization. +e fol-
lowing issues are studied:

First, how does the introduction of the assessment
mechanism of ecological civilization construction in-
terfere with the dynamic evolution of the pollutant
stock?
Second, how does this dynamic alter the efficient setting
of the punishment level for a given level of emissions?
+ird, what strategies would come out when the central
and local information is asymmetric in the evaluation
of ecological governance performance of local
government?

+is paper is organized as follows. In Section 2, we
construct a continuous-time differential game of environ-
mental pollution control between local government and
enterprises by taking into consideration dynamic change in
pollutants in the environment into account. Impact analysis
of feedback Nash equilibrium of the system is discussed in
Section 3. In Section 4, a numerical illustration serves to
illustrate (i) how dynamic state variables shape expectations
and variance in the stock of pollutants and (ii) how related
and key parameter values affect equilibrium strategies of
both sides of the game. In Section 5, the policy recom-
mendations for this study are given. Finally, the conclusions
and limitations of this study are given.

2. Methodology

2.1. Problem Characteristics and Basic Assumptions. Due to
the existence of conflicts of interest in economic develop-
ment and environmental protection, enterprises environ-
mental pollution control has typical game characteristics,
which also makes game theory one of the important tools for
studying ecological environmental governance [20, 21]. For
the convenience of research, it is assumed that, within a
continuous-time s ⊂ [t0, t], there is a superior government
supervision department, a local government supervision
department, and n polluting enterprises in a certain area. n

polluting enterprises will carry out a certain amount of
sewage in any time s, which will have a direct impact on the
dynamic system of the ecological environment. +e pollu-
tion of the ecological environment will cause damage to

enterprises and the government. +e damage cost is a linear
function of the level of pollutants in the ecological envi-
ronment. It is assumed that the polluting enterprises are
“economic man” with limited rationality. In order to pursue
the maximum profit, it will risk the selection of environ-
mental violations such as discharge pollutant without per-
mission, beyond pollution limits, and other illegal activities.
If qi(s) represents the output level of enterprise i within time
s, the yield of qi(s) will also produce ei(s) � cqi(s)(c> 0)

pollutants. +e polluting enterprise obtains income through
production and operation, and the amount of pollutants is
related to the output of its production. +erefore, the pol-
luting enterprise’s production gain and production cost can
be written as a function of pollutant ei(s). Under the su-
pervision of the government, polluting enterprises i will take
measures to control the generated pollutants, and its cost
function Ci is a concave function, namely, Ci

″ > 0. Similarly,
the government will also deal with environmental pollution,
and its cost function Cg is also a concave function, namely,
Cg
″ > 0. +e superior government will give certain rewards

and punishments according to the local government’s
ecological civilization and environmental protection per-
formance. +e size of the rewards and punishments is a
linear function of the ecological civilization and environ-
mental performance. Finally, it is assumed that the gov-
ernment and the polluting enterprises have the same
discount rate ρ.

2.2. Environmental Quality Dynamic Equation. +e envi-
ronmental quality dynamic equation [22, 23] is as follows:

_E(s) � m Pmax − E(s)(  + 
n

j�1
ej(s) − Rej(s)  − βμ(s),

E s0(  � E0 � 200,

(1)

where E(s) represents the amount of pollutants in the
ecosystem. Dynamic changes in environmental quality _E(s)

mainly depends on three variables: the total amount of
pollutants discharged by n polluting enterprises, the amount
of pollutants that local governments have eliminated
through pollution control, and the amount of pollutants that
the ecosystem system absorbs through its self-circulation.
ej(s) represents the amount of pollution generated by the
polluting enterprises j during the production and the op-
eration process, but not necessarily all of them are dis-
charged into the environment; Rj (0<R< 1) represents the
purification rate of pollutants generated during the pro-
duction and the operation process by the enterprise j’s
technological innovation; Rjej(s) represents the amount of
pollutants purified by the enterprise’s technological inno-
vation; 

n
j�1[ej(s) − Rej(s))] indicates the total amount of

pollutants discharged by the polluting enterprises n; βμ(s)

indicates the elimination of the amount of pollutants in the
eco-environment system through local government efforts;
β(β> 0) indicates the rate of pollutants eliminated by local
governments in the fight against pollution; mE(s) is the
pollution flow absorbed by the ecological environment
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system during the self-circulation process; and m indicates
the self-purification rate of the ecological environment
system. It is assumed here that the self-absorption capacity
of the ecological environment system is a decreasing
function of the pollution stock. +at is to say, the heavier the
pollution is, the worse the environmental self-purification
ability could be; Pmax indicates that there is a maximum level

of pollution, and P0 represents the initial level of pollutants
in the eco-environment system at time t0.

2.3. Enterprise Objective Function. +e objective function of
the enterprise is as follows:


t

t0

aiei(s) −
vi

2
ei(s)( 

2
+ k ei(s) − Riei(s) − ei  −

Ci

2
Riei(s)( 

2

− bE(s) − G ei(s) − Riei(s)(  − α(s)g ei(s) − Riei(s) − ei ω

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

e
− ρ s− t0( )ds. (2)

+e income of the enterprise can be divided into two
parts: one is the net income brought by the production and
operation of the enterprise, and the other part is the income
from the excessive discharge of the enterprise. +e net in-
come of the enterprise is the production utility minus the
production cost. According to the hypothetical net income,
it is related to ei(s), which is aiei(s) − (vi(ei(s))2/2), where
ai and vi represent the utility and cost coefficients, respec-
tively, and ai > 0, vi > 0. k[ei(s) − Riei(s) − ei] indicates the
additional benefits that the excess pollutants bring to the
enterprise i, where ei is the maximum amount of pollutants
that the environmental protection department permits and
k(k> 0) indicates the coefficient of return that the unit
exceeds the standard amount of pollutants.

+e cost and expenses of the enterprise include the
following: the damage cost to the enterprise caused by
environmental pollution bE(s)(b> 0), the sewage charges
paid by the enterprise, the cost of abatement, and the fines
paid after the company exceeds the standard discharge. +e
cost and expenses of the enterprise include the following: the
damage cost to the enterprise caused by environmental
pollution, the emission charges paid by the enterprise, the
cost of emission reduction, and the fines paid after the
enterprise exceeds the standard discharge. According to
Article 12 of the Regulations on the Administration of the
Collection and Use of Emission Charges, which was

implemented by the People’s Republic of China in 2003,
pollutants discharged into the environment shall be paid in a
quantity according to the amount and G shall be recorded as
the cost of unit discharge; G(ei(s) − Riei(s)) indicates the
emission charges paid by the enterprise i to the local gov-
ernment. ((Riei(s))2Ci)/2 (Ci > 0) is the cost of pollution
control required by the enterprise i to reduce the amount of
Riei(s) pollutants. α(s)g[ei(s) − Riei(s) − ei]ω indicates the
amount of fines paid by the enterprise i after the government
found out that the pollutants were discharged; α(s)g indi-
cates the possibility of the enterprise’s excessive discharge of
pollutants, where g is the level of government’s ecological
civilization and environmental performance and α(s) is the
importance of ecological civilization and environmental
performance assessment (the higher the importance, the
more the local government pays more attention to the
environment, and the stronger the supervision) calculates
the fine to be paid by the company exceeding the standard of
pollutant discharge. ω represents the unit penalty to be paid
by the enterprise whose exceeds the standard of pollutant
discharge quantity.

2.4. Government Objective Function. +e objective function
of the government is as follows:


t

t0



n

j�1
ajeij(s) −

vj

2
ej(s) 

2
  + 

n

j�1
G ej(s) − Rej(s)  −

Cg

2
(βμ(s))

2

+ 
n

j�1
α(s)g ej(s) − Rej(s) − ej ω +

ϑα(s)

2
gμ(s) − g0μ0(s)  − ζE(s)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

e
− ρ s− t0( )ds. (3)

+e government’s income mainly consists of four parts:
the material welfare created by the enterprise production
and operation for the society, the pollutant discharge paid by
the enterprise, the fines paid after the enterprise exceeds the
standard pollutant discharge, and the rewards given by the
superior government. +e government’s losses and costs are

composed of three parts: βμ(s)(β> 0) is the damage to the
local people caused by environmental pollution, the other is
the governance cost that the government spends to manage
the environment Cg(βμ(s))2/2 (Cg > 0), and the third part is
the punishment given by the unqualified of the superior
government.
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n
j�1[ajeij(s) − vj(ej(s))2/2] indicates the material

welfare created by the enterprise’s production and operation
for the society, and it is also the GDP growth part created for
the country; 

n
j�1 G(ej(s) − Rej(s)) represents the income

from the enterprises’ pollutant charges to the government;
ϑα(s)[gμ(s) − g0μ0(s)]/2 (ϑ> 0) represents the superior
government rewards and punishments for local govern-
ments, where g0 and μ0(s) represent the standard values of
ecological civilization achievements and environmental
governance efforts formulated by the superior government
to local governments, respectively. When the product of
local government’s environmental governance efforts and
ecological civilization construction gμ(s) is greater than the
critical value g0μ0(s), ϑα(s)[gμ(s) − g0μ0(s)]/2 represents

the reward given by the superior government to the local
government; on the contrary, when the product of local
government’s environmental governance efforts and eco-
logical civilization construction gμ(s) is less than the critical
value g0μ0(s), ϑα(s)[gμ(s) − g0μ0(s)]/2 represents the
punishment given by the superior government to the local
government.

2.5. Model Solution. In order to make equation (1) have a
unique continuous solution E(s), first, we need to construct a
set of bounded, continuous, and differentiable value functions
Vc(E) and Vg(E). +erefore, the Hamilton–Jacobi–Bellman
(HJB) equation is constructed as follows:

ρVc(E) � Max
ei(s)≥ 0

aiei(s) −
vi

2
ei(s)( 

2
+ ki ei(s) − Rei(s) − ei  − G ei(s) − Rei(s)( 

− bE(s) −
Ci

2
Rei(s)( 

2
− α(s)g ei(s) − Rei(s) − ei ω

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

+ Vc
′(E)

m Pmax − E(s)(  − βμ(s)

+ 
n

j�1
ej(s) − Rej(s) 

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

,

(4)

ρVg(E) � Max
ei(s)≥ 0



n

j�1
ajeij(s) −

vj

2
ej(s) 

2
  + 

n

j�1
α(s)g ej(s) − Rej(s) − ej ω − ζE(s)

+ 
n

j�1
G ej(s) − Rej(s)  +

ϑα(s)

2
gμ(s) − g0μ0(s)  −

Cg

2
(βμ(s))

2

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

+ Vg
′(E)

m Pmax − E(s)(  − βμ(s)

+ 
n

j�1
ej(s) − Rej(s) 

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
.

(5)

First, equation (4) finds the first-order partial derivative
with respect to ei (s) and obtains the following equation:

ai − viei(s) + ki(1 − R) − G(1 − R) − CiRei(s)

− ωα(s)g(1 − R) + Vc
′(E)(1 − R)n � 0.

(6)

After simplification, we can get the following equation:

ei(s) �
ai + ki − G − ωα(s)g + Vc

′(E)n( (1 − R)

vi + CiR
2 . (7)

Next, equation (5) finds the first-order partial derivative
with respect to μ(s). After simplification, we can get the
following equation:

μ(s) �
gϑα(s) − 2βVg

′(E)

2Cgβ
2 . (8)

In order to obtain a linear value function, let Vc (E) �

l1 + h1E(s) and Vg(E) � l2 + h2E(s), where l1, l2, h1, and h2
are all constants. +en, substituting Vc

′ (E) � h1, Vg
′(E) � h2
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into equations (4) and (5), the following equation is
obtained:

ρ l1 + h1E(s)(  � aiei(s) −
vi

2
ei(s)( 

2
+ ki ei(s) − Rei(s) − ei  − bE(s) − G ei(s) − Rei(s)(  −

Ci

2
Rei(s)( 

2

− α(s)g ei(s) − Rei(s) − ei ω + h1 m Pmax − E(s)(  + 
n

j�1
ej(s) − Rej(s)  − βμ(s)

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.

(9)

ρ l2 + h2E(s)(  � 
n

j�1
aiei(s) −

vi

2
ei(s)( 

2
  + 

n

j�1
Gej(s) − Rej(s)  −

Cg

2
(βμ(s))

2
+ 

n

j�1
α(s)g ej(s) − Rej(s) − ej ω

+
ϑμ(s)

2
gμ(s) − g0μ0(s)  − ζE(s) + h2 m Pmax − E(s)(  + 

n

j�1
ej(s) − Rej(s)  − βμ(s)

⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
.

(10)

From equation (9), we can know that the following
equation is established:

ρh1E (s) � − bE (s) − h1mE (s). (11)

By simplification of equation (11), the following equation
can be obtained:

h1 �
− b

ρ + m
. (12)

Similarly, we can get

ρh2E(s) � − ζE(s) − h2mE(s),

h2 �
− ζ

ρ + m
.

(13)

As a result, we get

Vc
′(E) � h1 �

− b

ρ + m
, (14)

Vg
′(E) � h2 �

− ζ
ρ + m

. (15)

Substituting equations (14) and (15) into (7) and (8), the
simplification can be obtained as a feedback Nash equilib-
rium strategy [e∗i (s), μ∗(s)] in the following form:

e
∗
i (s) �

ai(ρ + m) +(1 − R)((ρ + m)(k − G − ωα(s)g) − bn)

vi + CiR
2

 (ρ + m)
,

(16)

μ∗(s) �
gϑα(s)(ρ + m) + 2ζβ

2(ρ + m)Cgβ
2 . (17)

3. Impact Analysis of Feedback
Nash Equilibrium

(1) +e equilibrium pollutant production of enterprises
e∗i (s) is negatively correlated with the importance of
ecological civilized environmental performance as-
sessment α(s), and equation (16) finds the first-order
partial derivative with respect to α(s); we can get
descent gradient (ωg(1 − R)/(vi + CiR

2)). By partial
guidance of the equilibrium pollutant production
e∗i (s) on the importance of the assessment of eco-
logical civilization and environmental performance
α(s), we can obtain (ze∗i (s)/zα(s)) � (− ωg

(1 − R)/(vi + CiR
2)). Since 0<R< 1 and ω, g, vi, and

Ci are all greater than zero, (− ωg(1 − R)

/(vi + CiR
2))< 0 is always established. +erefore, it

can be explained that the equilibrium pollutant
production of the enterprise e∗i (s) is negatively
correlated with the importance of the ecological
civilization and environmental performance assess-
ment α(s). +e descent gradient is (ωg(1 − R)

/(vi + CiR
2)); that is, when the superior government

raises the importance of assessing the ecological
civilization and environmental protection perfor-
mance, and the local government will pay more
attention to environmental protection performance.
On the one hand, the local governments will take
more effective measures to control the discharge of
pollutants; on the other hand, the supervision of the
pollutant enterprises will continue to strengthen,
which will help curb enterprise discharge pollutant
without permission, beyond pollution limits, and
other illegal activities.

(2) +e government’s equilibrium environmental gover-
nance efforts μ∗(s) are positively related to the

6 Discrete Dynamics in Nature and Society



importance of ecological civilization and environ-
mental performance assessment α(s), and equation
(17) finds the first-order partial derivative with respect
to α(s); we can get ascent gradient (gϑ/2Cgβ

2). By
partial guidance of the equilibrium environmental
governance efforts μ∗(s) on the importance of the
assessment of ecological civilization and environmental
performance α(s), we can obtain
(zμ∗(s)/zα(s)) � (gϑ/2Cgβ

2). Since g, ϑ, Cg, and β
are all greater than zero, then (gϑ/2Cgβ

2)> 0 is always
established. +is shows that the government’s equi-
librium environmental governance efforts μ∗(s) are
monotonously increasing function, and the importance
of ecological civilization and environmental perfor-
mance assessment will promote the government’s
equilibrium environmental governance efforts, so as to
obtain better environmental pollution control effects.

(3) +e equilibrium pollutant production of enterprise
e∗i (s) is negatively correlated with the unit of pollutant
chargeG, and equation (16) finds the first-order partial
derivative with respect to G; we can get descent gra-
dient (1 − R/(vi + CiR

2)). With partial guidance of
the equilibrium pollutant production e∗i (s) on the
pollutant charge G, we can obtain (ze∗i (s)/zG)

� (− (1 − R)/(vi + CiR
2)). Since 0<R< 1 and vi and

Ci are all greater than zero, then (− (1 − R)/(vi

+CiR
2))< 0 is always established. +erefore, we can

know that when the government raises the amount of
the unit of pollutant charge, the production and op-
eration cost of the enterprise will increase, and the
enterprise will take measures to control the pollutant
discharge, which can play a role in restraining the
pollution output of the enterprise.

(4) +e reduction in the production and operation costs
and environmental treatment costs of enterprises can
all improve the pollution control effect of ecological
civilization and environmental performance assess-
ment.+e reduction in emissions costs of enterprises
has led to the descent gradient increase in the
equilibrium pollutant production of enterprises
(ωg(1 − R)/(vi + CiR

2)). It shows that when the cost
of emissions of enterprises is reduced, the pollution
control effect of the government’s ecological civili-
zation and environmental performance assessment is
further strengthened.
Similarly, reduction in production and operation costs
vi of enterprises has led to the descent gradient increase
in the equilibrium pollutant production of enterprises
(ωg(1 − R)/(vi + CiR

2)). It shows that when the
production and operation costs of enterprises are re-
duced, the pollution control effect of the government’s
ecological civilization and environmental performance
assessment will be further strengthened.

(5) Increasing the penalties ω for the environmental
illegal activities of polluting enterprises can improve
the effect of environmental pollutant control. By

partial guidance of the equilibrium pollutant pro-
duction e∗i (s) on the penalties ω, we can obtain
(ze∗i (s)/zω) � (− α(s)g(1 − R)/(vi + CiR

2)). Since
0<R< 1 and α(s), g, vi, and Ci are all greater than
zero, then (− α(s)g(1 − R)/(vi + CiR

2))< 0 is always
established. So, we see that the enterprises’ equi-
librium pollutant production e∗i (s) is negatively
related to the punishment ω from the government.
+at is to say, the punishment for the discharge
pollutant without permission, beyond pollution
limits, and other environmental illegal activities of
enterprises will be continuously increased. When the
number of fines for the discharge pollutant without
permission, beyond pollution limits, and other en-
vironmental illegal activities of enterprises is greater
than the cost of environmental pollution control, it
may reduce the environmental illegal activities of
enterprises.

(6) +e superior government will increase the rewards
and punishments ϑ for the local government’s
ecological civilization and environmental protection
achievements, which can improve the level of its
environmental governance efforts. By partial guid-
ance of the government’s equilibrium environmental
governance efforts μ∗(s) on the rewards and pun-
ishments ϑ, we can obtain (zμ∗(s)/zϑ) � (gα
(s)/2Cgβ

2). Since α(s), g, Cg, and β are all greater
than zero, then (gα(s)/2Cgβ

2)> 0 is always estab-
lished. So, we see that the government’s equilibrium
environmental governance efforts μ∗(s) is positively
related to the rewards and punishments ϑ. +erefore,
the superior government should increase the reward
and punishment of environmental performance
assessment; when the environmental performance
assessment really affects the government’s interests,
it will have more power to invest in environmental
pollution control.

(7) +e government’s lower environmental governance
costs Cg can raise the level of its equilibrium envi-
ronmental governance efforts μ∗(s). +e govern-
ment’s environmental pollution control cost Cgis
reduced, making the rising gradient gϑ/2Cgβ

2 of the
government’s equilibrium governance effort μ∗(s)

related to the importance of ecological civilization
and environmental performance assessment α(s)

increase. It shows that, with the reduction in gov-
ernment environmental governance costs, the gov-
ernment’s equilibrium pollution control efforts will
further increase.

4. Numerical Examples

+e results presented thus far, while analytically compelling,
may further benefit from practical grounding in a real-world
example. +is section thus assesses the results of the game
theoretic models against a realistic backdrop of the
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assessment mechanism of ecological civilization construc-
tion deployed at Hubei Province, China. A numerical il-
lustration serves to illustrate (i) how dynamic state variables
shape expectations and variance in the stock of pollutants
and (ii) how related and key parameter values affect equi-
librium strategies of both sides of the game.

4.1.Hubei Province,China. Hubei Province is in the south of
China and in the middle reaches of the Yangtze River. It is
between 29°05′ and 33°20′ north latitude and 108°21′ to
116°07′ east longitude and boasts advantageous geographical
location. +e Yangtze River runs from west to east and
traverses the province’s 1062 kilometers. +e Yangtze River
and its largest tributary, the Han River, run the river, the
water network is vertical and horizontal, and the lake is
densely covered. Hubei Province is also known as the
“+ousand Lakes Province.”

After Hubei province included ecological civilization
construction in the performance review, the local gov-
ernment has implemented stringent environmental man-
agement systems. Since 2016, the Hubei provincial
government has outlawed 1103 piers, recovered coastline
by 143 km and cleared 744 solid waste storage points.
+erefore, the proportion of category I∼III water quality in
27 primary tributaries of Yangtze River has been rising year
by year. Moreover, the local government has enhanced lake
governance by removing 1.2754mn acres of fences and
breeding cages, outlawing 274.5k acres land of fertilizer
(manure) breeding as well as pearl farming. Hubei’s gov-
ernment has also completed renewal of sewage manage-
ment plant in 88 towns. It also spent RMB$30bn to deploy
sewage management facilities in all of its towns and
relocated 12784 livestock and poultry farms in the breeding
forbidden zone. +e funding was raised via local govern-
ment bonds. From January–October 2018, water quality of
Tongshun River’s tributaries was improved from category
V (poor quality) to category IV. +e water quality of
Shending River, Ju River, and Yiai River has experienced
continual improvement (https://baijiahao.baidu.com/s?
id�1632754276131852877).

+e following model is combined with the previous
model to assign values to external variables and give nu-
merical simulations (numerical simulation is through nu-
merical calculation and image display method to achieve the
purpose of research on the control of environmental pol-
lution behaviors of enterprises). First, assume that there are
four enterprises in total, that is, n � 4 (the number of en-
terprises can be set to any positive integer and the adjust-
ment of parameters will have a certain effect on the results of
numerical simulation but does not affect the overall trend).
+e enterprise obtains certain benefits through production
and operation activities. For the convenience of calculation,
suppose the benefit coefficients is ai � 20; at the same time, it
costs a certain amount, and the initial cost coefficients are
vi � 0.1. For the enterprises, they need to pay a certain
sewage charge to the government for each the unit of
pollutants discharge, if the initial unit of sewage charges is
G � 0.4. +e enterprise conforms to the hypothesis of

“rational economic man.” In order to pursue the maximum
profit, it will risk the selection of environmental violations
such as discharge pollutant without permission, beyond
pollution limits, and other illegal activities and assume that
the income per unit of excess pollutant discharge will bring
k � 10 to the enterprise. +e government imposes a certain
fine on the enterprise’s discharge pollutant without per-
mission, beyond pollution limits, and other illegal activities
if the penalty for exceeding the pollutants per unit is ω � 2.
+e government’s supervision is influenced by the impor-
tance of ecological civilization and environmental perfor-
mance assessment α (s); the value range of α (s) is (0, 1), and
the value of α (s) is closer to 1, explaining that the ecological
civilization environmental performance assessment is more
important and the initial α(s) is set to 0.8. +e government’s
environmental performance level g is in the range of
0<g< 1, and the value of g is closer to 1, explaining that the
government’s environmental performance is higher and the
initial g is set to 0.7. +erefore, under the supervision of the
government, the enterprises will carry out a certain degree of
technical input to improve the pollution purification rate.
+e value of the pollution purification rate R in the pro-
duction process caused by the change in technology is
0<R< 1, and the initial R is set to 0.2. +e cost coefficient of
environmental management of enterprises is Ci � 0.3.When
the ecological environment is polluted, the government will
curb environmental pollution, and suppose the amount of
pollution β � 0.3 is being eliminated by the government on
curb environmental pollution. +e cost coefficient of gov-
ernment’s curb environmental pollution is Cg � 0.04. +e
superior government will give certain rewards according to
the efforts of the local government’s curb environmental
pollution and the level of environmental performance, and
the initial coefficient of reward is ϑ � 0.01.+e damage to the
local people caused by environmental pollution ζ � 0.1 and
the harm to the enterprise b � 0.05, the discount rate of the
enterprise (government) ρ � 0.005, and the self-purification
rate of the ecological environment m � 0.1. +e maximum
level of pollution Pmax � 1000.

4.2. Analysis of Pollutant Stock and Sensitivity Analysis of
EquilibriumFeedback. Substituting the above-set parameter
values into the feedback Nash equilibrium solution of the
differential game, we can conclude that e∗i (s) � 225.54 and
μ∗(s) � 80.14. Substituting the value of the feedback Nash
equilibrium solution into the environmental quality dy-
namic equation (1), the following equation can be obtained:
E(s) � 797.869− 597.869e− 0.1s. +e dynamic evolution of
environmental quality is shown in Figure 1. From Figure 1,
we can see that as time s goes on, the environmental quality
E(s) will continue to improve and eventually stabilize. +is
can also better explain the rationality and high practical
value of the model. At the beginning of time, the envi-
ronmental quality has improved rapidly with the external
intervention for a period of time, but the longer the time, the
external the environmental governance and scientific and
technological means to regulate the environmental behavior
of enterprises, which makes the amount of pollution and
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environmental self-absorption reach a balance so that the
environmental quality will evolve to a stable state.

In Figure 2, based on the selected parameter values in
Section 4.1, the environmental performance assessment α(s)

is used to locate the independent variables, the blue imag-
inary curve e(s1) is obtained using Mathematica 9.0 soft-
ware, and it indicates the evolution trend of the pollutant
output of the enterprise under the condition that the im-
portance level of the ecological civilization environmental
performance assessment α(s) changes; in the same way, the
environmental performance assessment α(s) and unit
sewage charges G are used to locate the independent vari-
ables, and the red solid curve e(s2) is obtained using
Mathematica 9.0 software; it indicates the evolution trend of
pollutant production of enterprises under the dual role of
unit sewage charges and the importance of ecological civ-
ilization and environmental performance assessment α(s).
+e production level of enterprise pollutants ei(s) is neg-
atively related to the importance level of ecological civili-
zation and environmental performance assessment. With
the increasing importance of ecological civilization and
environmental performance assessment, the output of en-
terprise pollutants has been declining. However, if the means
of increasing the unit sewage charges is taken at the same
time, the production of pollutants will be reduced at a faster
rate, as shown by the curve e(s2).

In Figure 3, based on the selected parameter values in
Section 4.1, the environmental performance assessment α(s)

is used to locate the independent variables, and the blue
imaginary curve μ(s1) is obtained using Mathematica 9.0
software; it represents the evolutionary trend of the gov-
ernment’s level of environmental governance efforts as a
result of change in the importance level of ecological civi-
lization and environmental performance assessment α(s); in
the same way, the environmental performance assessment
α(s) and the government’s environmental performance level
g are used to locate the independent variables, and the red
solid curve is obtained using Mathematica 9.0 software, and
it represents the evolutionary trend of the government’s
environmental governance efforts under the dual role of the
importance of ecological civilization and environmental
performance assessment α(s) and the government’s envi-
ronmental performance level g. It can be seen that the level

of government’s environmental governance efforts μ(s) is
positively related to the importance of ecological and en-
vironmental protection performance assessment α(s). By
comparing the curve μ(s1) and the curve μ(s2), we can find
that the slope of the curve μ(s2) increases the slope of the
curve larger than the slope of the curve μ(s1) with the double
effect of the importance of ecological and environmental
protection performance assessment and the government’s
environmental performance level, indicating the assessment
of ecological civilization and environmental performance.
+e greater the effect, the greater the intensity of punish-
ment, the better the performance of government environ-
mental governance efforts μ(s).

5. Policy Implications

+is study develops the differential game method to con-
struct a game model of environmental pollution control
between enterprises and local governments accounting for
uncertain dynamics in pollution stocks and environmental
factors and obtain a set of feedback Nash equilibrium so-
lutions. By the analysis of the equilibrium solution and the
numerical simulation, governmental ecological civilization
and environmental protection efforts could reduce enter-
prises’ discharged pollution. +e government’s efforts to
curb environmental pollution could also be improved.
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Figure 1: +e dynamic evolution of environmental quality E(s).
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+erefore, we must fully recognize that ecological civiliza-
tion environmental assessment plays a role in guiding,
stimulating, and restraining environmental protection. By
the analysis of the equilibrium solution, with validation via a
numerical simulation based on the Hubei case, this study
returns several insights.

5.1. Improve theWeight of Ecological Civilization Indicators in
the Government Performance Appraisal α(s) and Formulate
Reasonable Local Government Ecological Civilization Envi-
ronmental Protection PerformanceAppraisal andReward and
Punishment System ϑ. As mentioned above, we can assume
that the equilibrium pollution production of enterprises
e∗i (s) is negatively correlated with the importance of eco-
logical civilized environmental performance assessment
α(s); the government’s equilibrium of environmental gov-
ernance efforts μ∗(s) is positively related to the importance
of ecological civilization and environmental performance
assessment α(s). +erefore, it is necessary to enhance the
importance of ecological civilization indicators α(s) in the
government’s performance evaluation and effectively revoke
the concept that GDP is the only standard for local devel-
opment and government work performance.

Establish a reasonable ecological civilization and envi-
ronmental performance evaluation mechanism to ensure the
fairness of the assessment. On the one hand, it is necessary to
conduct regular environmental performance assessments,
such as monthly reports, semiannual assessments, and annual
assessment mechanisms. On the other hand, environmental
performance assessment can be used as a management tool.
+is can not only stimulate active attitudes and work behavior
of relevant personnel but also may have a drumming effect on
their negative work attitudes and behavior [24].+erefore, we
must fully consider the fairness of performance appraisal. We
can refer to the three-dimensional model of performance
appraisal fairness proposed by Levy and Williams [25]. We
should design the environmental performance appraisal
system from the distribution fairness dimension, program
fairness dimension, and interactive fairness dimension of
assessment.

Construct a reasonable ecological civilization and en-
vironmental protection performance reward and punish-
ment mechanism. Local governments’ interests have
different manifestations according to different classification
criteria. From the content point of view, the government
interests mainly include political interests and economic
interests. From the perspective of hierarchy, it includes three
levels: interests of individual officials, interests of local
governments and departments, and the overall interests of
government organizations. +e personal interests of officials
lie in the fact that each official as an economic person and a
social person has his/her own value orientations. Local
government and departmental interests refer to them as a
strong and relatively independent interest subjects, pursuing
different levels of institutional interests, namely, specific
sectoral interests. Finally, the overall interests of the orga-
nization include the rapid growth of government public
expenditure, the expansion of institutions, and the conscious

inertia of institutions [26]. +erefore, the construction of
ecological civilization and environmental protection per-
formance reward and punishment mechanism need to start
from the above aspects: (a) link between the political in-
terests and economic interests of local governments, (b) and
link between personal interests of officials, local government
interests, and (c) departmental interests and the overall
interests of government organizations.

5.2. Accelerate the Establishment of Reward and Punishment
Mechanism for Corporate Emissions and Establish Reasonable
Standards for Collecting Sewage Charges. Formulate rea-
sonable reward and punishment mechanism for the en-
terprise environmental behavior. Firstly, we recommend
increase in penalties for the enterprises making pollution
based on the environmental regulations. We advise that
the government adopts a variety of punishments such as
stepped fine system, production suspension, enforced
closure or rectification of the factories, and media expo-
sure. +ese measures could help completely reverse the
situations including severe enterprises pollution, low il-
legal costs, and high law-abiding costs. Secondly, we be-
lieve that the government should reward enterprises that
actively implement emission reduction technology inno-
vation and clean production. +e reward could include
financial subsidies, low-interest loans, tax benefits, gov-
ernment preferential procurement and other policy in-
centives, and positive media exposure. It is necessary to
increase support for the enterprises that adopt eco-friendly
innovative technologies for emission reduction. +is is
because implementation of cutting-edge emission reduc-
tion technology is a high-risk and large investment. +e
long-term investment is less likely to translate into a
considerable benefit in the near term. +e favorable
supportive measures could reduce operational risks caused
by the emission reduction technology innovation to the
enterprise to a certain extent. As mentioned above, with a
new carrot-and-stick package of measures, the government
may establish positive incentives and reverse restraint
policies, namely, forming climate law enforcement at-
mosphere with clear rewards and punishments. By creating
a law-abiding environment, we believe that companies will
eventually tend to work with the interests of the govern-
ment to promote the realization of legal emissions.

Formulate reasonable standard for the collection of
sewage charges. At present, collection standards for sewage
charges in China are generally low. +e sewage charges paid
by enterprises are far less than the cost of pollution control.
+erefore, collection of sewage charges has not achieved
policy effect. China’s Regulations on the Administration of
the Collection and Use of Sewage Charges has not been
revised since implementation on July 1, 2003. With the
continual deterioration of environmental problems, current
standards for sewage discharge are far from addressing the
environmental pollutions in China. +erefore, the govern-
ment needs to revise the current regulations on collection of
sewage charges and tighten the collection standards for
sewage charges to effectively curb the number of pollutants
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generated by enterprises. Central or local governments
should incur higher sewage fees at a reasonable level and
increase the sewage pollution management cost. +e move
may help mitigate the damaging effects indirectly caused by
the environmental pollutions.

Enhance the ability of independent innovation and
reduce enterprise cost of production and emission cut. In
order to thoroughly curb environmental pollution, we
must use technological progress and innovation. Inno-
vation is a key for an enterprise’s sustainable growth and
the firm’s competitiveness in the market. Innovation
would reduce the cost of production and operation, im-
prove the quality and quantity of products, enable en-
terprises to obtain the advantage in the cost, enhance the
enterprise’s competitiveness, and promote the enterprise’s
product lines. Moreover, technological innovation, clean
production technologies, and process transformation can
not only greatly improve the utilization efficiency of re-
sources but also reduce water pollution. Enterprises can
also develop dirt removal and filtration devices through
technological innovation to reduce abatement cost. +ey
can even turn waste into waste recycling, creating more
revenue. +us, enterprises must change their way of
thinking, establish the awareness of independent inno-
vation, and recognize the importance and urgency of
independent innovation. Also, they must increase re-
search investment by implementing more funding and
recruiting more talent; for instance, by introducing high-
quality talents from higher education institutions, en-
terprises can rebuild technological innovation teams.
Purchasing environmental treatment devices domestically
and internationally could help improve the research
quality. Finally, enterprises should transform itself by
accelerating technological innovation.

Improve the government’s environmental protection
work capacity and reduce pollution control costs. As
mentioned above, the government’s environmental gover-
nance costs reduction can improve equilibrium of envi-
ronmental governance efforts. +e government’s
environmental governance costs mainly include the engi-
neering costs and management costs of pollution control.
+e following measures are needed to reduce the cost of
environmental governance; for instance, actively carry out
scientific and technological research, employ Internet of
+ings (IoT) technologies to build an integrated network of
environmental pollution monitoring and reduce supervision
costs, and create good government websites to engage in
public participation.

6. Conclusions and Limitations

+is study develops the differential game method to
construct a game model of environmental pollution
control between enterprises and local governments.
However, most scholars adopt common static games,
dynamic games, and evolutionary games. +ey do not take
into account changes in pollution volume in the envi-
ronment and the influence of one of the game’s strategies
on the other side of the game as the pollutants would

change. +e environmental pollution control process is a
dynamic process. Due to the information asymmetry and
the subject’s limited rational participation behavior, it is
difficult to achieve specific equilibrium between the
participating subjects after a decision-making process.
+e players need to interact with each other dynamically
to achieve the final equilibrium. +e differential game just
makes up for the shortcomings of the traditional game
method. Differential game is extending the game theory to
continuous time. Game participants can change their
strategies in an infinitesimal time period. It fully takes into
account the environmental damage and the impact of the
whole game by the cumulative process of enterprises’
emissions.+e essence of the game is that the players make
decisions in a time interval and consider a problem of
intertemporal optimization. In differential games, each
player has his own payment function, which depends on a
deterministic dynamic system, that is, the system on
which the state variable changes. In a static game, the
choice of the player is called strategy, while in a differential
game, the strategy is called control. In the framework of
the differential game, control depends on time and system
state changes, and the obtained feedback Nash equilib-
rium solution is Markov perfect.

Although the aim of this paper is to primarily guide
future research, it may also help to get practitioners involved
in the realm of environmental management and environ-
mental performance amid ecological civilization. More
theoretical and empirical researches in this area would lead
to policy improvements. Specifically, research shows the
following: (1) improve the weight of ecological civilization
indicators in the government performance appraisal α(s)

and formulate reasonable local government ecological civ-
ilization environmental protection performance appraisal,
and reward and punishment system ϑ; (2) accelerate the
establishment of reward and punishment mechanism for
corporate emissions and establish reasonable standards for
collecting sewage charges.

+e results of the research would participate in gov-
ernment initiatives to address environmental issues and
carry out incorporate extraorganizational policies. And the
research could also highlight the potential problems after the
researchers assess the government’s performance in eco-
logical progress. To sum up, polluters and local governments
should recognize the benefits of environmental management
and appreciate the resulting long-term performance im-
provements [16].
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