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An excellent ecological environment is conducive for improving economic benefits and social benefits. &e environmental
pollution control requires the cooperation of governments at all levels and a large amount of capital investment. However, under
the system with Chinese characteristics, the intergovernmental relations present complex and dynamic characteristics: the central
government is authoritative, the local governments are obedient and self-interested, and the environmental pollution control
usually involves multiple government departments, while it has strong externality, which makes it easy to breed “free rider”
behavior in the process of environmental pollution control. &erefore, the cross-regional environmental pollution control
cooperation model of governments at all levels is a complex and worthwhile research problem. Based on this, the paper studies a
tripartite game problem of environmental pollution control from both horizontal and vertical intergovernmental relations. &e
Hamilton–Jacobi–Bellman equation was used to obtain the optimal effort strategy, environmental pollution control level, and
environmental pollution losses under the Nash game model, the Stackelberg game model, and the Cooperative game model. &e
results show the following: firstly, the governments’ environmental pollution control efforts are positively related to their own
execution ability and influence ability and negatively related to the cost coefficient; secondly, from the perspectives of envi-
ronmental pollution control level and environmental pollution losses, the Cooperative game model is superior to the Nash game
model and the Stackelberg game; thirdly, this paper analyzes the relationship between the loss-bearing ratio, the special financial
funds, the effort level of government, and the environmental pollution control level; finally, the conclusions are verified by
numerical analysis, which proves the validity of the models.

1. Introduction

With the acceleration of globalization and regional eco-
nomic integration, China’s regional environmental pollu-
tion problems have become increasingly prominent,
showing obvious regional characteristics [1–3]. &e deteri-
oration of the overall regional environmental quality is a
severe threat to public health and economic development. It
is tough to control the spread of pollutants, as the ecological
environment is increasingly showing obvious integration
characteristics, and a single local government is often unable
to solve complex regional environmental problems.
&erefore, as an effective form of environmental protection,
cross-regional cooperation in environmental governance

has received widespread attention [4]. However, due to the
externality of environmental pollution control and the di-
vision of administrative regions, cross-border environ-
mental disputes between various administrative
jurisdictions in China have gradually increased. &erefore,
how to effectively regulate trans-boundary environmental
pollution has always been an important issue in environ-
mental protection.

Under China’s traditional performance evaluation sys-
tem and fiscal decentralization system, the competition goal
of local governments is mainly the growth of regional GDP,
which has an adverse effect on environmental pollution and
environmental governance, and an impact on the regional
ecological environment through the negative externality of
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environmental pollution and the positive externality of
environmental governance. In terms of environmental
pollution, local governments are overly pursuing economic
growth while neglecting the ecological environment, and
even sacrificing the environment in exchange for short-term
economic growth, leading to environmental pollution. For
example, local governments have adopted fiscal and tax
preferential measures to attract certain companies that
pollute, causing environmental pollution in the region to
increase. &e environmental pollution has negative exter-
nality, which can affect the environmental conditions of
neighboring areas through transfer and diffusion, resulting
in the worsening of pollution in neighboring areas. In terms
of environmental governance, local governments often
squeeze environmental protection expenditure due to ex-
cessive emphasis on local economic construction, resulting
in insufficient investment in ecological environmental
governance. Environmental governance has positive exter-
nality. When local governments increase local environ-
mental protection and pollution control efforts, neighboring
areas can freely enjoy the results of environmental gover-
nance through free-riding. In addition, the financial com-
petition of local governments can easily derive local
protectionist behaviors, hinder the realization of cross-re-
gional environmental governance cooperation, and cause
the negative externality of environmental pollution to be-
come more obvious. At the same time, it also reduces the
positive externality of environmental governance.

In order to achieve better governance results, coordi-
nation and cooperation between all levels of government
must be strengthened.&is is the realistic basis for this paper.
&ere is no shortage of such examples in China. In the
revision, we have added two typical examples of government
cooperation in the treatment of environmental pollution.
&e details are as follows:

(1) As a highly systematic natural geographic unit of
surface water, the watershed is inevitably divided by
different administrative regions, which has spawned
a contradiction between the integrity of the water-
shed and the division of administrative divisions. As
a result, a series of disputes over the trans-boundary
treatment of water pollution have emerged. &e
Yellow River flows through nine provinces (auton-
omous regions) of China, including Qinghai,
Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi,
Shanxi, Henan, and Shandong. It flows into the
Bohai Sea in Shandong Province and flows through a
vast area. Most of the key industrial enterprises in the
upper and middle reaches of the Yellow River Basin
rely on energy advantages to build, including pet-
rochemical and metallurgical enterprises. Although
these companies have vigorously promoted the rapid
economic and social development, they have also
caused an imbalance in the industrial layout and
frequent safety accidents of some companies, leading
to the occurrence of major water pollution incidents.
&e coordinated management of water pollution in

the Yellow River Basin has received great attention
from the state. In September 2019, Xi Jinping per-
sonally deployed at the Symposium on Ecological
Protection and High-Quality Development of the
Yellow River Basin, elevated the ecological protec-
tion and high-quality development of the Yellow
River Basin to a major national strategy, and pointed
out that “the Yellow River Basin is governed by
protection and governance.” At the same time, it
requires “coordinated promotion of large-scale
governance”; in December of the same year, Xi
Jinping delivered an important speech in the
“Seeking Truth” magazine, in which he stated that
ecological protection and high-quality development
of the Yellow River Basin should be an important
part of regional coordinated development.

(2) &e Beijing–Tianjin–Hebei region is the most af-
fected area in my country where air pollution is
discharged continuously and superimposed across
administrative regions. According to the “2020
China Ecological and Environmental Status Bulletin”
issued by the Ministry of Ecology and Environment,
the air quality in Shijiazhuang, Tangshan, and
Handan in the Beijing–Tianjin–Hebei region is poor.
&e percentage of days with good air quality in
Beijing–Tianjin–Hebei and in the “2 + 26” sur-
rounding cities is 63.5%. As a typical developed
urban agglomeration in my country, the Bei-
jing–Tianjin–Hebei region began to explore cross-
administrative cooperative air pollution control
methods relatively early and gained certain experi-
ence. At present, the Beijing–Tianjin–Hebei Air
Pollution Prevention and Control Team has been
established, and its members include “seven prov-
inces and regions, eight ministries and commissions”
(&e seven provinces and regions include: Beijing,
Tianjin, Hebei, Shanxi, Shandong, Henan, and Inner
Mongolia; the ministries and commissions include:
the Environmental Protection Agency, the Devel-
opment and Reform Commission, the Ministry of
Industry and Information Technology, the Ministry
of Finance, the Ministry of Housing and Urban-rural
Development, the Bureau of Meteorology, the Bu-
reau of Energy, and the Ministry of Transport). &e
air pollution prevention and control coordination
mechanism of Beijing–Tianjin–Hebei and sur-
rounding areas has been successfully established,
which provides a mode for the cooperation of
governments at all levels in environmental gover-
nance across administrative regions.

Under the system with Chinese characteristics, the
central government is authoritative in vertical intergov-
ernmental relations, ensuring that the central government
effectively controls and leads local governments. China’s
traditional fiscal decentralization system and the promotion
mechanism of local government officials also determine the
versatility of government functions. Local governments obey
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the leadership of the central government and accept
supervision.

&erefore, based on the externality of the environmental
pollution control, the authority of the central government,
and the obedience and self-interest of local governments,
this paper constructs a tripartite game between the central
government and dual local governments to discuss the
optimizing strategy of capital investment in the environ-
mental pollution control under intergovernmental relations.
&is is of great significance for clarifying as to how to co-
ordinate and promote environmental protection among
governments at all levels in the future.

&e theoretical significance, practical contribution, and
innovation of the paper are as follows:

(1) &e theoretical significance: taking the cross-ad-
ministrative environmental issues as the research
category, the benefit analysis as the research per-
spective, and the differential game as the research
method, this paper is based on the intergovern-
mental relationship in environmental pollution
control, and builds the benefit game and coordi-
nation analysis framework of the cross-administra-
tive environmental governance. In addition, this
paper conducts an in-depth analysis of the benefit
games and conflicts behind noncooperative behav-
iors among governments at all levels, and proposes a
path for constructing benefit coordination mecha-
nisms in cross-administrative environmental gov-
ernance, which can deeply reveal the general laws of
regional public governance. &is has certain theo-
retical significance for enriching and perfecting the
theory of regional public governance.

(2) &e practical contribution: facing the inefficiency of
cross-administrative ecological environment gover-
nance, this paper takes the cross-administrative
environmental governance as the starting point, and
analyzes how the central government and local
governments cooperate and the benefit games that
appear in the cooperation. &e research conclusions
of this paper are of great significance to effectively
solve the environmental problems of cross-admin-
istrative regions and realize the coordinated devel-
opment of regions. At the same time, they also
provide a reference for the mode of government
cooperation in various fields such as politics,
economy, culture, and society. It is conducive for
promoting the sustained and healthy development of
the entire national economy.

(3) &e innovation: there are two main limitations in
the existing research on the coordinated gover-
nance of environmental pollution between gov-
ernments: (1) Most scholars adopt static game and
staged game models, and do not consider the
continuous changes of state variables and the
amount of change in the strategies of the partici-
pants as the state changes; (2) existing studies are
mostly two-party games. However, the actual par-
ticipants in cross-regional environmental

governance are generally three parties or even
multiple parties. Relying on the differential game
theory, in order to find the internal factors that
affect the cooperation of all parties, this paper
constructs a tripartite game model between the
central government and the two local governments,
discusses resource allocation and financial special
funding strategies in environmental pollution
control, and analyzes the endogenous reasons and
paths of cooperation between the parties.

2. Literature Review

2.1.-eGovernment Competition. Chirinko and Wilson [5]
used the strategic tax competition theory to analyze how
changes in capital tax policies in neighboring jurisdictions
affect capital tax policies in a given jurisdiction for the USA.
Perdiguero and Jiménez’s research showed that the local
competition, technical difficulties, and government com-
petition were the main factors affecting the introduction of
bio-diesel into the Spanish gasoline market [6]. Xu’s re-
search found that regional government competition was
conducive for stimulating local governments to initiate and
implement market-oriented reform activities, which re-
duced the occurrence of corruption to a certain extent [7].
Lin et al.’s research found that corporate political capital
played an important but negative role in the cooperation of
green product and the process of innovation performance
[8]. Kubick and Masli’s study found that government
competition affected the provision and consumption of
public goods. &e positive impact of government compe-
tition on economic growth can make local governments
take risky behavior [9]. Yu et al. [10] studied the spatial
effects of prefecture-level cities in China and found that
after excluding other factors such as economic spillovers
and tax competition, competition among government
leaders at the same level is the most important factor af-
fecting the spatial effects. Hong and Lee [11] analyzed the
policy differences of 47 cities in the USA and found that
political competition will affect the government’s super-
vision of the sharing economy.&e government cared more
about the benefit of market players than that of the public.
Shi and Xi [12] found that competition between local
governments may have a positive effect under certain
conditions. &e performance appraisal under the leader-
ship of the central government had promoted spatial
competition in safety governance and enlarged the in-
tensity of safety supervision. &is may be an important
factor leading to a significant improvement in coal mine
production safety in recent years. Gang et al. [13] used the
random boundary model to calculate the green total factor
productivity of 278 provinces and cities in China from 2004
to 2013.&e study found an inverted U-shaped relationship
between county-level government competition and green
total factor productivity, and excessive cross-jurisdictional
competition has an adverse effect on green total factor
productivity (GTFP), while moderate government com-
petition does not. Deng et al. [14] studied the impact of
political competition through a game theory model and

Complexity 3



found that political competition will affect the best green
technology innovation strategic model and the optimal
investment ratio of environmental governance of local
governments and enterprises. Wu [15] found that although
the competition among local governments is not the main
driving force for the formation of the industrial structure
and division in the Yangtze River Delta, its role cannot be
underestimated. Deng et al. [16] used super-efficiency data
envelopment analysis to test the impact of local govern-
ment competition and environmental regulation intensity
on regional innovation performance and regional het-
erogeneity. At the same time, local governments compete
for foreign direct investment (FDI) to participate in re-
gional innovative production.

2.2.-e Government’s Role in the Environment. &e positive
effects: Fairchild [17] believed that increasing government
subsidies to green production enterprises can effectively
improve the clean production behavior of enterprises and
indirectly reduce environmental pollution. Qiu and Yang
[18] believed that the government plays an important co-
ordinating role in environmental protection, and the
implementation of the emission permit trading system is
conducive for compensating the environmental protection
costs of upstream companies and can promote the reali-
zation of Pareto optimal. Mir et al. [19] studied the rela-
tionship between government competition and
environmental information disclosure in New Zealand, and
the results showed that intensified political competition is
conducive for increasing environmental information dis-
closure. &rough the analysis of data from 29 provinces and
cities in China, Li and He [20] studied the interaction be-
tween regional competition, environmental taxes, and green
technology innovation.&e results show that the influence of
regional competition on green technology innovation also
presents an “inverted U” shape, that is, benign regional
competition is conducive for green technology innovation,
but excessive regional competition produces the opposite
result. Eichner and Pethig [21] analyzed countries with li-
quidity and local cross-border environmental pollution and
found that competition between government emission taxes
and capital taxes will have a significant impact on envi-
ronmental pollution. &rough the research on environ-
mental issues in the Guangdong-Hong Kong-Macao Greater
Bay Area, Ren [22] found that coordinated governance and
administrative supervision between governments at all levels
is an important driving force for promoting the construction
of an environmental protection system. Tang and Qin [23]
analyzed the impact of local government competition on
green total factor productivity (GTFP) and its internal
mechanism by using the SDM model and the mediating
effect model.

&e negative effects: Cremer’s research on US emissions
taxes found that the greater the pressure of political com-
petition, the lower the willingness of local governments to
implement high environmental taxes [24]. Qi and Zhang
[25] have studied the relationship between the central
government and local governments in China. &e research

shows that in order to attract more external investment and
promote the development of the local economy, local
governments tend to sacrifice the environment and protect
environmentally polluting enterprises. Fedyukin and Igor’s
research showed that the existence of political competition
will make local governments pay more attention to eco-
nomic development to a certain extent, reduce their at-
tention to environmental protection, and lead to aggravation
of local environmental pollution [26].

2.3. -e Game of Cross-Regional Government. Yu [27] drew
on the experience of the European Union and the Neth-
erlands in the treatment of water pollution, and on this basis,
he studied the problem of trans-boundary water pollution in
China. Kim et al. [28] designed a set of games with exter-
nality and connections to solve cross-regional water re-
sources management problems. Fernandez [29] analyzed the
problem of cross-border water pollution control in North
America through the establishment of a game theory model.
&e research results show that cooperative games with water
monitoring and information sharing decision-making are
beneficial to reduce pollution costs and pollution damage. Li
et al. [30] established a model to determine the compre-
hensive control strategy of cross-regional lake pollution in
China based on environmental green costs, and the research
results provided a theoretical basis for the formulation of
emission permit prices.

2.4. -e Fiscal Expenditure and Decentralization -eory.
Brueckner and Jan [31] believed that when a fiscal policy
has positive externality, it often leads to fiscal competition
among local governments to reduce expenditures. &is is
the “free rider” psychology of local governments. &e re-
search of Wilson and Gordon [32] found that fiscal ex-
penditure competition can benefit regional economic
growth by improving the efficiency of fiscal fund use. Xu
et al. [33] studied China’s provincial panel data from 1995
to 2008 and found that there is a long-term equilibrium
relationship between fiscal decentralization, local govern-
ment competition, and cultivated land transfer. &e re-
search of Becker and Rauscher [34] believed that tax
competition is conducive to economic growth by en-
hancing the mobility of factors. Prud’homme [35] pointed
out that China’s economic decentralization system has
stimulated the effectiveness of local government’s indus-
trial decision-making to a certain extent, thereby pro-
moting the development of strategic emerging industries,
but these are inseparable from the central government’s
supervisory role. Skovgaard [36] found that environmental
decision-making increasingly involves departments other
than the environmental sector; especially, the Ministry of
Finance has an increasingly important influence on envi-
ronmental decision-making because they solve environ-
mental problems by controlling the budget from a different
perspective. Ercolano and Romano [37] studied the local
fiscal environmental protection expenditures of European
governments and found that the national local fiscal en-
vironmental protection expenditures are related to the
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country’s development status. Bazavan. [38] found that
China’s decentralization system also allows local govern-
ments to play different roles in the process of economic
development. &ey play the role of manager in some in-
dustries and the role of partner or investor in others.

3. Model and Assumption

&is paper constructs a game model of environmental
pollution control based on intergovernmental relationship.
&emodel assumes that the environmental pollution control
system consists of a central government (the abbreviation of
a central government is Cent-gov), a local government A
(the abbreviation of a local government A is Local-gov A),
which is mainly affected by environmental pollution, and a
local government B (the abbreviation of a local government
B is Local-gov B), which is secondarily affected by envi-
ronmental pollution. When a sudden environmental pol-
lution incident occurs, the city with the higher level of
environmental pollution control can timely mobilize hu-
man, material, and financial resources; promptly organize
emergency evacuation and resettlement of residents; and
narrow the scope of environmental pollution. After the
occurrence of environmental pollution, the central gov-
ernment and local governments will work together to verify
the targets of assistance, transfer and resettle the victims,
calculate the economic losses, improve the level of envi-
ronmental pollution control, and carry out restoration and
reconstruction work, in order to minimize environmental
pollution losses.

In order to study the intergovernmental relationship,
this paper makes the following variable hypotheses. Ea(t) is
the effort level of Local-gov A in the process of environ-
mental pollution control. Eb(t) is the effort level of Local-
gov B in the process of environmental pollution control. &e
effort level of the Cent-gov to improve the environmental
pollution control level of Local-gov A and Local-gov B is
Eas(t) and Ebs(t), the environmental pollution control costs
paid by the Cent-gov, Local-gov A, and Local-gov B are
Cs(t), Ca(t), and Cb(t):

Cs(t) �
μs

2
E
2
as(t) + E

2
bs(t) ,

Ca(t) �
μa

2
E
2
a(t),

Cb(t) �
μb

2
E
2
b(t).

(1)

&e environmental pollution control effort is directly
proportional to the environmental pollution control costs,
that is, as the environmental pollution control effort in-
creases, the costs will also increase. μs, μa, and μb, respec-
tively, represent the cost coefficient of environmental
pollution control by the Cent-gov, the Local-gov A, and the
Local-gov B. Ra(t), Rb(t), respectively, indicate the envi-
ronmental pollution control level of the Local-gov A and the
Local-gov B at time t. &e improvement of local govern-
ment’s environmental pollution control level stems from the
joint efforts of the central government and the local

governments. &e improvement of environmental pollution
control level has a natural decay law with time, and has the
characteristics of cross-border and positive externality.
&erefore, there is a certain spillover effect in the im-
provement of environmental pollution control level. &e
environmental pollution control level of Local-gov B is
affected by Local-gov A. &e changes of environmental
pollution control level of the Local-gov A and the Local-gov
B over time can be described by the following stochastic
differential equations:

dRa(t)

dt
� αaEas(t) + βaEa(t) − caRa(t),

dRb(t)

dt
� αbEbs(t) + βbEb(t) − cbRb(t) + η

dRa(t)

dt

� η αaEas(t) + βaEa(t) − caRa(t)  + αbEbs(t)

+ βbEb(t) − cbRb(t).

(2)

&e initial values of environmental pollution control
level in the two regions: Ra(0) � Ra ≥ 0, Rb(0) � Rb ≥ 0, α
represents the impact of the effort level of the Cent-gov on
the local environmental pollution control level; β repre-
sents the impact of the effort level of the local government
on the local environmental pollution control level; c> 0
represents the degree of attenuation of environmental
pollution control level; and η≥ 0 indicates the impact co-
efficient of Local-gov A’s environmental pollution control
level on Local-gov B’s.

Ls(t), La(t), and Lb(t), respectively, represent the en-
vironmental pollution losses of the Cent-gov, Local-gov A,
and Local-gov B at time t. Ts(t), Ta(t), and Tb(t), re-
spectively, represent the total environmental pollution losses
of the Cent-gov, Local-gov A, and Local-gov B at time 0 − t.
At time t, the environmental pollution losses of the Local-
gov A and the Local-gov B are La(t) and Lb(t), respectively,
which can be expressed as

La(t) � M(t) − εaEas(t) − δaEa(t) − θaRa(t),

La(t) � N(t) − εbEbs(t) − δbEb(t) − θbRb(t),
(3)

where M, N are real numbers, indicating the maximum
losses degree of the Local-gov A and the Local-gov B, M>N.
ε, δ are constants greater than 0, indicating the influence
level of the Cent-gov’s efforts and local government’s efforts
on environmental pollution losses, that is, the executive
capacity of the Cent-gov and the local government. θ is the
impact level of environmental pollution control level on
environmental pollution losses.

4. Game Strategy in Different Models

According to different types of intergovernmental relations,
environmental pollution control models can be divided into
three types: the Nash game model, the Stackelberg game
model, and the Cooperative game model.
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4.1. -e Nash Game Model. &e Nash game model is based
on the natural division of labor, and the scope of interaction
is small. &e local government is decentralized, closed, and
self-sufficient. Strictly speaking, this phenomenon does not
exist, as local governments in this model, especially local
governments with similar geographical areas, have no
connection and communication. But, as power moves down,
the central government has reduced the supervision of local
governments. It is rare to actively engage in competition and
cooperation strategies between local governments. &e
Local-gov A and the Local-gov B spontaneously carry out
environmental pollution control, the Cent-gov does not

subsidize local governments, and the three parties conduct
noncooperative games. In the infinite time zone, all parties
aim at minimizing their own environmental pollution losses,
and they accordingly select the optimal effort level and make
rational decisions. &e environmental pollution losses are
shared by the Cent-gov and local governments, the share
ratio of the Cent-gov is ωi (0≤ωi ≤ 1, i � a, b), and the share
ratio of local government is 1 − ωi. &e Cent-gov and local
government have the same positive discount rate r.

&e objective function of Local-gov A can be expressed
as

Ta � 
∞

0
e

−rt 1 − ωa(  M(t) − εaEas(t) − δaEa(t) − θaRa(t)  +
μa

2
E
2
a(t) dt. (4)

&eobjective function of Local-gov B can be expressed as

Tb � 
∞

0
e

−rt 1 − ωb(  N(t) − εbEbs(t) − δbEb(t) − θbRb(t)  +
μb

2
E
2
b dt. (5)

&e objective function of Cent-gov can be expressed as

Ts � 
∞

0
e

−rt

ωa M(t) − εaEas(t) − δaEa(t) − θaRa(t)  +
μa

2
E
2
as

+ωb N(t) − εbEbs(t) − δbEb(t) − θbRb(t)  +
μb

2
E
2
b

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

dt. (6)

Eas(t), Ebs(t), Ea(t), Eb(t) are control variables, Ra(t)

and Rb(t) are state variables. In addition to this, all other
parameters are constants greater than 0 and not related to
time.&e optimal decision of each party is determined by the
feedback control strategy. Since the parameters in the model
are not related to time, the game subjects face the same game
in the infinite time zone, and their strategies are static
feedback equilibrium.

Proposition 1. In the Nash game model, the static feedback
Nash equilibrium strategies of the Local-gov A, the Local-gov
B, and the Cent-gov are

E
∗
a �

1 − ωa

μa

δa +
βaθa

r + ca

 , (7)

E
∗
b �

1 − ωb

μb

δb +
βbθb

r + cb

 , (8)

E
∗
as �

ωa

μs

εa +
αaθa

r + ca

  +
ηrαaωbθb

μs r + ca(  r + cb( 
, (9)

E
∗
bs �

ωb

μs

εb +
αbθb

r + cb

 . (10)
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Proof. In order to obtain the Markov refined Nash equi-
librium, it is assumed that there is a continuous bounded
differential function Vi(Ra, Rb) i ∈ (a, b, s) of environmental

pollution losses, which satisfies the HJB (Hamil-
ton–Jacobi–Bellman) equation for all Ra ≥ 0, Rb ≥ 0:

r · Va Ra, Rb(  � min
Ea≥0

1 − ωa(  M − εaEas − δaEa − θaRa(  +
μa

2
E
2
a

−
zVa

zRa

+ η
zVa

zRb

  αaEas + βaEa − caRa(  −
zVa

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (11)

r · Vb Ra, Rb(  � min
Eb≥0

1 − ωb(  N − εbEas − δbEa − θbRb(  +
μb

2
E
2
b

−
zVb

zRa

+ η
zVb

zRb

  αaEas + βaEa − caRa(  −
zVb

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

, (12)

r · Vs Ra, Rb(  � min
Eas≥0,Ebs≥0

ωa M − εaEas − δaEa − θaRa(  + ωb N − εbEbs − δbEb − θbRb(  +
μs

2
E
2
as + E

2
bs 

−
zVs

zRa

+ η
zVs

zRb

  αaEas + βaEa − caRa(  −
zVs

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

. (13)

By calculating the first-order partial derivatives of Ea and
Eb for the right end of equations (11) and (12), and calcu-
lating the first-order partial derivatives of Eas and Ebs by
formula (13), and making them equal to zero, we can get

Ea �
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( ( 

μa

, (14)

Eb �
1 − ωb( δb + βb zVb/zRb( 

μb

, (15)

Eas �
ωaεa + αa zVs/zRa(  + η zVs/zRb( ( 

μs

, (16)

Ebs �
ωbεb + αb zVs/zRb( 

μb

. (17)

Substituting equations (14)–(17) into equations
(11)–(13), we can get

r · Va � ca

zVa

zRa

+ η
zVa

zRb

  − 1 − ωa( θa Ra + cb

zVa

zRb

Rb

−
ωaεa + αa zVs/zRa(  + η zVs/zRb( (   1 − ωa( εa + αa zVa/zRa(  + η zVa/zRb( (  

μs

−
αb zVa/zRb(  ωbεb + αb zVs/zRb( ( 

μs

−
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( (  

2

2μa

−
βb zVa/zRb(  1 − ωb( δb + βb zVb/zRb(  

2μb

+ 1 − ωa( M,

(18)

r · Vb � ca

zVb

zRa

+ η
zVb

zRb

 Ra + cb

zVb

zRb

− 1 − ωb( θb Rb

−
ωbεb + αb zVs/zRb( (  1 − ωb( εb + αb zVs/zRb(  

μs

−
αa zVb/zRa(  + η zVb/zRb( (  ωaεa + αa zVs/zRa + η zVs/zRb( (  

μs

−
βa zVb/zRa(  + η zVb/zRb( (  1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( (  

2μa

−
1 − ωb( δb + βb zVb/zRb(  

2

2μb

+ 1 − ωb( N,

(19)
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r · Vs � ca

zVs

zRa

+ η
zVs

zRb

  − ωaθa Ra + cb

zVs

zRb

− ωbθb Rb −
ωaεa + αa zVs/zRa(  + η zVs/zRb( (  

2

2μs

−
ωbεb + αb zVs/zRb( ( 

2

2μs

−
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( (   ωaδa + βa zVs/zRa(  + η zVs/zRb( (  

μa

−
1 − ωb( δb + βb zVb/zRb(   ωbδb + βb zVs/zRb( ( 

μb

+ ωaM + ωbN.

(20)

From equations (18)–(20), it can be known that the
linear optimal functions about Ra, Rb are the solutions of the
HJB equation. Let

Va Ra, Rb(  � paRa + qaRb + ua, (21)

Vb Ra, Rb(  � pbRa + qbRb + ub, (22)

Vs Ra, Rb(  � psRa + qsRb + us. (23)

pa, qa, pb, qb, ps, qs are constants, and the derivatives of
equations (21)–(23) are calculated and substituted into the
results of equations (18)–(20). We can get

r paRa + qaRb + ua(  � ca pa + ηqa(  − 1 − ωa( θa Ra + cbqaRb

−
ωaεa + αa ps + ηqs(   1 − ωa( εa + αa pa + ηqa(  

μs

−
αbqa ωbεb + αbqs( 

μs

−
1 − ωa( δa + βa pa + ηqa(  

2

2μa

−
βbqa 1 − ωb( δb + βbqb 

2μb

+ 1 − ωa( M,

(24)

r pbRa + qbRb + ub(  � ca pb + ηqb( Ra + cbqb − 1 − ωb( θb Rb

−
ωbεb + αbg2(  1 − ωb( εb + αbqb 

μs

−
αa pb + ηqb(  ωaεa + αa ps + ηqs(  

μs

−
βa pb + ηqb(  1 − ωa( δa + βa pa + ηqa(  

2μa

−
1 − ωb( δb + βbqb 

2

2μb

+ 1 − ωb( N,

(25)

r psRa + qsRb + us(  � ca ps + ηqs(  − ωaθa Ra + cbqs − ωbθb( Rb

−
ωaεa + αa ps + ηqs(  

2

2μs

−
ωbεb + αbqs( 

2

2μs

−
1 − ωa( δa + βa pa + ηqa(   ωaδa + βa ps + ηqs(  

μa

−
1 − ωb( δb + βbqb  ωbδb + βbqs( 

μb

+ ωaM + ωbN.

(26)

If equations (24)–(26) satisfy all Ra ≥ 0, Rb ≥ 0, it is easy
to get

pa � −
1 − ωa( θa

r + ca

,

pb � 0,

ua � −
1 − ωa(  εa r + ca(  + αaθa  ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μsr r + ca( 
2 −

1 − ωa( 
2 δa r + ca(  + βaθa 

2

2μar r + ca( 
2 +

1 − ωa( M

r
,

(27)
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pb �
λca 1 − ωb( θb

r + ca(  r + cb( 
,

qb � −
1 − ωb( θb

r + cb

,

ub � −
ηαa 1 − ωb( θb ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μs r + ca( 
2

r + cb( 

−
ωb 1 − ωb(  εb r + cb(  + αbθb 

2

μsr r + cb( 
2 −

ηβa 1 − ωb( θb 1 − ωa(  δa r + ca(  + βaθa 

μa r + ca( 
2

r + cb( 

−
1 − ωb( 

2 δb r + cb(  + βbθb 
2

2μbr r + cb( 
2 +

1 − ωb( N

r
,

(28)

ps �
λca 1 − ωb( θb

r + ca(  r + cb( 
−

ωaθa

r + ca

,

qs � −
ω2θb

r + cb

,

us � −
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

2

2μsr r + ca( 
2 −

ω2
b εb r + cb(  + αbθb 

2

2μsr r + cb( 
2 +

ωaM + ωbN

r

−
1 − ωa(  δa r + ca(  + βaθa  ωa δa r + ca(  + βaθa  + ηrβaωbθb/ r + cb( (  

μar r + ca( 
2 −

ωb 1 − ωb(  δb r + cb(  + βbθb 
2

μbr r + cb( 
2 .

(29)

Substituting equations (27)–(29) into equations
(21)–(23), we can obtain the minimum environmental

pollution losses functions of Local-gov A, Local-gov A, and
Cent-gov, as follows:

V
∗
a �

1 − ωa( M

r
−

1 − ωa( θa

r + ca

Ra −
1 − ωa( 

2 δa r + ca(  + βaθa 
2

2μar r + ca( 
2

−
1 − ωa(  εa r + ca(  + αaθa  ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μsr r + ca( 
2 ,

(30)

V
∗
b �

1 − ωb( N

r
+

ηca 1 − ωb( θb

r + ca(  r + cb( 
Ra −

1 − ωb( θb

r + cb

Rb

−
ηαa 1 − ωb( θb ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μs r + ca( 
2

r + cb( 
−
ωb 1 − ωb(  εb r + cb(  + αbθb 

2

μsr r + cb( 
2

−
ηβa 1 − ωb( θb 1 − ωa(  δa r + ca(  + βaθa 

μa r + ca( 
2

r + cb( 
−

1 − ωb( 
2 δb r + cb(  + βbθb 

2

2μbr r + cb( 
2 ,

(31)

V
∗
s �

ωaM + ωbN

r
+

λca 1 − ωb( θb

r + ca(  r + cb( 
−

ωaθa

r + ca

 Ra −
ωbθb

r + cb

Rb

−
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

2

2μsr r + ca( 
2 −

ω2
2 εb r + cb(  + αbθb 

2

2μsr r + cb( 
2

−
1 − ωa(  δa r + ca(  + βaθa  ωa δa r + ca(  + βaθa  + ηrβaωbθb/ r + cb( (  

μar r + ca( 
2 −

ωb 1 − ωb(  δb r + cb(  + βbθb 
2

μbr r + cb( 
2 .

(32)
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At this time, the total environmental pollution losses in
the region are

V
∗

Ra, Rb(  � V
∗
a + V
∗
b + V
∗
s

�
M + N

r
+

λca 1 − ωb( θb

r + ca(  r + cb( 
−

ωaθa

r + ca

 Ra −
θb

r + cb

Rb

−
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (   2 − ωa(  εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

2μsr r + ca( 
2

−
ωb 2 − ωb(  εb r + cb(  + αbθb 

2

2μsr r + cb( 
2

−
1 − ωa(  δa r + ca(  + βaθa  1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (  

2μar r + ca( 
2

−
1 − ωb( 

2 δb r + cb(  + βbθb 
2

2μbr r + cb( 
2 .

(33)

Find the partial derivatives for equations (30)–(32) and
bring the results into equations (14)–(17). It is easy to get
equations (7)–(10).

Under the equilibrium of the Nash game model, the
environmental pollution control level of Local-gov A is

R
∗
a(t) �

1
ca

ωaαa

μs

εa +
αaθa

r + ca

  +
1 − ωa( βa

μs

δa +
βaθa

r + cb

  − e
−cat+Da ,

R
∗
a(0) � Ra.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(34)

&e environmental pollution control level of Local-gov B
is

R
∗
b (t) �

η
cb

ωaαa

μs

εa +
αaθa

r + ca

  +
1 − ωa( βa

μa

δa +
βaθa

r + ca

  − e
−cat+Da 

+
1
cb

ωbαb

μs

εb +
αbθb

r + cb

  +
1 − ωb( βb

μb

δb +
βbθb

r + cb

  − e
−cbt+Db ,

R
∗
b (0) � Rb,

e
Da �

ωaαa

μs

εa +
αaθa

r + ca

  +
1 − ωa( βa

μa

δa +
βaθa

r + ca

  − caRa,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(35)

where Da, Db are arbitrary constants.
Equations (7) and (8) indicate that under the Nash game

model, the effort level of the local government Ea, Eb are

negatively correlated with the cost coefficient μ, the atten-
uation coefficient of environmental pollution control level c,
the discount rate r, and the share ratio of environmental
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pollution losses ω; the effort level of the local government is
positively related to the impact coefficient of local govern-
ment effort on pollution losses δ, the impact coefficient on
environmental pollution control level β, and the impact
coefficient of environmental pollution control level on
pollution losses θ. In other words, local governments should
raise the environmental pollution control level from the
aspects of environmental pollution control level, impact
capacity, executive ability, and so on.

Equations (9) and (10) indicate that under the Nash
game model, the Cent-gov’s optimal effort levels Eas, Ebs are
negatively correlated with the cost coefficient μs, the at-
tenuation coefficient of the environmental pollution control
c, and the discount rate r; the Cent-gov’s optimal effort levels
Eas, Ebs are positively correlated with the distribution ratio of
environmental pollution losses ω, the influence coefficient of
the Cent-gov’s efforts on environmental pollution losses ε,
the impact coefficient of environmental pollution control
level on pollution losses θ, and the influence coefficient of the
Cent-gov’s effort on the environmental pollution control

level α. &e Cent-gov should comprehensively consider the
local government’s environmental pollution control issues
in terms of environmental pollution control level, impact
capability, and executive ability to make decisions. □

4.2. -e Stackelberg Game Model. In order to improve the
efficiency of resource allocation, the Cent-gov has made
policy guidance through special fiscal expenditure, that is,
the Cent-gov has undertaken a certain proportion of en-
vironmental pollution control costs for the local govern-
ment, the funding ratios are λa(t) and λb(t), the Cent-gov
first determines the funding ratios for Local-gov A and
Local-gov B, then the local governments select the appro-
priate effort level after observing the actions of the Cent-gov.
&e Cent-gov is the leader, the local governments are the
followers, and the three parties launch the Stackelberg game.

&e objective function of Local-gov A can be expressed
as

Ta � 
∞

0
e

−rt 1 − ωa(  M − εaEas − δaEa − θaRa(  +
μa

2
1 − λa( E

2
a dt. (36)

&eobjective function of Local-gov B can be expressed as

Tb � 
∞

0
e

−rt 1 − ωb(  N − εbEbs − δbEb − θbRb(  +
μb

2
1 − λb( E

2
b dt.

(37)

&e objective function of Cent-gov can be expressed as

Ts � 
∞

0
e

−rt

ωa M − εaEas − δaEa − θaRa(  + ωb N − εbEbs − δbEb − θbRb( 

+
μs

2
E
2
as + E

2
bs  +

1
2

μaλaE
2
a + μbλbE

2
b 

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

dt. (38)

Proposition 2. Under the Stackelberg game model, the static
feedback equilibrium strategies of Local-gov A, Local-gov B,
and Cent-gov are

E
∗∗
a �

1 + ωa

2μa

δa +
βaθa

r + ca

  +
ηrβaωbθb

μa r + ca(  r + cb( 
, (39)

E
∗∗
b �

1 + ωb

2μb

δb +
βbθb

r + cb

 , (40)

E
∗∗
as �

ωa

μs

εa +
αaθa

r + ca

  +
ηrαaωbθb

μs r + ca(  r + cb( 
, (41)

E
∗∗
bs �

ωb

μs

εb +
αbθb

r + cb

 , (42)
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λ∗∗a �

0, 0≤ωa ≤
1
3

 ,

3ωa − 1(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( ( 

ωa + 1(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( ( 
,

1
3
<ωa ≤ 1 ,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(43)

λ∗∗b �

0, 0≤ωb ≤
1
3

 ,

3ωb − 1
ωb + 1

,
1
3
<ωb ≤ 1 .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(44)

Proof. In order to obtain the Stackelberg equilibrium, the
inverse induction method is used. Firstly, this paper assumes
that there is a continuous bounded differential income

function Vi(Ra, Rb) i ∈ (a, b, s). &e following HJB equa-
tions are satisfied for all Ra ≥ 0, Rb ≥ 0:

r · Va Ra, Rb(  � min
Ea≥0

1 − ωa(  M − εaEas − δaEa − θaRa(  +
μa

2
1 − λa( E

2
a

−
zVa

zRa

+ η
zVa

zRb

  αaEas + βaEa − caRa(  −
zVa

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (45)

r · Vb Ra, Rb(  � min
Eb≥0

1 − ωb(  N − εbEas − δbEa − θbRb(  +
μb

2
1 − λb( E

2
b

−
zVb

zRa

+ η
zVb

zRb

  αaEas + βaEa − caRa(  −
zVb

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

. (46)

Find the first-order partial derivatives of the effort level
Ea, Eb from the expressions in the right-hand brace of
equations (45) and (46), making them equal to zero, we can
get

Ea �
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( ( 

μa 1 − λa( 
, (47)

Eb �
1 − ωb( δb + βb zVb/zRb( 

μb 1 − λb( 
. (48)

&e Cent-gov rationally predicts that Local-gov A and
Local-gov B will choose their efforts functions Ea, Eb

according to the above formulas. &erefore, the Cent-gov
should determine its own efforts strategy and funding ratio
according to the rational response of local governments. &e
Cent-gov’s HJB equation is

r · Vs Ra, Rb(  � min
Eas≥0,Ebs≥0

ωa M − εaEas − δaEa − θaRa(  + ωb N − εbEbs − δbEb − θbRb( 

+
λaμa

2
E
2
a +

λbμb

2
E
2
b +

μs

2
E
2
as + E

2
bs 

−
zVs

zRa

+ η
zVs

zRb

  αaEas + βaEa − caRa(  −
zVs

zRb

αbEbs + βbEb − cbRb( 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (49)

Substitute formulas (47) and (48) into formula (49) , and
solve the right part of formula (49). Solving method is as
follows: find the first-order partial derivative of the formula

in parentheses on the right end of the formula (49) with
respect to Eas, Ebs, ηa, ηb and then make the first-order
partial derivative equal to zero, and it is easy to obtain:
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Eas �
ωsεa + αa zVs/zRa(  + η zVs/zRb( ( 

μs

, (50)

Ebs �
ωbεb + αb zVs/zRb( 

μb

, (51)

λa �
3ωa − 1( δa + βa 2 zVs/zRa(  + η zVs/zRb( (  − zVa/zRa(  + η zVa/zRb( (  

ωa + 1( δa + βa 2 zVs/zRa(  + η zVs/zRb( (  + zVa/zRa(  + η zVa/zRb( (  
, (52)

λb �
3ωb − 1( δb + βb 2 zVs/zRb(  − zVb/zRb( ( 

ωb + 1( δb + βb 2 zVs/zRb(  + zVb/zRb( ( 
. (53)

Substituting equations (47), (48), and (50)–(53) into
equations (45), (46), and (49), by simplifying, we can get

r · Va � ca

zVa

zRa

+ η
zVa

zRb

  − 1 − ωa( θa Ra + cb

zVa

zRb

Rb

−
ωaεa + αa zVs/zRa(  + η zVs/zRb( (   1 − ωa( εa + αa zVa/zRa(  + η zVa/zRb( (  

μs

−
αb zVa/zRb(  ωbεb + αb zVs/zRb( ( 

μs

−
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( (   1 + ωa( δa + βa 2 zVs/zRa(  + η zVs/zRb( (  + zVa/zRa(  + η zVa/zRb( (   

4μa

−
βb zVa/zRb(  1 − ωb( δb + βb zVs/zRb(  

2μb

+ 1 − ωa( M,

(54)

r · Vb � ca

zVb

zRa

+ η
zVb

zRb

 Ra + cb

zVb

zRb

− 1 − ωb( θb Rb

−
ωbεb + αb zVs/zRb( (  1 − ωb( εb + αb zVb/zRb(  

μs

−
αa zVb/zRa(  + η zVb/zRb( (  ωaεa + αa zVs/zRa(  + η zVs/zRb( (  

μs

−
βa zVb/zRa(  + η zVb/zRb( (  1 + ωa( δa + βa 2 zVs/zRa(  + η zVs/zRb( (  + zVa/zRa(  + η zVa/zRb( (   

2μa

−
1 − ωb( δb + βb zVb/zRb(   1 + ωb( δb + βb 2 zVs/zRb(  + zVb/zRb( (  

4μb

+ 1 − ωb( N,

(55)

r · Vs � ca

zVs

zRa

+ η
zVs

zRb

  − ωaθa Ra + cb

zVs

zRb

− ωbθb Rb

−
ωaεa + αa zVs/zRa(  + η zVs/zRb( (  

2

2μs

−
ωbεb + αb zVs/zRb( ( 

2

2μs

−
ωaδa + βa zVs/zRa(  + η zVs/zRb( (   ωaδa + βa zVs/zRa(  + η zVs/zRb(  + zVa/zRa(  + η zVa/zRb( (  

2μa

−
1 − ωa( δa + βa zVa/zRa(  + η zVa/zRb( (  

2

8μa

−
ωbδb + βb zVs/zRa(  + zVs/zRb( (   δb + βb zVb/zRb( ( 

μb

−
1 − ωb( δb + βb zVb/zRb(  

2

8μb

+ ωaM + ωbN.

(56)
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From equations (54)–(56), it is known that the linear
optimal functions about Ra, Rb are the solutions of the HJB
equation. Let

Va Ra, Rb(  � paRa + qaRb + ua, (57)

Vb Ra, Rb(  � pbRa + qbRb + ub, (58)

Vs Ra, Rb(  � psRa + qsRb + us, (59)

where pa, qa, pb, qb, ps, qs are constants, and the equations
(57)–(59) are derived and substituted into the results of
equations (54)–(56), we can get

r paRa + qaRb + ua(  � ca pa + ηqa(  − 1 − ωa( θa Ra + cbqaRb

−
ωaεa + αa ps + ηqs(   1 − ωa( εa + αa pa + ηqa(  

μs

−
αbqa ωbεb + αbqs( 

μs

−
1 − ωa( δa + βa pa + ηqa(   1 + ωa( δa + βa 2 ps + ηqs(  + pa + ηqa(   

4μa

−
βbqa 1 − ωb( δb + βbqb 

2μb

+ 1 − ωa( M,

(60)

r pbRa + qbRb + ub(  � ca pb + ηqb( Ra + cbqb − 1 − ωb( θb Rb

−
ωbεb + αbqs(  1 − ωb( εb + αbqb 

μs

−
αa pb + ηqb(  ωaεa + αa ps + ηqs(  

μs

−
βa pb + ηqb(  1 + ωa( δa + βa 2 ps + ηqs(  + pa + ηqa(   

2μa

−
1 − ωb( δb + βbqb  1 + ωb( δb + βb 2qs + qb(  

4μb

+ 1 − ωb( N,

(61)

r psRa + qsRb + us(  � ca ps + ηqs(  − ωaθa Ra + cbqs − ωbθb( Rb

−
ωaεa + αa ps + ηqs(  

2

2μs

−
ωbεb + αbqs( 

2

2μs

−
ωaδa + βa ps + ηqs(   ωaδa + βa ps + ηqs + pa + ηqa(  

2μa

−
1 − ωa( δa + βa ps + ηqs(  

2

8μa

−
ωbδb + βbqs  δb + βb qb + qs(  

2μb

−
1 − ωb( δb + βb pa + ηqa(  

2

8μb

+ ωaM + ωbN.

(62)

If equations (60)–(62) satisfy all Ra ≥ 0, Rb ≥ 0, it is easy
to get

pa � −
1 − ωa( θa

r + ca

,

pb � 0,

ua � −
1 − ωa(  εa r + ca(  + αaθa  ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μsr r + ca( 
2

−
1 − ωa(  δa r + ca(  + βaθa  1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (  

4μar r + ca( 
2 +

1 − ωa( M

r
,

(63)
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pb �
λca 1 − ωb( θb

r + ca(  r + cb( 
,

qb � −
1 − ωb( θb

r + cb

,

ub � −
ηαa 1 − ωb( θb ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μs r + ca( 
2

r + cb( 
−
ωb 1 − ωb(  εb r + cb(  + αbθb 

2

μsr r + cb( 
2

+
1 − ωb( N

r
−
ηβa 1 − ωb( θb 1 + ωa(  δa r + ca(  + βaθa  + 2ηrαaωbθb/ r + cb( (  

2μa r + ca( 
2

r + cb( 

−
1 − ωb(  1 + ωb(  δb r + cb(  + βbθb 

2

4μbr r + cb( 
2 ,

(64)

ps �
λca 1 − ωb( θb

r + ca(  r + cb( 
−

ωaθa

r + ca

,

qs � −
ω2θb

r + cb

,

us � −
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

2

2μsr r + ca( 
2 −

ω2
b εb r + cb(  + αbθb 

2

2μsr r + cb( 
2

−
1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (  

2

8μar r + ca( 
2 −

1 + ωb( 
2 δb r + cb(  + βbθb 

2

8μbr r + cb( 
2 +

ωaM + ωbN

r
.

(65)

Substituting equations (63)–(65) into equations
(57)–(59), the minimum environmental pollution losses

functions of Local-gov A, Local-gov B, and Cent-gov can be
obtained, they are

V
∗∗
a �

1 − ωa( M

r
−

1 − ωa( θa

r + ca

Ra −
1 − ωa(  εa r + ca(  + αaθa  ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μsr r + ca( 
2

−
1 − ωa(  δa r + ca(  + βaθa  1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (  

4μar r + ca( 
2 ,

(66)

V
∗∗
b �

1 − ωb( N

r
+

λca 1 − ωb( θb

r + ca(  r + cb( 
Ra −

1 − ωb( θb

r + cb

Rb −
ηαa 1 − ωb( θb ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

μs r + ca( 
2

r + cb( 

−
ωb 1 − ωb(  εb r + cb(  + αbθb 

2

μsr r + cb( 
2 −

ηβa 1 − ωb( θb 1 + ωa(  δa r + ca(  + βaθa  + 2ηrαaωbθb/ r + cb( (  

2μa r + ca( 
2

r + cb( 

−
1 − ωb(  1 + ωb(  δb r + cb(  + βbθb 

2

4μbr r + cb( 
2 ,

(67)

V
∗∗
s �

ωaM + ωbN

r
+

λca 1 − ωb( θb

r + ca(  r + cb( 
−

ωaθa

r + ca

 Ra −
ω2θb

r + cb

Rb

−
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (  

2

2μsr r + ca( 
2 −

ω2
b εb r + cb(  + αbθb 

2

2μsr r + cb( 
2

−
1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (  

2

8μar r + ca( 
2 −

1 + ωb( 
2 δb r + cb(  + βbθb 

2

8μbr r + cb( 
2 .

(68)
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At this time, the total environmental pollution regional
losses are

V
∗∗

Ra, Rb(  � V
∗∗
a + V

∗∗
b + V

∗∗
s

�
M + N

r
+

λcaθb

r + ca(  r + cb( 
−

θa

r + ca

 Ra −
θb

r + cb

Rb

−
ωa εa r + ca(  + αaθa  + ηrαaωbθb/ r + cb( (   2 − ωa(  εa r + ca(  + αaθa  + ηrαa 2 − ωb( θb/ r + cb( (  

2μsr r + ca( 
2

−
ωb 2 − ωb(  εb r + cb(  + αbθb 

2

2μsr r + cb( 
2

−
1 + ωa(  δa r + ca(  + βaθa  + 2ηrβaωbθb/ r + cb( (   3 − ωa(  δa r + ca(  + βaθa  + 2ηrβa 2 − ωb( θb/ r + cb( (  

8μar r + ca( 
2

−
3 − ωb(  1 + ωb(  δb r + cb(  + βbθb 

2

8μbr r + cb( 
2 .

(69)

&e partial derivatives of equations (65)–(68) are cal-
culated and then substituted into the results of equations
(47), (48), and (50)–(53) to obtain equations (39)–(44).

Under the Stackelberg game model, the environmental
pollution control level of Local-gov A is

R
∗∗
a (t) �

1
ca

αa

μs

ωa εa +
αaθa

r + ca

  +
ηrαaωbθb

r + ca(  r + cb( 
  +

βa

μa

1 + ωa

2
δa +

βaθa

r + cb

  +
ηrβaωbθb

r + ca(  r + cb( 
  − e

− cat+Da ,

R
∗∗
a (0) � Ra.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(70)

&e environmental pollution control level of Local-gov B
is

R
∗∗
b (t) �

η
cb

αa

μs

ωa εa +
αaθa

r + ca

  +
ηrαaωbθb

r + ca(  r + cb( 
  +

βa

μa

1 + ωa

2
δa +

βaθa

r + ca

  +
ηrαaωbθb

r + ca(  r + cb( 
  − e

− cat+Da 

+
1
cb

ωbαb

μs

εb +
αbθb

r + cb

  +
1 + ωb( βb

μb

δb +
βbθb

r + cb

  − e
− cbt+Db ,

R
∗∗
b (0) � Rb,

e
Da& �

αa

μs

ωa εa +
αaθa

r + ca

  +
ηrαaωbθb

r + ca(  r + cb( 
  +

βa

μa

1 + ωa

2
δa +

βaθa

r + ca

  +
ηrαaωbθb

r + ca(  r + cb( 
  − caRa,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(71)
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By comparing equation (7) and (39), equations (8) and
(40), we know that under the Stackelberg game model, the
effort levels of the local government Ea, Eb are positively
correlated with the distribution ratio of environmental
pollution losses ω, but the impact degree is less than the
Nash game model, while other influencing factors and in-
fluence direction are consistent with the Nash game model.

By comparing equations (9) and (41), equations (10) and
(42), it can be seen that under the Stackelberg game model,
the effort level of Cent-gov and the related influencing
factors are consistent with the Nash game model. In other
words, the government must comprehensively consider its
own environmental pollution governance level, impact
ability, and execution ability to make decisions.

Equations (43) and (44) show that the funding ratio
chosen by the Cent-gov depends on the sharing ratio of
environmental pollution losses. When the Cent-gov bears
less environmental pollution losses (0≤ω≤ (1/3)), it will
not consider sharing costs through the subsidy mechanism;
when the Cent-gov bears more environmental pollution
losses, it will consider improving the efficiency of envi-
ronmental pollution control through special subsidy, which
reflects the Cent-gov’s “Economic person”
characteristics. □

4.3.-eCooperativeGameModel. &eCoase theorem shows
that if transaction costs are low enough, the rational par-
ticipants can achieve Pareto optimal allocation through
voluntary bargaining. Under appropriate conditions, gov-
ernments can achieve economies of scale and policy spill-
overs through cooperation. As the intergovernmental
relations gradually develop in all directions, in many fields,
and at a deeper level, the governments should build an

intergovernmental coordination model. In order to further
improve the efficiency of environmental pollution control,
the Cent-gov cooperates with Local-gov A and Local-gov B
to jointly determine the optimal effort strategy, improve the
environmental pollution control level, and reduce envi-
ronmental pollution losses.

Proposition 3. Under the situation of full communication
and cooperation between the Cent-gov, Local-gov A, and
Local-gov B, their optimal equilibrium strategies are

E
∗∗∗
a �

1
μa

δa +
βaθa

r + ca

+
ηrβaθb

r + ca(  r + cb( 
 ,

(72)

E
∗∗∗
b �

1
μb

δb +
βbθb

r + cb

 , (73)

E
∗∗∗
as �

1
μs

εa +
αaθa

r + ca

+
ηrαaθb

μs r + ca(  r + cb( 
 , (74)

E
∗∗∗
bs �

1
μs

εb +
αbθb

r + cb

 . (75)

Proof. When the relationship between the Cent-gov, Local-
gov A, and Local-gov B is transformed into collaboration, all
parties aim at minimizing environmental pollution losses
regionally and jointly determine the optimal values of
Ea, Eb, Eas, and Ebs.&e total environmental pollution losses
can be expressed as

T � 
∞

0
e

−rt

M − εaEas − δaEa − θaRa + N − εbEbs − δbEb − θbRb

+
1
2

μaE
2
a + μbE

2
b + μsE

2
as + μsE

2
bs 

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

⎫⎪⎪⎪⎬

⎪⎪⎪⎭

dt. (76)

Supposing there is a continuous bounded differential
income function V(Ra, Rb) that satisfies the HJB equation
for all Ra ≥ 0, Rb ≥ 0,

r · V Ra, Rb(  � min
Eas≥0;Ea≥0

Ebs≥0;Eb≥0

M − εaEas − δaEa − θaRa +
μs

2
E
2
as +

μa

2
E
2
a,

N − εbEbs − δbEb − θbRb +
μs

2
E
2
bs +

μb

2
E
2
b

−
zV

zL1
+ η

zV

zL2
  αaEas + βaEa − caRa(  −

zV

zL2
αbEbs + βbEb − cbRb( .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(77)
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In equation (77), calculating the first-order partial de-
rivatives of Eas, Ebs, Ea, Eb and making them equal to 0, we
can get

Ea �
δa + βa zV/zRa(  + η zV/zRb( ( 

μa

, (78)

Eb �
δb + βb zV/zRb( 

μb

, (79)

Eas �
εa + αa zV/zRa(  + η zV/zRb( ( 

μs

, (80)

Ebs �
εb + αb zV/zRb( 

μb

. (81)

Substituting the formulas (78)–(81) into formula (77) for
simplification yields

r · V � ca

zV

zRa

+ η
zV

zRb

  − θa Ra + cb

zV

zRb

− θb Rb −
εa + αa zVs/zRa(  + η zVs/zRb( (  

2

2μs

−
εb + αb zVs/zRb( ( 

2

2μs

−
δa + βa zV/zRa(  + η zV/zRb( (  

2

2μa

−
δb + βb zV/zRb( ( 

2

2μb

+ ωaM + ωbN.

(82)

From equation (81), we can see that the linear optimal
income functions about Ra, Rb are the solutions of the HJB
equation, let

V Ra, Rb(  � pRa + qRb + u, (83)

where p, q, u are constants. Deriving equation (83) and
substituting the results into equation (82), it can be obtained
that

r pRa + qRb + u(  � ca(p + ηq) − θa Ra + cbq − θb( Rb −
εa + αa(p + ηq) 

2

2μs

−
εb + αbq( 

2

2μs

−
δa + βa(p + ηq) 

2

2μa

−
δb + βbq( 

2

2μb

+ ωaM + ωbN.

(84)

If formula (84) satisfies all Ra ≥ 0, Rb ≥ 0, we can get

p �
λcaθb

r + ca(  r + cb( 
−

θa

r + ca

,

q � −
θb

r + cb

,

u � −
εa r + ca(  + αaθa + ηrαaθb/ r + cb( (  

2

2μsr r + ca( 
2 −

εb r + cb(  + αbθb 
2

2μsr r + cb( 
2 −

δa r + ca(  + βaθa + ηrβaθb/ r + cb( (  
2

2μar r + ca( 
2

−
δb r + cb(  + βbθb 

2

2μbr r + cb( 
2 +

ωaM + ωbN

r
.

(85)
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Substituting equation (85) into equation (83), the optima
benefit function can be obtained as

V
∗∗∗

Ra, Rb(  �
M + N

r
−

θa

r + ca

−
λcaθb

r + ca(  r + cb( 
 Ra −

θb

r + cb

Rb −
εa r + ca(  + αaθa + ηrαaθb/ r + cb( (  

2

2μsr r + ca( 
2

−
εb r + cb(  + αbθb 

2

2μsr r + cb( 
2 −

δa r + ca(  + βaθa + ηrβaθb/ r + cb( (  
2

2μar r + ca( 
2 −

δb r + cb(  + βbθb 
2

2μbr r + cb( 
2 .

(86)

By deriving (86) and substituting the results into
equations (78)–(81), equations (72)–(75) can be obtained.

At this time, the environmental pollution control level of
Local-gov A is

R
∗∗∗
a (t) �

1
ca

αa

μs

εa +
αaθa

r + ca

+
ηrαaθb

r + ca(  r + cb( 
  +

βa

μa

δa +
βaθa

r + cb

+
ηrβaθb

r + ca(  r + cb( 
  − e

−cat+Da ,

R
∗∗∗
a (0) � Ra.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(87)

&e environmental pollution control level of Local-gov B
is

R
∗∗
b (t) �

η
cb

αa

μs

εa +
αaθa

r + ca

+
ηrαaθb

r + ca(  r + cb( 
  +

βa

μa

δa +
βaθa

r + ca

+
ηrαaθb

r + ca(  r + cb( 
  − e

−cat+Da 

+
1
cb

αb

μs

εb +
αbθb

r + cb

  +
βb

μb

δb +
βbθb

r + cb

  − e
−cbt+Db ,

R
∗∗
b (0) � Rb,

e
Da �

αa

μs

εa +
αaθa

r + ca

+
ηrαaθb

r + ca(  r + cb( 
  +

βa

μa

δa +
βaθa

r + ca

+
ηrαaθb

r + ca(  r + cb( 
  − caRa.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(88)

From equations (72)–(75), it can be seen that under the
Cooperative model, the optimal efforts of the Cent-gov and
Local-gov A no longer involve the distribution ratio of
environmental pollution losses, and other influencing fac-
tors are consistent with the Nash game model and the
Stackelberg model. □

5. Comparative Analysis of Equilibrium Results

&is section compares the equilibrium results, environ-
mental pollution control levels, and environmental pollution
losses in the three models, and analyzes whether the Nash
game model and the Cooperative model can effectively
promote the local governments’ environmental pollution

control efforts, improve governance level, and reduce en-
vironmental pollution losses.

5.1. Analysis of Game Equilibrium Strategy. &e comparison
of the optimal effort strategies of the Cent-gov and local
governments under three models is as follows.

Proposition 4. When (1/3)<ω≤ 1,① the optimal effort of
Local-gov A: E∗a <E∗∗a ≤E∗∗∗a ;② the optimal effort of Local-
gov B: E∗b <E∗∗b ≤E∗∗∗b ; ③ the optimal effort of Cent-gov:
E∗as � E∗∗as ≤E∗∗∗as , E∗bs � E∗∗bs ≤E∗∗∗bs ; and ④ the Cent-gov’s
optimal funding for local governments: λ∗∗a � (E∗∗a − E∗a )/
E∗∗a , λ∗∗b � (E∗∗b − E∗b )/E∗∗b .
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Proof. ① According to equations (7), (39), and (72), we can
get

E
∗∗
a − E

∗
a �

3ωa − 1
2μa

δa +
βaθa

r + ca

  +
ηrβaωbθb

μa r + ca(  r + cb( 
> 0,

E
∗∗∗
a − E

∗∗
a �

1 − ωa

2μa

δa +
βaθa

r + ca

+
ηrβaθb

r + ca(  r + cb( 
  +

ηrβa 1 − ωb( θb

r + ca(  r + cb( 
≥ 0.

(89)

&erefore, E∗a <E∗∗a ≤E∗∗∗a is established. ② According to equations (8), (40), and (73), we can get

E
∗∗
b − E

∗
b �

3ωb − 1
2μb

δb +
βbθb

r + cb

 > 0,

E
∗∗∗
b − E

∗∗
b �

1 − ωb

2μb

δb +
βbθb

r + cb

+
ηrβaθb

r + ca(  r + cb( 
  +

ηrβb 1 − ωb( θb

μb r + ca(  r + cb( 
≥ 0.

(90)

&erefore, E∗b <E∗∗b ≤E∗∗∗b is established.
③ According to equations (9), (41), and (74), we can get

E
∗
as � E

∗∗
as ,

E
∗∗∗
as − E

∗∗
as �

1 − ωa

μs

εa +
αaθa

r + ca

+
ηrαaωbθb

r + ca(  r + cb( 
 ≥ 0.

(91)

&erefore, E∗as � E∗∗as ≤E∗∗∗as is established.
According to equations (10), (42), and (75), we can get

E
∗
bs � E

∗∗
bs ,

E
∗∗∗
bs − E

∗∗
bs �

1 − ωb

μs

εb +
αbθb

r + cb

 ≥ 0.

(92)

So, E∗bs � E∗∗bs ≤E∗∗∗bs .
④ According to equations (7), (39), and (43), we can get

E
∗∗
a − E

∗
a �

3ωa − 1
2μa

δa +
βaθa

r + ca

  +
ηrβaωbθb

μa r + ca(  r + cb( 

� E
∗∗
a · λ∗∗a > 0.

(93)

According to equations (8), (40), and (44), we can get

E
∗∗
b − E

∗
b �

1 − ωb

2μb

δb +
βbθb

r + cb

+
ηrβaθb

r + ca(  r + cb( 
  +

ηrβb 1 − ωb( θb

μb r + ca(  r + cb( 
� E
∗∗
b · λ∗∗b . (94)

&e proof is completed.
Proposition 4 shows that when transitioning from the

Nash gamemodel to Stackelberg gamemodel, the effort level
of the Cent-gov will remain unchanged, while the effort level
of Local-gov A and Local-gov B will increase, and the degree
of improvement is related to the funding from Cent-gov.

Under the Cooperative game model, all parties have the
highest effort level, and the involvement of the Cent-gov has
given a positive signal to protect the environment. &e local
governments tend to actively implement priority strategies

and policies promoted by the Cent-gov, otherwise they may
be held accountable for inaction. In order to effectively
coordinate the allocation of regional environmental pollu-
tion control resources, the Cent-gov boosts environmental
governance investment through policy leverage. □

5.2. Analysis on the Environmental Pollution Control Level.
Comparison of environmental pollution control level be-
tween Local-gov A and Local-gov B under three models.
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Proposition 5. When (1/3)<ω≤ 1, ① comparison of en-
vironmental pollution control levels of Local-gov A is
R∗a ≤R∗∗a ≤R∗∗∗a and ② comparison of environmental pol-
lution control levels of Local-gov B is R∗b ≤R∗∗b ≤R∗∗∗b .

Proof. ① According to equations (34), (70), and (87), we
can get
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So, R∗a ≤R∗∗a ≤R∗∗∗a . ②According to equations (34), (71), and (88), we can get
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So, R∗b ≤R∗∗b ≤R∗∗∗b .
Proposition 5 shows that compared with the Nash game

model, the Stackelberg game model can better promote the
improvement of environmental pollution control level for
Local-gov A and Local-gov B. In the Cooperative game
model, with the maximization of the effort level of the Cent-
gov and local governments, the environmental pollution
control level has also reached the highest level.

&e Cooperative game model is an effective mechanism
to improve the local environmental pollution control level.
&at is to say, under appropriate circumstances, it is possible
for governments to achieve economies of scale and policy
spillover effects through cooperation. □

5.3. Analysis of Minimum Environmental Pollution Losses.
A comparative analysis about environmental pollution
losses of Local-gov A, Local-gov B, and Cent-gov under
three models.

Proposition 6. For any Ra ≥ 0, Rb ≥ 0, (1/3)<ω≤ 1, ①
comparison of the optimal environmental pollution losses of
Local-gov A: V∗a(Ra, Rb)≥V∗∗a (Ra, Rb);② comparison of the
optimal environmental pollution losses of Local-gov B:
V∗b (Ra, Rb)≥V∗∗b (Ra, Rb); ③ comparison of the optimal
environmental pollution Losses of Cent-gov: V∗s (Ra, Rb)

≥V∗∗s (Ra, Rb); and ④ comparison of the total
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environmental pollution losses: V∗(Ra, Rb)≥V∗∗(Ra, Rb)

≥V∗∗∗ (Ra, Rb).
Proof. ① According to the formulas (30) and (66), we can
get
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So, V∗a(Ra, Rb)≥V∗∗a (Ra, Rb). ② According to the formulas (31) and (67), we can get
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So, V∗b (Ra, Rb)≥V∗∗b (Ra, Rb). ③ According to the formulas (32) and (68), we can get
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&us, V∗s (Ra, Rb)≥V∗∗s (Ra, Rb).
④ V∗(Ra, Rb)≥V∗∗(Ra, Rb) is easy to get from ①, ②,

and ③.

According to the formulas (69) and (86), we can get
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&us, V∗(Ra, Rb)≥V∗∗(Ra, Rb)≥V∗∗∗(Ra, Rb).
Proposition 6 shows that compared with the Nash game

model, the Stackelberg game model promotes the Pareto

improvement of all parties, and the environmental pollution
losses of all parties are reduced.&e Stackelberg game model
is better than the Nash game model. From a holistic point of
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Table 1: &e effort levels of Cent-gov and local governments under the three models.

Ea Eb Eas Ebs

Nash game model 4.50 4.30 3.17 2.18
Stackelberg game model 6.96 5.02 3.17 2.18
Cooperative game model 9.53 7.17 6.33 5.44
Analysis E∗a <E∗∗a <E∗∗∗a E∗b <E∗∗b <E∗∗∗b E∗as � E∗∗as <E∗∗∗as E∗bs � E∗∗bs <E∗∗∗bs
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view, if a reasonable environmental pollution losses com-
mitment scheme can be formulated, the Cooperative game
model is better than the other two models.

In summary, under the Nash game model, the Cent-gov
and local governments as subjects with relatively indepen-
dent interests and responsibilities choose the optimal effort
level from the perspective of minimizing their own envi-
ronmental losses, without considering the overall interests of
the region. In order to improve the local environment and
promote local economic development, local governments
will take proactive actions to control environmental pol-
lution. However, due to the division of administrative power
and the positive externality of environmental governance,
local governments have a negative attitude towards matters
involving multiple administrative regions. &e environ-
mental pollution emergency linkage benefits are almost
negligible. In the Stackelberg game model, the intervention
of the Cent-gov can effectively solve the market failure
caused by the externalities of environmental pollution,
optimize resource allocation to a certain extent, and effec-
tively reduce environmental pollution losses. By formulating
a clear financial subsidy system, the central government
strengthens financial support to local governments, which
can effectively reduce the self-interested behavior of local
governments, consolidate the trust between the local gov-
ernment and the central government, and promote more
effective cooperation between the two parties. &e Coop-
erative game model, which aims at minimizing the envi-
ronmental pollution losses, is the best choice for Cent-gov,
Local-gov A, and Local-gov B during environmental gov-
ernance, and can effectively control the environmental
pollution losses. □

6. Numerical Analyses

Under the three modes, the optimal effort level, environ-
mental pollution control level, and environmental pollution
losses of Local-gov A, Local-gov B, and Cent-gov depend on
the selection of various parameters in the models. If we
assume that Ra(0) � Rb(0) � 60, in the models, discount
rate r � 0.05, and the pollution losses distribution ratios are
ω1 � 0.5,ω2 � 0.4, μs � 3, μa � 2, μb � 2, αa � 2, αb � 1,
βa � 2, βb � 1, the attenuation rates of environmental pol-
lution control level are: ca � 0.2, cb � 0.1, εa � 3, εb � 3,
δa � 2, δb � 1, θa � 2, θb � 2, η � 0.2. Under the three
models, the effort levels of Cent-gov and local governments
are shown in Table 1.

In the Nash game model, environmental pollution
control efforts of the Cent-gov and local governments are
always the lowest; in the Stackelberg game model, the en-
vironmental pollution control effort of the Cent-gov is
consistent with that in the Nash game model. However, the
environmental pollution control efforts of Local-gov A and
Local-gov B have improved to some extent; in the Coop-
erative game model, the efforts of all parties have signifi-
cantly improved and reach the highest state, which are
consistent with the conclusions of Proposition 4.

In the Nash game model, the environmental pollution
control level of Local-gov A is R∗a � 76.67 − 16.67e−0.2t, the

environmental pollution control level of Local-gov B is
R∗b � 95.44 − 18.67e−0.2t − 16.78e−0.1t, the minimum envi-
ronmental pollution losses of Local-gov A is V∗a �

2966.31 − 4Ra, the minimum environmental pollution losses
of Local-gov B is V∗b � 1503.4 + 1.28Ra − 8Rb, the minimum
environmental pollution losses of Cent-gov is V∗s � 4034.32
− 3.15Ra − 5.33Rb, the total environmental pollution losses
in the region is V∗ � 8504.04 − 5.87Ra − 13.33Rb; in the
Stackelberg game model, the environmental pollution
control level of Local-gov A is R∗∗a � 101.3 − 41.3e−0.2t, the
environmental pollution control level of Local-gov B is
R∗∗b � 112.46 − 28.52e−0.2t − 23.94e−0.1t, the minimum
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environmental pollution losses of Local-gov A is V∗∗a �

2744.61 − 4Ra, the minimum environmental pollution losses
of Local-gov B is V∗∗b � 1410.24 + 1.28Ra − 8Rb, the mini-
mum environmental pollution losses of Cent-gov is
V∗∗s � 3656.16 − 3.15Ra − 5.33Rb, the total environmental
pollution losses in the region is V∗∗ � 7811.01 −5.87Ra

−13.33Rb; in the Cooperative game model, the environ-
mental pollution control level of Local-gov A is
R∗∗∗a � 158.67 − 98.67e−0.2t, the environmental pollution
control level of Local-gov B is R∗∗∗b � 189.58−

51.47e−0.2t − 78.11e−0.1t, the total environmental pollution
losses in the region is V∗∗∗ � 6923.59 − 5.87Ra − 13.33Rb.

&e trends of environmental pollution control levels of
Local-gov A and Local-gov B are shown in Figures 1 and 2.
Under the three models, the improvement of environmental
pollution control level tends to be stable over time. In Nash
game model, the environmental pollution control levels are
the lowest; in the Stackelberg game model, the environ-
mental pollution control levels have been improved; and in
the Cooperative game model, the environmental pollution
control levels have always been higher than the other two
models, which are consistent with the conclusions of
Proposition 5.

Before the improvement of environmental pollution
control level stabilizes, the growth rate of the environmental
pollution control level in the Nash game model is the
slowest, the growth rate of the Stackelberg game model is
medium, and the growth rate of the Cooperative game
model is the fastest.

In the three models, the trend of environmental pol-
lution losses of Local-gov A, Local-gov B, Cent-gov, and the
region over time is shown in Figures 3–6. Under the
Stackelberg game model, the environmental pollution losses
of Local-gov A, Local-gov B, and Cent-gov increase over
time and tend to be stable, and are always lower than that
under the Nash game model; &e regional total environ-
mental pollution losses under the Cooperative game model
is always lower than the environmental pollution losses of
Local-gov A under the Nash game model and the Stackel-
berg game model, which are consistent with the conclusions
of Proposition 6.

7. Conclusions and Policy Recommendations

7.1. Conclusions. &is paper constructs two functions about
the environmental pollution control level and environ-
mental pollution losses, which are used to study the envi-
ronmental pollution control problem between the Cent-gov
and the two local governments. &e local governments
improve environmental pollution control levels through
their own efforts and the Cent-gov’s funding and seek to
minimize environmental pollution losses in an infinite time
zone.

&is paper constructs a tripartite differential game
model, and considers the equilibrium results, environmental
pollution control level, and minimum pollution losses of the
Cent-gov and the two local governments in the three models,
and then carries out the comparative analysis. &e result
shows the following:

(1) In three situations, the cost coefficient of all gov-
ernments, the attenuation coefficient of environ-
mental pollution control level, and the discount rate
are inversely proportional to the environmental
pollution effort; the government’s ability to influence
and govern are directly proportional to environ-
mental pollution effort.

(2) In the process of environmental pollution control,
the parties put in more efforts in the Cooperative
game model than the other two models.

(3) From the perspective of environmental pollution
control level and regional total pollution losses, the
Cooperative game model is superior to the Nash
game model and the Stackelberg model, which can
achieve the Pareto optimal of the system.

(4) &is paper quantitatively analyzes the relationship
between central government funding and the pro-
portion of environmental pollution losses, the effort
level of local government, and the environmental
pollution control level. &e Cent-gov’s special sub-
sidy can effectively encourage local governments to
put in more environmental pollution control efforts
and reduce all parties’ pollution losses and achieve
Pareto optimal.

7.2. Policy Recommendations

(1) Reform the fiscal decentralization system and im-
prove the performance evaluation standards of local
governments. For a long time, the performance
evaluation standards of local governments have al-
ways been around GDP growth. Local governments
have paid more attention to local economic devel-
opment and paid less attention to nonproductive
expenditures such as environmental protection.
Expenditure on economic construction has greatly
squeezed out expenditure on energy conservation
and environmental protection, and ecological and
environmental protection has been neglected in the
process of economic development. &erefore, the
Cent-gov should completely abandon the “GDP-
only” performance evaluation system, accelerate the
inclusion of environmental protection and sustain-
able development indicators into the evaluation
system, promote the coordinated and healthy de-
velopment of the economy and the environment, and
achieve green fiscal competition.

(2) Strengthen the cooperation of governments at all
levels to promote the equalization of local envi-
ronmental governance. &e environmental pro-
tection requires a large amount of capital
investment, and only relying on local fiscal revenue
to ensure the growth of environmental protection
expenditure cannot be sustained. &e research
results of this paper show that government special
subsidies can effectively encourage local govern-
ments to take more environmental protection ef-
forts and reduce environmental pollution losses
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from all parties. &erefore, the Cent-gov must
strengthen special transfer payments to local
governments for environmental protection, and
use special funds to solve the contradiction be-
tween the local government’s environmental
protection needs and the shortage of financial
funds, and establish a horizontal transfer payment
system. Because environmental pollution is trans-
boundary and environmental protection has pos-
itive externality, the central government should
formulate an environmental compensation
mechanism between local governments, and re-
gions that benefit from environmental protection
should provide compensation to regions that
provide environmental protection.

(3) Improve the transparency of fiscal expenditures and
strengthen social supervision and central supervi-
sion. On the one hand, the Cent-gov should further
strengthen fiscal transparency, regulate fiscal reve-
nue and expenditure, harden budget constraints, and
mobilize social supervision; on the other hand, it
should emphasize fiscal incentives for green in-
vestment in enterprises, and use policy guidance to
help prevent and control environmental pollution.
&rough local finance, companies that invest in
environmental protection are provided with indirect
tax reductions, and companies that use pollution-
free equipment in the production process directly
enjoy tax credits, so that companies can develop
advanced technologies and factories to reduce en-
vironmental pollution.

With the development of global economic integration,
environmental pollution and destruction are not only a
domestic cross-administrative regional cooperative gover-
nance problem but also an international cross-border co-
operative governance problem [39]. For example, a large
amount of greenhouse gas emissions have caused global
warming. Water pollution of the Rhine River caused
widespread death of aquatic life in coastal countries. &e
environmental governance investment, as a typical inter-
national public goods supply, has significant positive ex-
ternality, and the benefits and costs brought by it are
seriously unequal, which makes it difficult to achieve in-
ternational cooperation and international coordination.
&erefore, certain measures need to be taken to promote
international government cooperation. We can start from
the following aspects:

(1) Enhance the linkage effect of ecological cooperation
between countries. All countries should continuously
improve their domestic ecological protection policies
and institutional systems, provide policy support for
environmental protection, and actively participate in
the construction of ecological civilization; all coun-
tries should formulate mutually supportive policy
systems and carry out in-depth cooperation to reduce
national barriers toward the implementation of en-
vironmental protection policies; strengthen the role of

international organizations in providing public goods,
expand the sources of environmental protection
funds, and ensure the adequacy and continuity of
capital investment.

(2) Call on all countries to strengthen ecological and
environmental protection. On the one hand, inter-
national organizations represented by the United
Nations should actively promote the global action
concept of ecological civilization construction,
continuously create an atmosphere of common ac-
tion and common governance around the world, and
increase the enthusiasm and initiative of each
country to participate in environmental changes; on
the other hand, developed countries should play an
exemplary role, follow historical logic, actively as-
sume common but differentiated responsibilities,
and work with developing countries to solve the
ecological and environmental dilemmas faced by
mankind.

(3) Improve the cost-sharing mechanism and com-
pensation mechanism for environmental protection.
&e benefits of environmental protection investment
have the characteristics of lagging and being risky,
and may not be able to obtain benefits in the short
term. &en, other countries should share and
compensate the countries that invested in the early
stage, so as to form a long-term cooperative rela-
tionship. &e “free rider” problem in the supply of
international public goods can be solved, and the
“prisoner’s dilemma” can be transformed into a
cooperative game.

&e shortcomings of this paper are the following three
points: Firstly, this paper only considers the intergovern-
mental relationship between the Cent-gov and the two local
governments. In reality, the process of regional environ-
mental pollution control will involve more than two local
governments; secondly, this paper only considers the impact
of major participants’ efforts and environmental pollution
control levels on environmental pollution losses; however, in
reality, many factors are contributing to the losses due to
environmental pollution, and they are mutually connected
and also affected; finally, for the convenience of solving, this
paper assumes that all parameters in the models are not
related to time, the subsequent research can use a differential
game model to solve the nondegenerate problem.
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