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Abstract: Intergovernmental collaboration is essential for regionally coordinated air pollution pre-
vention and control. An evolutionary game model of local government behavior strategy selection
taking into account the fixed cost of the local government, the total amount of network production
factors, and the total amount of total network factors of production that can be moved is built based
on the social capital theory in order to realize the cross-border collaborative control of regional air
pollution. The issue of an intergovernmental cooperation framework for collaborative prevention
and control of large-scale air pollution is addressed from the standpoint of the multi-stakeholder
“benefit—cost” drive. Additionally, the major variables influencing the behavioral approach selection
for intergovernmental cooperation are considered. The initial sensitivity of the evolution path of
the local government behavioral strategy is also analyzed. The results of this study are: (1) The
primary elements impacting intergovernmental cooperation on joint prevention and control of air
pollution are fixed costs and fixed benefits, and reducing the fixed costs of such cooperation in an
appropriate manner without compromising local governments’ pollution control can do so. (2) Under
the assumption that local governments have fixed expenses, the total amount of network factors of
production and total network factors of production that can be moved factors of production have a
direct impact on intergovernmental cooperation. When local governments’ fixed costs are constant,
they are more likely to choose the cooperative behavior option if the sum of their network production
factors and total network factors of production that can be moved is higher. (3) The initial probability
of cooperation among the three parties and the total amount of production factors have an impact on
the system’s ESS when local governments in the area have equal total production factors. The study’s
findings can offer theoretical justification for the “profit-driven” intergovernmental coordination of
joint prevention and management of air pollution.

Keywords: joint prevention and control of air pollution; intergovernmental cooperation; evolutionary
game; cross-domain environmental pollution; pollution control

1. Introduction

The WHO (World Health Organization) figures show that 7 million individuals each
year pass away as a result of air pollution (WHO, 2021) [1]. According to an article
published on 18 May 2022 by India Express, the global death toll from air pollution alone
would reach 6.67 million in 2019, with 1.67 million of those deaths occurring in India, the
nation with the highest number of air pollution-related fatalities worldwide (Fuller et al.,
2022) [2].

The International Organization for Standardization (ISO) defines air pollution, also
known as atmospheric pollution, as the phenomenon where certain substances enter
the atmosphere as a result of human activities or natural processes, present a sufficient
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concentration, reach a sufficient time, and thereby endanger human comfort, health, welfare,
or the environment. When mankind first started using fire in the distant past, air pollution
was already a problem (such as the burning of firewood, grassland, and forest fires, which
will cause air pollution to varying degrees). However, following the Second World War,
people in many industrialized countries began to understand that modern industry’s fast
development, which began in the middle of the 18th century, was the primary cause of
air pollution. The severity of the air pollution issue has increased (as Table 1). Due to
the worsening environmental contamination in the late 1960s, some nations progressively
began to launch environmental protection campaigns, pushing the government to take
action to address the issue. The Human Environment Conference was held in 1972, and the
Declaration of the United Nations Conference on Human Environment was adopted. The
Declaration urges governments and citizens worldwide to work together to protect and
enhance the human environment.

Table 1. Typical representatives of serious air pollution events in the 20th century.

Time Locale Event

1930 Mars Valley in Belgium the smog event

1943 Los Angeles the photochemical smog event
1952 London the smog event

1961 Nihon City, Japan the asthma event

Governments have been compelled to pay attention to environmental protection and
start controlling environmental pollution since the 1980s as a result of the growing demands
of people in all countries for environmental protection. In numerous nations, investments in
the prevention of and reduction in air pollution have expanded dramatically. Air pollution
in some countries has been largely controlled, and the quality of the environment has
significantly improved as a result of the successive formulation of pertinent air quality
laws and air pollution control laws, the strengthening of strict environmental management,
and the adoption of comprehensive prevention and control measures. Nevertheless, efforts
must still be made to avoid and reduce air pollution on a worldwide scale. Incentives
or policies to encourage cleaner industrial production, energy efficiency, and pollution
reduction are increasingly being adopted by countries, according to the report of the United
Nations Environment Programme’s 2021 Air Quality Action. More policies are also being
developed to forbid the burning of solid waste. However, there is still a lot to be done.
Only 31% of the countries have legislative frameworks in place to control or address
cross-border air pollution, and 43% don’t even have a definition of air pollution in their
laws. The majority of nations still don’t have a standardized framework for managing and
monitoring air quality. The process of industrialization, economic power, smoke control
regulations, and government resolve are all strongly correlated with the growth of China’s
air pollution control business. China has steadily risen to the top of the worldwide air
pollution prevention technology rankings during the past ten years. Applications for
invention patents made up 34.1% of all applications in the previous ten years, with an
average annual growth rate of about 30%. With 14.92% and 11.22% of the total, Japan
and the United States came in second and third, respectively. The quantity change trend
remained largely stable (UNEP, 2021) [3].

The natural law of atmospheric flow is violated by the territorial government based
on administrative boundaries, and it is challenging to effectively address regional and
complicated air pollution issues typified by ozone, fine particles, and acid rain. Addi-
tionally, the unilateral control impact will be further countered by the “pollution shelter”
effect, resulting in low efficiency for provincial pollution management as a whole. Relevant
academics have also noted the importance of intergovernmental cooperative governance in
addressing the current, seriously escalating air pollution. Therefore, the primary axis of the
development of the environmental protection system is the intergovernmental cooperation
model of environmental governance. The central government has consistently encouraged
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horizontal cooperation between municipalities through policy planning with regard to the
joint prevention and control of air pollution (The policies formulated are as Table 2). It
is clear from the pertinent central government policies that regional intergovernmental
cooperation has steadily replaced local control as the primary method of combating air
pollution (General Office of the State Council, 2010; 2013) [4,5]. However, because air pollu-
tion is mobile, intergovernmental cooperation also encounters the following challenges.
The government is prone to delegating governance duties to other governments out of
self-interest because it is difficult to define the air pollution boundary in the air pollution
problem. Second, local governments must consider production and economic structure
issues when tackling air pollution. Achieving intergovernmental cooperation under factor
changes is also the key to joint prevention and control of air pollution.

Table 2. The policies formulated for air pollution.

Organizations Policies
collected data in many fields, such as dust, water
East Asia Acid Deposition quality, soil and ecosystem, and has played an
Monitoring Network important role in assessing the acid deposition

situation in East Asia and preventing further harm
joint monitoring network of sandstorms built by
China, Japan and South Korea in 2002 realized data sharing and provided data support
for cooperative control of sandstorms
issued the Guiding Opinions On Promoting Joint
Prevention and Joint Control Work Air On Air
Pollution and Improving Regional Air Quality
issued the Air Pollution Prevention and
Control Action Plan
issued the Three-year Action Plan for Winning the
Battle of Protecting the Blue Sky

In May 2010, General Office of
the State Council

In September 2013, the State Council

In July 2018, the State Council publicly

Air pollution is occurring more frequently as a result of the risk society, and it is
challenging for a single local government department to handle the complex air pollution
on its own. As a result, researchers have begun to focus on the collaborative management
of air pollution in the field of emergency management. For this paper, the keywords
“air pollution prevention and control,” “inter-governmental cooperation on air pollution,”
and “cross-border management of air pollution” were used to search the Internet. In this
study, the terms “air pollution prevention and control,” “inter-prefectural cooperation,”
and “transboundary air pollution management” were used to search the Web and WOS
databases. The following three aspects are the main focus of the pertinent studies. (1) Poli-
cies and effects of air pollution prevention and control. Some scholars have used parameters
(Yang et al., 2019; Langbein et al., 2021) [6,7], the DID model (Xu et al., 2021; Meng et al.,
2021; Bao et al., 2021) [8-10], the CGE models (Li et al., 2019; Zhang et al., 2020) [11,12],
quasi-natural experiment (Xu et al., 2021; Jiang et al., 2021; Xu et al., 2020) [13-15], spatial
panel model (Wu et al.,, 2019; Azimi et al., 2019; Zhang et al., 2020) [16-18], multilevel
analysis (Zhang et al., 2020) [19], systems dynamics (Jia et al., 2019) [20], and Bayesian
LSTM (Han et al., 2018) [21] to investigate whether these models can directly or indirectly
improve air quality for air pollution control, and explore the factors and paths of policies
affecting air quality. These previous studies have led to the following findings. Firstly, air
pollution prevention and control policies can effectively reduce pollutant emissions. For
developed areas (such as Beijing, Shanghai, and other places), the air improvement is more
significant, indicating that the air pollution prevention and control policy has a certain
dynamic control effect. Secondly, from a microscopic perspective, air pollution prevention
and control policies can reduce the pollution emissions of enterprises. It promotes the re-
duction in corporate pollutants and greenhouse gas emissions, confirming the effectiveness
of environmental policies. Finally, in terms of the spatial effect, the effectiveness of the
environmental policy on air pollution control has improved in recent years. Furthermore,
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with the improvement of environmental regulation, the spatial spillover effect has been
enhanced (Hao et al., 2021; Zhou et al., 2019) [22,23].

(2) Intergovernmental relations for air pollution control. In 2010, China proposed the
establishment of a joint prevention and control mechanism for air pollution in key areas
to jointly deal with pollution problems. In addition, scholars have discussed the necessity
of government cooperation to control air pollution problems. Air pollution control is geo-
graphically limited, and air pollution has public goods attributes and negative externalities.
Based on these characteristics, scholars have stated that joint actions across administrative
regions must be carried out to fundamentally solve the regional air pollution problem
(Xiao et al., 2020; Xu, 2018) [24,25]. With government coordination as the starting point,
scholars investigated air pollution control in terms of responsibility-sharing mechanism
(Ongaro, 2019; You, et al., 2020) [26,27], intergovernmental power division (Suo, 2021) [28],
information communication mechanism (Jing et al., 2021; Li, 2020; Wu, 2020) [29-31]; policy
coordination (Schwartz, 2019; Tian et al., 2020) [32,33] and institutional foundation and
arrangements (Mao, 2021; Wen, 2020; Wei, 2018; Zhao, 2017) [34-37]. These studies have
revealed that intergovernmental cooperation in air pollution control can effectively improve
regional environmental quality.

(3) Cross-border spatial interaction of air pollution control. With the aim of making
up for the shortcomings of the above study methods, spatial metrology-based methods
were gradually applied (Kumar et al., 2009; Fernandez-Avilés et al., 2012) [38,39]. In
spatial metrology, most studies have focused on spatial spillover effects of air pollutant
emissions and identified their main influencing factors (Feng et al., 2020; Vadrevu et al,,
2020; Samoli et al., 2019; Kai et al., 2022) [40-43]. In addition, predictions of cross-border
interactions of air pollution have also been made based on mathematical models such as the
Markov chain (Alyousifi et al., 2020; Alyousifi et al., 2021) [44,45], artificial neural networks
(Agarwal et al., 2020) [46], and deep learning (Hahnel et al. 2020) [47]. In summary, air
pollution control has been a hot topic for experts and scholars in recent years, and various
results have been achieved. However, in terms of the research content, it is mainly through
mathematical models that the effects of air pollution control policies, inter-governmental
cooperation, and transboundary interaction can be studied. Few studies have addressed
local government information exchange and factor flow the air pollution control.

However, there is not much research that examines how to include the prevention and
control of air pollution into an evolutionary game framework in terms of public governance.
In actuality, it is difficult to prevent and control air pollution jointly due to a lack of regional
resources. Resources are frequently distributed inequitably across municipal governments.
Administrative divisions and fragmentation can unavoidably lead to collaboration and
rivalry between regional and local governments.

The following are the goals of this study, which are based on the existing circum-
stances: (1) Examining the “benefit-cost” motive from the standpoint of local inter-county
competition and cooperation in joint air pollution prevention and control. (2) Researching
the key determinants of local intergovernmental cooperation. (3) Investigating the dynamic
development of short-term intersectional cooperation. (4) Investigating the means by which
local governments collaborate.

The following are the goals of this study, which are based on the existing circumstances:
(1) This study can accomplish the aforementioned goals and show how behavioral strategy
selection is competitive and cooperative for collaborative prevention and management
of air pollution. Additionally, the governance of intergovernmental cooperation can be
optimized, revealing the essence of cross-regional joint prevention and control from one
perspective and aiding in the process of cross-regional joint prevention and control of air
pollution while also enhancing the overall effectiveness of air pollution control.

In this essay, we looked at the root causes of the air pollution management dilemma
in the area, the effects of internal and external dynamics on the growth of collaborative
management, and recommendations to support the growth of collaborative air pollution
management in the region. We can lessen the occurrence of abdicating duties and a lack of
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roles in collaborative air pollution management in order for local governments in China’s
regions to better realize the management of air pollution. This will raise public confidence
in local administrations while also enhancing China’s air quality.

The evolutionary game theory combines the analysis of game theory with the dynamic
evolution process, which is a dynamic equilibrium. Nowadays, economists have also made
remarkable achievements in using evolutionary game theory to analyze the factors affecting
the formation of social habits, norms, institutions, or systems. Furthermore, their formation
process has been explained (Wu et al., 2019) [16]. In recent years, domestic and foreign
scholars’ research in evolutionary game theory and application has shown diversified
characteristics. The evolutionary game model has been widely applied in product quality
regulation (Liu et al., 2022) [48], environmental governance (Aghmashhadi et al., 2022) [49],
collaborative innovation (Hosseini-Motlagh et al., 2022) [50], and so on.

As limited rational persons, local governments cooperate and compete in joint preven-
tion and control of air pollution. Through the cognition of intergovernmental cooperation
behavior rules. The behavioral strategies are constantly revised and improved to obtain
“satisfactory” benefits. Therefore, under the theoretical framework of social capital, the
local governments are assumed to be rational people, who are the interest subjects of
their respective administrative regions. They pursue the maximization of the interests
of their respective administrative regions for the purpose of their independent interest
demands, and ultimately achieve the maximization of public interests in the cooperative
network structure.

The remaining portions of this study are structured as follows. The model’s problem
description and the pertinent parameter assumptions are covered in detail in Section 2.
Section 3 analyzes the collaborative air pollution event management evolutionary game
benefit matrix under the effect of internal factors and examines the individual government
game scenarios through stability and equilibrium points. Through the use of simulations,
Section 4 examines the developmental traits and shifting patterns of governmental actions
in the process of cooperative air pollution management in the region. The study for this
paper is summarized in Section 5, along with pertinent solutions and advice.

2. Problem Description and Parameter Setting

Pierre Bourdieu first formally put forth the idea of social capital in 1980 as a the-
oretical framework for elucidating the disparities between economic and social growth
(Lamaison et al., 1986) [51]. Robert D. Putnam provided the classical definition of social
capital as follows: “The characteristics of social organizations include social trust, social
norms, and participation networks that promote cooperative behavior to improve social
efficiency.” This is the framework for social capital that has been adopted by political and
administrative circles (Putnam, 1994) [52].

The core component of social capital and the foundation for intergovernmental col-
laboration in the joint prevention and control of air pollution is social trust. Government
cooperation is impossible without mutual confidence. The maximization of the public
interest over individual interests is at the heart of collaborative prevention and control of
air pollution. Mutual trust is necessary for interstate collaboration to continue smoothly.
One of the key components of social capital and a crucial method of subject engagement
is the social participation network, which serves as the conduit for communication and
interaction between the social members. The formation of a network structure based on
equality, trust, and cooperation is the core of intergovernmental cooperation on joint pre-
vention and control of air pollution. In addition, it is also important to take joint action on
air pollution control to maximize public interests.

The topics of cooperative air pollution control studied in this paper are limited to
government subjects at the same level (the government plays an indispensable and sig-
nificant role in the process of air pollution control, the government is the policy maker
and the executive supervisor, the policies it promulgates and the actions it takes will be
closely related to the effect of air pollution control). For example, when air pollution
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occurs in one region and has a direct or indirect impact on another region, different local
governments in Jiangsu, Zhejiang, and Shanghai in the Yangtze River, which are members
of the Cross-administrative region, work together through collaborative management to
reduce the impact of air pollution and losses in order to create a win—win situation at the
regional level.

Hypothesis 1 (H1). There are three adjacent local governments in joint control of the prevention
and control of air pollution, which are the main body of the evolutionary game, recorded as local
government A, local government B, and local government C. The set of behavioral strategies for each
local government is { Active cooperation, Passive treatment). At a fixed time t, the proportion of local
governments choosing cooperative behavioral strategies is x,y,z, and meets 0 < x < 1,0 <y <1,
and 0 < z < 1.

Hypothesis 2 (H2). There are some homogenous externalities between local governments in air
pollution management, which indicates that one local government benefits from the pollution control
of another local government. According to the social capital theory, regardless of whether actors
employ cooperative methods, a specific proportion of returns (relative to the proportion of subjects
actively cooperating with the three parties) can be acquired due to the liquidity of production inputs
among regions (Dubos, 2017). Then, the gains of local government A, local government B, and
local government C are assumed to be ey (x,,z), eo (x,,z), and e3(x, vy, z), respectively, and % >0,

?,—eyi >0,% >0,i=1,23.
Hypothesis 3 (H3). In air pollution control, if local governments adopt a behavioral strategy
of active cooperation, they need to pay a certain cost, which is also related to the proportion
of subjects with active cooperation between the three parties. Therefore, the cost of local gov-
ernment A is assumed to be ¢1(x,y,z), %% <0, %L; <0, %%1 < 0. To simplify the model,
assume c1(x,y,z) = p1 — a1x — B1y — y1z. Similarly, for local government B, the cost of
payment is cp(x,y,2) = Hp — apX — Bay — Yoz, and the payment cost of local government
Cis c3(x,y,z) = us — agx — B3y — y3z. Among them, uy, pia, u3 > 0 is a constant that repre-
sents the fixed cost for local government to choose the active cooperative behavioral strategy;
i, Bi,vi > 0,i = 1,2,3, represents the network production factors (capital, technology, and in-
formation) of local government organizations. The larger the value is, the higher the cooperation
efficiency between governments will be, and the lower the cost they will pay for adopting the positive
cooperation strategy.

The combined prevention and control of air pollution through intergovernmental
cooperation is extremely important. Local governments can be “separated” from one
another by the active participation of other local governments if they have high expecta-
tions for cross-border collaborative governance and high levels of recognition for it. This
raises the cost of governing in the long run. The expense of combating air pollution can
only be decreased by intergovernmental collaboration. Thus, the following is suggested
for hypothesis 4:

Hypothesis 4 (H4). When local governments adopt a non-cooperative strategy, they are subject
to retaliation by local governments that choose active cooperation strategies (such as innovative
technology and information sharing). The fixed opportunity cost that the uncooperative governments
need to pay is constant y;, i =1, 2, 3. In addition, there are retaliatory losses from other local
governments. The opportunity losses for local government A, local government B, and local
government C to choose passive treatment strategies can be expressed as r1(y,z) = 11 + 11y + 1z,
r2(x,z) = 2 + Tox + oz, and r3(x,y) = 13 + 13X + P3y, respectively, where %Lyl >0, 38%1 >0,
%sz > 0, %Lzz > 0, aai;’ > 0, %Lys > 0. In particular, when only one local government chooses to
cooperate actively, it retaliates against the other two local governments. When local government A
chooses to cooperate, both local government B and local government C are subject to retribution from
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local government A. Then, the opportunity losses are ry(x) = 1y + Tox and r3(x) = 13 + T3x.
Similarly, r1(y) = m1 + 1y, r3(y) = 13+ Y3y, r1(z) = 11 + Y1z, r2(z) = 142 + Yoz, where

%sz >0, %(3 >0, aiyl >0, ai; >0, %Lzl >0, %LZZ > 0 represents the flowable network production
factors (funds, technology, and information) of local government organizations. The larger the value
of the flowable network production the greater loss of passive treatment between governments and

the greater expectation of adopting cooperative behavioral strategies.

Based on the above hypotheses, the earnings of the local government A choosing the
active cooperative behavioral strategy is ¥17 = e1(x,y,2z) — ¢1(%,y, 2), and the earning of
choosing the passive treatment behavioral strategy is Y1, = e1(x,y,z) — r1(®), where ®
represents whether the government chooses the active cooperative behavioral strategy. In
the same way, the behavioral strategy benefits of local government B and local government
C can be obtained. Based on the model assumptions and the description of related issues,
the payment matrix of each local government can be obtained, as shown in Table 3.

Table 3. Payment matrix of each local government.

Behavioral Policy Set  Local Government A Local Government B Local Government C

(1,1,1) e1(x,y,z) —a(xyz) elxyz)—clxyz) exyz)—cs(xyz)
(1,1,0) e1(x,y,z) —c1(x,y,2)  exx,y,z) —ca(x,y,z) e3(x,y,z) —r3(x,y)
(1,0,1) e1(x,y,z) —c1(x,y,2) ex(x,y,z) —ra(x,z) es(x,y,z) —c3(x,y,z)
(1/0/0) el(x/ylz) 7C1(x/ylz) 62(95/3//2) 77’2(3() 63(X,]/,Z) *53(3@%2)
OL1) e1(x,y,z) —nr1(y,z)  elxyz)—clxyz) e(xyz)—c(xyz)
(0,1,0) e1(x,y,z) —r1(y) e2(x,y,2z) — c2(x,y,2) e3(x,y,2z) —13(y)
(0,0,1) e1(x,y,z) —r1(z) er(x,y,z) —12(2) es(x,y,z) —c3(x,y,2)
(0,0,0) e1(x,y,z) —r1(0) ex(x,y,z) —12(0) e3(x,y,z) —13(0)

According to the evolutionary game theory and the above payment matrix, the repli-
cation dynamic equation of the local government A is:

Ga(x,y,2) = x(¥11 —¥1) = x(1 — x) (Y11 — Y12)

= x(1 =) — ot ax+prytnz O
Similarly, the replication dynamic equations for local governments B and C are:
Gp(x,y,2) = y(¥Yor — ¥2) =y(1 - y) (Y21 — ¥2) , @
=y(1=y)ln2 — pa + a2x + Py + 722 + X" + 27
Ge(x,y,z) = z(¥a1 — ¥3) = 2(1 — 2)(¥51 — ¥a2) 3)

=z(1—2)[n3 — p3 + azx + By + 73z + X2 + P31

Therefore, in the intergovernmental cooperation of joint prevention and governance
of air pollution, the replication dynamic equations of various local government groups
constitute the replication dynamic system of “benefit—cost” interests between networks:

B = x(1—x)[ — w1 + a1x + 1y + 11z + Ty? + 127
F =y —y) 2 — p2 + aox + Boy + 12z + Tx* + 2% 4)
& =z(1—2z)[y3 — pu3 +asx + By + r3z + 732 + P3y°]

According to the scheme proposed by Friedman, the evolutionary stability strategy
(ESS) of the system of differential equations can be obtained from the local stability analysis
of the Jacobian matrix of this system. Therefore, the Jacobian matrix of the system can be
obtained by replication dynamic Equation (4) as:

(1-2x)0 x(1—x)(B1+211y) x(1—x)(71+2¢12)
J = |y(1 —y)(az +2m0x) (1-2y)® y(1—y) (12 + 2¢2z2) 5)
z(1—z)(az +213x)  z(1—2z)(Bs + 2¢3y) (1-22)03
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where
O =11 — p1 + a1+ x + By + 11z + Ty? + P12°
@y = 1p — po + B2 + aox + Boy + Y2z + TX? + 1hp2?
O3 =13 — {3 + 73 + azx + B3y + 73z + X% + P3y?

In the replication dynamic system (4), when ‘;—f = % = % = 0, the local equilibrium

points of (1,1,1,), (1,1,0), (1,0,1), (1,0,0), (0,1,1), (0,1,0), (0,0,1), and (0,0,0) can be obtained.
The equilibrium point of the system is an unstable point when all the eigenvalues of the
Jacobian matrix are larger than 0. The system’s equilibrium point is the gradual stable
point where the eigenvalues are less than 0. The saddle point is where the system is in
equilibrium whether the eigenvalues are positive or negative. For instance, for the pure
strategy’s increasing stability in the local analysis method of the Jacobian matrix is used
to study the Nash equilibrium point of the local equilibrium point (0,0,0), and the same
method can be used to determine the gradual stability of other pure strategies. The Jacobian
matrix of the local equilibrium point (0,0,0) is:

M1 — W1+ aq 0 0
= 0 N2 — 2+ Bo 0
0 0 13— M3+ 73

Therefore, the three eigenvalues of the local equilibrium point (0,0,0) are:
M=m—-m+m

Ay =1 — o+ P2
Az =13 — U3+ 73

By analogy, the Jacobian matrix eigenvalues of eight local equilibrium points can be
obtained, as shown in Table 4:

Table 4. Jacobian matrix eigenvalues of eight local equilibrium points.

Local Equilibrium Points AM Ao A3

1,1,1) =[m — 1 +201 + By —[m2 —p2 + a2 +2p2 ~[13 — s +as+ B3
+71+ 1+ ] +72+ 0+ ] +273 + T3 + 3]

(1,1,0) —[771 — + 201 +ﬁ1 -|—T1] —[112 —y2+0é2+2ﬁ2—|—’[‘2] W3 —p3+ 3 +as

+B3+ 13+ Y3
(1,0,1) —[171 - +20£1 + 7 —‘rlIJl] 1’]2*}!24*,32+1X2 —[173 —]13+OL3+2’Y3+T3]
+r2+ 0+ P

(1,0,0) —[m — p1 + 2a4) m—prt+pta+n N3—Hs+r3tas+13

(0,1,1) =Pty —[112 — p2 +2B2 + 12 + ¥2] —[13 — u3 + B3 + 273 + 3]
+11+T+ P

(0,1,0) m—m+ea+p+1 —[12 — 2 + 28] 13— M3+ 73+ B3+ 3

(0,0,1) = +a 1+ m—p+tpatrn+i —[13 — u3 +273]

(0,0,0) m—m+a 12— p2+ P2 13— M3+ 73

The necessary and sufficient condition for the gradual stabilization of the system is
that the Jacobian matrix eigenvalues of the local equilibrium points have negative real parts.
According to the above assumptions and Table 2, the following theorem is established.

Theorem 1. For the replication dynamic system (4) of the “benefit—cost” interests among intergov-
ernmental cooperation networks for joint prevention and joint control of air pollution, @ When
m—m+20+pr+m+na+yP >0,m—pu+ar+2B+ 72+ 1+ Y2 > 0, and when
N3 — Mz +as+ B3 +2y3+ 1w+ > 0, (1,1,1) is the ESS of the dynamic system; @) When
m—p1+20+p1+71 >0,m—po+ar+2B+1 > 0,and y3 — puz + 3 + a3 + B3 +
73+ 3 < 0,(1,1,0) is the ESS of the dynamic system; 3 When 171 — p1 + 201 +y1 + 191 > 0,
m—t+Pp+ta+r+n+iy <0 and 53 —uz+az3+2y3+ 1w > 0, (1,0,1) is the
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ESS of the dynamic system; &) When 11 — puy +2x1 > 0, 112 —pio + o + a2 + 1o < 0, and
73 — Ha+ 3+ a3+ 13 < 0,(1,0,0) is the ESS of the dynamic system; &) When 111 — pq1 + a1 +
Bi+m+u+yr <0, m—u+2B2+v2+92 >0, and 53 — pu3 + B3 +2y3 + 93 > 0,
(0,1,1) is the ESS of the dynamic system; & When gy —p1 + a1+ B1+ 71 <0, 10 — p2 + 22 >
0, and 13 — uz + 3 + B3+ 3 < 0, (0,1,0) is the ESS of the dynamic system; (7) when
m—m+or+r+9P1<0,m2—pa+ P2+ 72+ 92 <0,and 3 — puz + 273 > 0,(0,0,1) is the
ESS of the dynamic system; (® when 177 — u1 + a1 < 0,42 — pp + P2 < 0, and 53 — pz + 3 < 0,
(0,0,0) is the ESS of the dynamic system.

Proof: The system equilibrium point is the necessary and sufficient condition of ESS. From
the Jacobian matrix eigenvalues of the local equilibrium point in Table 2, it can be seen
that (1,1,1), (1,1,0), (1,0,1), (1,0,0), (0,1,1), (0,1,0), (0,0,1), and (0,0,0) are ESS of the dynamic
systems when the conditions of the above theorem are satisfied. [

3. Evolutionary Path Analysis of the Evolutionary Stable Strategy (ESS)

According to the equilibrium point of the evolutionary game model and its evolu-
tionary stable strategy (ESS), the evolution of the system is multiplicative with changing
parameters. Based on the analysis of the evolution of the “benefit—cost” interest relationship
between the intergovernmental cooperation networks for joint prevention and control of
air pollution, the following theorem is established.

Theorem 2. When 11y — puy < —[2a1 + B1 + y1 + Tt + ¢1], there are four ESSs for system
(4): (0,1,1), (0,1,0), (0,0,1), and (0,0,0): @ When 1y — pa < —[2B2 + y2 + o], there may
have two ESSs (0,0,1), and (0,0,0), (i) When 13 — us < —2ys, there is a unique ESS(0,0,0);(ii)
When —2v3 < 43 — pus < —ys, there are two ESSs (0,0,1) and (0,0,0) at the same time. (2)
When —[2B + v2 + 2] < 2 — up < —PBa, there are four ESSs: (0,1,1), (0,1,0), (0,0,1), and
(0,0,0), (i) When n3 — pz < —[2v3 + B3 + 3], there are two ESSs (0,1,0) and (0,0,0); (ii) When
—[2v3 4+ B3 + P3| < 13 — uz < —y3, there are four ESSs (0,1,1), (0,1,0), (0,0,1), and (0,0,0); (iii)
When 3 — ps > —y3, there are two ESSs (0,1,1) and (0,0,1). 3 When 115 — o > — o, there are
two ESSs (0,1,1) and (0,1,0), (i) When — B3 + 23 + 3] < 113 — pi3 < —[y3 + B3 + 3], there
are two ESSs (0,1,1) and (0,1,0); (ii) When 13 — pus > — B3, there is a unique ESS (0,1,1).

Proof: From Table 5 (taking condition (I) as an example, ESSs under other conditions can
also be obtained) and 1 — p1 < —[ag + B1 + 71 + 11 + ¢1], Theorem 2 is valid. [J

Table 5. ESSs analysis under conditions.

12— p2<—[2Ba+72+1h2]

Equilibrium Point N3 —H3<—273 —2Y3<H3—}3<—73

Characteristic Values ESSs Characteristic Values ESSs
(1,1,1) unknown saddle point unknown saddle point
(1,1,0) unknown saddle point unknown saddle point
(1,0,1) unknown saddle point unknown saddle point
(1,0,0) unknown saddle point unknown saddle point
(0,1,1) unknown saddle point There are positive and negative unstable point
(0,1,0) unknown saddle point unknown saddle point
(0,0,1) There are positive and negative ~ unstable point All are less than 0 ESS
(0,0,0) All are less than 0 ESS All are less than 0 ESS

Theorem 3. When —[2aq + Bi+7m+1+ 1[11] <m-—-m< min{—[2a1 + B1+ 7, —[2a1 +
1 + 1]}, there are five ESSs for system (4): (0,0,0), (0,0,1), (0,1,0), (0,1,1), and (1,1,1). @ When
2 — pa < —[ag + 2B + Y2 + T + o], there may be two ESSs (0,0,1) and (0,0,0), (i) When
N3 — pa < —273, there is a unique ESS (0,0,0); (ii) When —2v3 < 3 — uz < —y3, there are two
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ESSs (0,0,1) and (0,0,0). @ When —[ap +2B2 + 72 + T2 + 2] < 12 — g2 < —min{—[2f; +
Y2 + 2], —[a2 + 2B2 + 12}, there are three ESSs for system (4): (0,0,0), (0,0,1), and (1,1,1), (i)
When —[as + B3 +2y3+ 13+ 473] <n3—puz < min{—[ocg + 293+ 13), *[ﬁg, +2v3 + 1/?3]},
there is a unique ESS (1,1,1); (ii) When min{ —[az + 2v3 + T3], —[B3 + 273 + ¢3]} < 13 —pz <
—21y3, t there are three ESSs (0,0,0), (0,0,1), and (1,1,1); (iii) When —2v3 < 113 — uz < —173,
there are two ESSs (0,0,1) and (0,0,0). @ When min{ —[2B2 + 72 + ¢2], — (a2 + 282 + 1]} <
2 — p2 < max{—[B2 + 72 + 2], —[az2 + P2+ 2]}, there are four ESSs for system (4): (0,0,0),
(0,0,1), (0,1,0), and (0,1,1), (i) When 3 — us < —|[27y3 + B3 + 3], there are two ESSs (0,1,0)
and (0,0,0); (ii) When —[2y3 + B3 + ¢3] < 13 — pz < —1y3, there are four ESSs (0,1,1), (0,1,0),
(0,0,1), and (0,0,0); (iii) When y3 — uz > —y3, there are two ESSs (0,1,1) and (0,0,1). ® When
max{—[B2+ 72+ ], —[a2 + B2+ |} < 12 — p2 < —2PBy, there are two ESSs for system
(4): (0,0,0) and (0,1,1), (i) When n3 — uz > —[B3 + 273 + 3], there is a unique ESS (0,0,0); (ii)
When —[B3 + 273 + 3] < 13 — pz < —PBas, there are two ESSs (0,0,0) and (0,1,1). G When
—2B2 < 52 — pa < —PBo, there are two ESSs (0,0,0) and (1,1,1), (i) When 13 — uz > — B3, there
is a unique ESS (1,1,1); (ii) When n3 — uz < — B3, there are two ESSs (0,0,0) and (1,1,1). (&) When
o — Ho > — B, there are two ESSs (0,1,0) and (1,1,1), (i) When 3 — uz > — B3, there is a unique
ESS (1,1,1); (i1) When —2B3 < 13 — p3 < — B3, there are two ESSs (0,1,0) and (1,1,1).

Proof: According to the establishment conditions of ESSs under —[2a1 + 81 +71 + 1 +
ll)l] <nm-—uyr < min{—[2zx1 + B1+ Tl], —[20(1 +71 + lpl]}, Theorem 3 is valid. [J

Theorem 4. When min{—[201 + B1 + 11|, —[200 + y1 + 1]} < 11 — w1 < max{—[ay +
B1+ ], —[e1 + 1 + Y1}, assume that B1 + 1 < 71 + 1, there are five ESSs for sys-
tem (4): (0,0,0), (0,0,1), (0,1,0), (1,0,1), and (1,1,1). @ When 1, — pp < —[az + 2B2 +
Y2 + T2 + 2|, there are three ESSs (0,0,1), (0,0,0), and (1,0,1), (i) When —[ag + 273 + T3] <
N3 — Hz < —27s. there are two ESSs (0,0,0) and (1,0,1); (ii) When —2v3 < 33 — 3z <
—3, there are three ESSs (0,0,1), (0,0,0), and (1,0,1). @ When —[ap +2B2 + 72 + T +
o] < 2 —pp < —min{—[2B2 + 72 + 2], —[a2 + 2B + ]}, there are three ESSs for sys-
tem (4): ESS (0,0,0), (0,0,1), and (1,1,1), (i) When —[az + B3 +2y3 + 13 + ¢3] < 3 — 3z <
min{—[ag + 23 + 3], —[B3 + 273 + 3]}, there is a unique (1,1,1); (i) When min{—[az +
293+ 1], —[B3 + 273 + 3]} < 3 — us < —27s, there are three ESSs (0,0,0), (0,0,1), and
(1,1,1); (iii) When =273 < 113 — p3 < —y3, there are two ESSs (0,0,1) and (0,0,0). 3 When
min{— (2, + 72 + ¢2], —[a2 + 22 + B]} <12 — p2 <max{—[B2 + 12+ o], —[a2 + f2 +
1]}, there are four ESSs for system (4): (0,0,0), (0,0,1), (0,1,0), and (1,1,1), (i) When 113 — pz <
—[2v3 + B3 + 3], there are two ESSs: (0,0,1) and (0,0,0); (ii) When —2v3 < 113 — iz < —73,
there are four ESSs: (0,0,0), (0,0,1), (0,1,0) and (1,1,1); (iii)) When 33 — u3 > —y3, there are two
ESSs (1,1,1) and (0,0,1). ® When max{—[B2 + 72 + 2], —[a2 + B2 + 1|} <1120 — p2 < — P2,
there are two ESSs: (0,0,0) and (1,1,1), (i) When 13 — pz > — B3, there is a unique ESS (1,1,1);(ii)
When —[az + B3 + 23 + 13 + 3] < 113 — us < —PBs3, there are two ESSs (0,0,0) and (1,1,1). G
When —By < 12 — o, there are two ESSs (0,1,0) and (1,1,1), (i) When 173 — us > —[y3+ B3+ 3],
there is a unique (1,1,1); (ii) When —[az + B3 + 273 + T + ¢3] < 113 — Uz < —[v3 + B3 + ¥3),
there are two ESSs, (0,1,0) and (1,1,1).

Proof: According to the establishment conditions of ESS under min{ —[2a7 + 81 + 11}, — [2a1 +
71+ y1]} < —p <max{—[ag + 1+ 1], —[a1 + 71 + ¢1]}, theorem 4 is valid. OJ

Theorem 5. When max{—[a1 + B1 + 11}, —[a1 + 711 + 1]} < 71 — p1 < —ay, there are four
ESSs for system (4): (0,0,0), (1,0,1), (1,1,0), and (1,1,1). @ When —[Ba + a2 + 72 + T + 2] <
2 — o < —[ag + 2Py + 1, there are two ESSs (0,0,0) and (1,1,1); (i) When n3 — uz > —PB3,
there is a unique ESS (1,1,1)(ii) When —[az + B3 + 23 + T3 + 3] < 13 — Uz < — B3, there are
two ESSs (0,0,0) and (1,1,1). @ When —[as 4+ 2o+ o] < 2 — o < —[B2 + a2+ 72+ o+ ¥2),
there are four ESSs: (0,0,0), (1,0,1), (1,1,0), and (1,1,1); (i) When —[az +2v3 + 13] < 113 — 3 <
—[vs + a3 + B3 + 13 + 3], there are four ESSs: (0,0,0), (1,0,1), (1,1,0), and (1,1,1);(ii) When
—[v3+az+ B3+ 13+ ¥3] < 3 — pz < —7y3, there are three ESSs: (0,0,0), (1,0,1), and (1,1,1).
® When — By + a2 + v2 + T2 + P2| < 112 — pp < — By, there are three ESSs: (0,0,0), (1,1,0), and
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(1,1,1); (i) When —[az + B3 + 273 + T3 + 3] < 13— p3 < —[y3+ a3+ 3 + 3 + §3], thereare
three ESSs: (0,0,0), (1,1,0), and (1,1,1); (ii) When —[v3 + a3+ B3 + T3 + W3] < 113 — pz < —73,
there are two ESSs (0,0,0), and (1,1,1);(iii) When n3 — uz > —y3, there is a unique (1,1,1). (&
When — By < 12 — pa, there are two ESSs (1,1,0) and (1,1,1), (i) When 3 — p3 > —[v3 + a3 +
B3 + T3 + 3], there is a unique ESS (1,1,1); (ii) When —[az + B3 + 23 + T3+ 3] < 13 — pz <
—[vs + a3 + B3 + 13 + 3], there are two ESSs (1,1,0) and (1,1,1).

Proof: According to the establishment conditions of ESS under max{ —[a1 + B1 + 7], —[a1 +
11+ 1]} <y — 1 < —aq, theorem 5 is valid. O

Theorem 6. When 1 — u; > —uwq, here are four ESSs for system (4): (1,0,0), (1,0,1), (1,1,0),
and (1,1,1). @ When —[ay +2B2 + 2] < 112 — pa < —[B2 + a2 + 2 + T2 + 2], there are four
ESSs: (1,0,0),(1,0,1), (1,1,0), and (1,1,1); (i) When — a3 + 273 + T3] < 113 — U3 < —[y3 + a3 +
B3 + T3 + 3], there are four ESSs: (1,0,0), (1,0,1), (1,1,0), and (1,1,1); (ii) When —[y3 + a3 +
B3+ 13+ 3] < 13 — uz < —|[v3 + az + 13), there are two ESSs: (1,0,0) and (1,1,1); (iii) When
—[vs + a3 + 1] < n3 — us, there are two ESSs: ESS, (1,0,1) and (1,1,1). @ When — By + ap +
Yo+ T2+ 2] <12 — 2 < —[B2 + ap + 2], there are three ESSs: (1,0,0),(1,1,0), and (1,1,1). (i)
When —[az + 23 + T3] < 173 — pi3 < —1y3, there are three ESSs: (1,0,0),(1,1,0), and (1,1,1),(ii)
When 3 — uz > —y3, there are two ESSs (1,0,1) and (1,1,1). @ When —[By + a2 + 2] < 112 — 2,
there are two ESSs ESS, (1,1,0) and (1,1,1); (i) When —[az + B3 + 2v3 + T3 + 3] < 3 — pz <
—[v3 + a3 + B3 + T3 + 3], there are two ESSs (1,1,0) and (1,1,1); (ii) When 13 — pz > —73,
there is a unique ESS (1,1,1).

Proof: According to the establishment conditions of ESS under #; — pt1 > —aq, Theorem 6
is valid. [J

To sum up, this paper is based on evolutionary game theory, uses “bounded rational”
local government as the subject of the evolutionary game for making decisions, and estab-
lishes air pollution synergy by taking into account internal factors (income heterogeneity,
preference heterogeneity, and income distribution) based on the features of collaborative
governance. The evolutionary game model of governance examines the evolutionary game
profit matrix of cooperative governance of air pollution events under the impact of internal
variables and examines the game scenario of individual government through equilibrium
and stability. Based on this, the study will simulate the collaborative evolutionary game
model of air pollution governance. It will investigate the influence of many parameters
on the collaborative evolution of air pollution governance by altering the values of each
parameter and investigate the methods that can encourage local governmental entities to
take part in the collaborative governance of air pollution. Figure 1 depicts the motivating
force behind the paper’s research hypothesis.
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Figure 1. Research synthesis flow chart of the thesis.

4. Numerical Experiment and Simulation

Inthisstudy, 1 —p1+a1 +p1+m+a+a+Ppr=m+u+¢ — (]/11 —201 —B1 —
1) shows that the maximum revenue that local government A can receive from other local
governments is when the three parties adopt an active cooperative strategy for air pollution
control. According to Theorem 2, the following conclusions can be drawn: In air pollution
control, when local government A chooses an active cooperative behavioral strategy, the
less fixed income is higher than the local governments choose a passive behavioral strategy
(when 71 — p1 < —[201 + B1 + 71 + 11 + 1], the maximum benefit local government
can get at this time is less than 0). No matter how the initial state of the tripartite local
government, it is strictly dominant that local government A chooses the passive strategy.
Comparing the fixed revenues of the two local governments choosing the cooperative
behavioral strategy with those choosing the passive strategy, when 1, — s + B2 > 0,
13 — uz + B3 > 0, the ESS (0,1,1) appear, indicating that the other two parties will adopt
cooperative behavioral strategies. However, it does not finally realize ESS (1,1,1), but only
enables two local governments to adopt a cooperative behavioral strategy, which is not the
original intention of the joint prevention and control of air pollution.

The following conclusions are obtained from Theorems 3-5: In air pollution control,
when local governments choose active cooperative behavioral strategies, 777 — p1 + 201 +
B1+ 71+ 1 + ¢ > 0. Compared to the fixed income from passive treatment behavioral
strategies, local governments in the other two parties can gain the most whenever they
choose an active cooperative behavioral strategy. When 7o — pp 4+ 2 > 0, 73 — p3 + B3 > 0,
(1,1,1) is the only evolutionary equilibrium policy of the three local governments. When
comparing the fixed incomes of local governments choosing the cooperative behavioral
strategy with those choosing the passive treatment behavioral strategy, if at least one party
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is less than 0, the evolutionary stability strategy of the system (4) may have 4-5 ESSs, and
the final evolutionary stability strategy is determined by the initial cooperation probability
of the three parties and other parameters.

Similar to local government A, the behavioral strategy choices of local government
B and local government C are also related to the fixed income of their active cooperative
behavioral strategy (passive treatment behavioral strategy). According to the previous
hypotheses and the arguments of the relevant theorems, the following conclusions can be
obtained combined with the relevant numerical experiments and simulations below.

Conclusion 1. In air pollution control, an important factor for local governments to choose a
cooperative behavioral strategy is fixed income. When the fixed income of the cooperative strategy is
larger than that of the passive treatment behavioral strategy, (1,1,1) must be the only strategy choice
for the local governments of the three parties.

According to the parameter assumptions, 71 = 5, 1 =8, 41 =2,81 =2, 71 =2,
=11 =11m=6u =70 =21 =>5 u3 =7, B3 =3, which meet the requirements
of i — 1 +201 +P1+71+7+P1 > 0,42 — ua+ P2 > 0and 3 — p3 + B3 > 0. The path
of its evolution is shown in Figure 1.

Figure 2 shows that the circumstances in Conclusion 1 may eventually lead the three
local administrations to (active cooperation, active cooperation, and active cooperation).
Therefore, the fixed opportunity cost for local governments to embrace active behavioral
strategies grows while the fixed income of adopting active cooperative strategies reduces
when network production variables and local government mobility are generally fixed. The
three major organizations’ cooperative conduct in the joint prevention and management of
air pollution can be effectively promoted by this adjustment.

Figure 2. Evolutionary path diagram of conclusion 1.

Conclusion 2. In air pollution control, the total amount of network production factors (capital,
technology, and information) and total network factors of production that can be moved production
factors of local governments have a direct influence on the choice of behavioral strategies. Under the
condition of the constant fixed cost of local governments, higher total network production factors and
the flowable network production factors make the governments inclined to choose active cooperative
behavioral strategies. Conversely, governments are inclined to choose a passive behavioral strategy.
It can also be simply understood that with higher levels of air pollution control or factor spillover
from local governments, the benefits of the active cooperative behavioral strategy are greater than
the passive behavioral strategy. As a result, the willingness of local governments to cooperate has
grown stronger.

Combined with Theorem 2-6, the choice of cooperation strategy is compared by
varying the total amount of network production factors or the total amount of total network
factors of production that can be moved according to the parameter assumptions, with
a constant fixed cost of active cooperation and passive behavioral strategies of the three
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local governments. For the sake of clarity, it is assumed that all three local governments
are homogeneous at high and low levels. If the fixed cost 17; — ; = —3,i = 1,2, 3, the total
number of network elements has three degrees: high a; = 4,5, = 2,7, =3, 17, = ¢; =
1,i=1,2,3; mediuma; =4,81 =2,71 =2,0p =15, =05,72 =1,a3 = 15,3 = 0.5,
Y=L15=¢;=1i=123lowa; =1, =1,7,=05,7, = ¢; = 1,i = 1,2,3. Similarly,
when setting the fixed cost to a fixed value, the flow of network elements has three degrees:
higha; =2,8=1,vi=1,1t=¢;=3,i=1,2,3;mediumeu; =2,8,=1,7,=1,i =1,2,3,
T = lIJ1 =2,7 = lpz = 1.5,T3 = lp3 = 0.5; low o, = 2,‘31' = 1,’)/i =1, T = l/)l' =03,i=
1,2,3. The paths of its evolution are shown in Figure 3a,b.

/ 4

—+ - high flow of network elements,x=0.4
—+ - high flow of network elements,y=0.5
high flow of network elements,z=0.6
——e - medium flow of network elements,x=0.47
— - medium flow of network elements,y=0.5
medium flow of network elements,z=0.6-
—+ - low flow of network elements,x=0.4
— - low flow of network elements,y=0.5 -
low flow of network elements,z=0.6
R i e e S o R

4 6 8 10

(a) Total change comparison of elements

—+ ~high factor flow,x=0.4
—+ - high factor flow,y=0.5 .
high factor flow,z=0.6
—— -medium factor flow,x=0.4 |
—= -medium factor flow,y=0.5
medium factor flow,z=0.6 | _|
—= -low factor flow,x=0.4
— ~low factor flow,y=0.5
low factor flow,z=0.6
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Figure 3. Evolution under constant cost.
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Figure 3a,b show that, when the total amount of network production factors (pollution
control level) and the total amount of network production factors that can be moved factors
(openness of the government) are relatively high, the income of local governments choosing
active cooperation is higher than that of local governments choosing passive treatment. This
is true even when the fixed cost of local government remains constant. The primary cause is
that local pollution control places more emphasis on the positive effects that environmental
regulation has on the economy and external society. The three various behavioral strategies
of the local governments are ultimately determined by the starting wishes and pertinent
parameters of the local governments when the total network production factors of the local
governments and the flowable network production factors are at a medium level. Local
governments are, nevertheless, inclined to embrace active cooperative behavioral techniques
when the advantages of doing so outweigh those of passive therapy. Local governments must
incur certain costs for air pollution management, which results in short-term economic losses,
when the total number of network production elements and the total network components of
production that can be relocated by local governments are at a low level. As a result, local
governments are likely to select a passive treatment strategy.

Intergovernmental collaboration is also primarily influenced by imbalances in local
government pollution control and local government external transparency. In order to
make up for cost losses, encourage the government to open up to the outside world, and
enhance the active cooperative behavior of local governments, the state must provide
certain policy incentives when local government governance is at a low level.

Conclusion 3. According to Theorem 36, the initial cooperation probability of the three parties
and the total production factors have an impact on the system’s ESS when local governments’ total
production factors are equivalent (the pollution control level is consistent) in the intergovernmental
cooperation on joint prevention and control of air pollution.

When the local government’s overall production factors are minimal or the tripartite
cooperation’s original intentions are weak, the system’s ESS displays a tendency of (0,0,0).
The ESS of the system is correlated with the probability of initial tripartite cooperation when
the total production factors of local governments in the area are equal and at the medium
level, and various evolution possibilities are possible. Therefore, the amount of regional
economic development and the desire of local governments to collaborate have an impact on
the effectiveness of intergovernmental cooperation in avoiding and regulating air pollution.

Theorem 3-6 states that when genuine production factors are low or when the initial
willingness of the three parties is weak, parameters in joint prevention and control of air
pollution take the evolutionary trend of the system ESS. The starting chance of cooperation
between the three parties is set at 0.5 when production factors in the region are equal

and minor. When the fixed cost is n7; — y; = —3,i = 1, 2,3, the total network element is
a;=1,6=1,v =051 =1; =1,i =1,2,3. When the production factors of the regional
government are equivalent and large, set the fixed cost ; — y; = —3,i = 1,2, 3, the total

network elementis a; =4,8; =2,7; = 3,7, = ¢; = 1,i = 1,2,3. However, when the initial
cooperation probability of all three parties is 0.1, the evolutionary trend of the system ESS
is shown in Figure 4a.

Afterward, the evolutionary trend of system ESS is simulated through parametric
assumptions when the total production factors are large and the initial willingness of
the three parties is strong. When the production factors of local governments are equal
and large, the initial cooperation probability of the fixed three parties is 0.5, 0.7, and 0.9.
When the fixed cost is #; — y; = —3,i = 1,2, 3, the total number of network elements is
o =4, =2,v=3,17 =19 =1,i =1,2,3. The evolutionary trend of system ESS is
shown in Figure 4b.

Finally, the parameters assume that the evolutionary trends of the simulated pro-
duction factors of the system ESS are equivalent at the medium level. When the total
production factors in the region are equivalent and at the medium level, the initial coop-
eration probability of the fixed three parties is (0.1, 0.1, 0.1), (0.1, 0.3, 0.5), (0.1, 0.3, 0.9),
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and (0.9, 0.9, 0.9). When a fixed cost is n7; — y; = —3,i = 1,2, 3, the total network element
isa; =3, =2,7=2,7=1¢; =1,i =1,2,3. The evolution trend of the system ESS is
shown in Figure 4c:

Figure 4a—c show that the starting goal of cooperative governance in joint collaboration
has a significant influence on the outcomes. If the local government initially expresses
a willingness to cooperate but ultimately decides against it because there is no external
incentive policy, the cost of collaborative governance is significant when the degree of local
government control is at a low stage of development. Even though the governance is at
the general level, local governments will eventually decide not to participate if there are
no other pertinent external factors when their initial readiness to cooperate is relatively
modest. Local governments have a certain initial inclination to collaborate when the
level of local government governance is at a high stage of growth. Local governments will
typically select collaboration because the advantages outweigh the opportunity costs. When
local government control is at a general level, the local government’s ultimate behavior
will depend on its initial willingness to cooperate. As a result, when the three parties’
initial willingness to collaborate is low, they will ultimately decide not to cooperate; when
it is strong, they will ultimately decide to cooperate. However, there may be several
evolutionary outcomes when the three parties’ initial willingness is incongruent.

As a result, in intergovernmental collaboration on joint air pollution prevention, the
initial willingness to cooperate also plays a major role in influencing the final behavioral
choice. Local governments must increase their initial willingness to cooperate once they
have achieved a particular degree of governance through incentives or pressure from the
federal government to encourage the prospect of intergovernmental collaboration.
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Figure 4. (a) Evolution of small production factors or a low willingness to cooperate among the three
parties. (b) Evolution of high total production factors and high willingness to cooperate among the
three parties. (c) Evolution of the total amount of production factors.
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Even though this study came to some important results, there are still issues and
areas that need to be explored. In the future, we can approach things from the following
angles: (1) This article solely takes the local government into account as the primary entity
of collaborative governance due to space constraints. The evolutionary game concept is
extended to incorporate higher-tier municipal governments, the general public, etc. (2) This
paper ignores the effects of the cost of environmental protection itself and benefit income
on the development of intergovernmental cooperation, focusing instead on the “benefit—
cost” interest relationship between the network of intergovernmental cooperation for the
joint prevention and control of air pollution. (3) Global cooperation in the prevention and
control of air pollution. The environment of local intergovernmental collaboration and the
environment of global coordination and cooperation for continued expansion is obviously
different, even though this study has some implications for the control of air pollution.

5. Conclusions

By creating an evolutionary game model of joint prevention and control of air pollution,
this research investigates the evolutionary process of local government behavioral strategy
choice from the perspective of social public governance. In addition, the whole network
of production elements that can be transferred, fixed capital, and the total production
factors are all added to the payment matrix. Through three-dimensional dynamic system
analysis and simulation, their effect on the collaboration of air pollution prevention and
control is investigated. According to the pertinent numerical simulations and assessments:
@ local government should consider fixed revenue and fixed cost when deciding on
cooperative behavioral solutions for reducing air pollution. Collaboration must be the only
tactical option for the tripartite local governments when the fixed income of the choice
of cooperative behavioral strategy is higher than that of passive treatment of behavioral
strategies. (@ The relationship between local governments is dynamic and evolves through
time as a result of elements such as total network production factors and total network
production factors that are mobile. (3 In terms of preventing and controlling air pollution,
the effectiveness of intergovernmental collaboration is influenced by the degree of regional
governance and is strongly correlated with the local government’s willingness to cooperate.
® The level of regional administration has a significant impact on intergovernmental
collaboration in the joint prevention and control of air pollution, but so does the local
government’s cooperation readiness.

The above research conclusions have a certain reference value for intergovernmental
cooperation in joint prevention and control of air pollution. When formulating follow-
up-related policies, on the basis of promoting the effect of joint prevention and control
of air pollution and improving the level of network element spillover, local governments
should be encouraged to have strong initial cooperation. willingness, and actively reduce
the fixed costs of its governance. In reality, the collaborative management connection
between local governments should be specified, and a collaborative management network
should be built, in the collaborative air pollution management. In this process, we must
first make clear which local government subjects are required to participate and provide
them with a clear position based on their own willingness to cooperate, spillover level,
and production factors. After that, we must allot benefits to them in accordance with the
pay-and-gain principle before establishing a solid relationship, clear communication, and
effective network for the collaborative management of air pollution.

Although this study came to some significant results, there are still flaws and uncharted
territory, and the future can be viewed from the following angles. (1) The higher level of
local government and the public can be incorporated into the evolutionary game model
for future investigation. This paper solely addresses the local government as the primary
body of collaborative governance due to space constraints. (2) This paper focuses on the
“benefit—cost” relationship between the network of intergovernmental cooperation for the
prevention and control of air pollution, but it ignores the price of environmental protection
and the influence of revenue on the development of intergovernmental cooperation, both



Sustainability 2023, 15, 1413 19 of 21

of which can be further investigated in the future. (3) Although this study has some
implications for air pollution control, it can be elaborated upon by pointing out that there
are important distinctions between the local intergovernmental cooperation environment
and the international coordinating cooperation environment.

Author Contributions: Conceptualization, N.Z. and B.Y.; methodology, N.Z.; software, H.W.; valida-
tion, H.W.,, B.Y. and M.W.; formal analysis, N.Z.; investigation, N.Z.; resources, B.Y.; data curation,
N.Z.; writing—original draft preparation, N.Z., H.W., B.Y. and M.W.,; writing—review and editing,
N.Z., HW.,, B.Y. and M.W.; visualization, B.Y.; supervision, B.Y.; project administration, N.Z. and B.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Key Project of Philosophy and Social Sciences Research of
Jiangsu Province (Grant No. 2022S]ZD080), Project of Social Science Foundation of Jiangsu Province
(Grant No. 22EYB001), the Project of Ministry of education of Humanities and Social Science (Grant
No. 18YJA630128).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare that there are no conflicts of interest regarding the publica-
tion of this paper.

References

1.

10.

11.

12.

13.

14.

15.

World Health Organization. WHO global air quality guidelines. In Particulate Matter (PM2.5 and PM10), Ozone, Nitrogen Dioxide,
Sulfur Dioxide and Carbon Monoxide; World Health Organization: Geneva, Switzerland, 2021.

Fuller, R.; Landrigan, PJ.; Balakrishnan, K.; Bathan, G.; Bose-O'Reilly, S.; Brauer, M.; Caravanos, J.; Chiles, T.; Cohen, A;
Corra, L.; et al. Pollution and health: A progress update. Lancet Planet. Health 2022, 6, e535-e547. [CrossRef] [PubMed]

United Nations Environment Programme. Actions on Air Quality: A Global Summary of Policies and Programmes to Reduce Air
Pollution; United Nations Environment Programme: Nairobi, Kenya, 2021.

General Office of the State Council. Guiding Opinions on Promoting Joint Prevention and Control of Air Pollution to Improve
Regional Air Quality. 2010. Available online: http://www.gov.cn/gongbao/content/2010/content_1612364.htm (accessed on 11
May 2010).

General Office of the State Council. Action Plan for Air Pollution Prevention. 2013. Available online: http://www.gov.cn/zwgk/
2013-09/12/content_2486773.htm (accessed on 10 September 2013).

Yang, W.; Yuan, G.; Han, J. Is China’s air pollution control policy effective? Evidence from Yangtze River Delta cities. J. Clean.
Prod. 2019, 220, 110-133. [CrossRef]

Langbein, L.; Liang, J.; Buenemann, M. Comparing the Effects of Changes in Performance Incentives and Implementation
Activities on Policy Outcomes: Evidence from Air Pollution Emissions in China. J. Comp. Policy Anal. Res. Pract. 2020, 23, 328-349.
[CrossRef]

Xu, G.; Yang, Z. The mechanism and effects of national smart city pilots in China on environmental pollution: Empirical evidence
based on a DID model. Environ. Sci. Pollut. Res. 2021, 29, 41804-41819. [CrossRef]

Meng, Y; Liu, L.; Wang, ].; Ran, Q.; Yang, X.; Shen, J. Assessing the Impact of the National Sustainable Development Planning of
Resource-Based Cities Policy on Pollution Emission Intensity: Evidence from 270 Prefecture-Level Cities in China. Sustainability
2021, 13, 7293. [CrossRef]

Bao, Q.; Shao, M.; Yang, D. Environmental regulation, local legislation and pollution control in China. Environ. Dev. Econ. 2021,
26, 321-339. [CrossRef]

Li, N.; Zhang, X.; Shi, M. Does China’s air pollution abatement policy matter? An assessment of the Beijing-Tianjin-Hebei region
based on a multi-regional CGE model. Energy Policy 2019, 127, 213-227. [CrossRef]

Zhang, W.-W.; Zhao, B.; Gu, Y,; Sharp, B.; Xu, S.-C.; Liou, K.-N. Environmental impact of national and subnational carbon policies
in China based on a multi-regional dynamic CGE model. . Environ. Manag. 2020, 270, 110901. [CrossRef]

Xu, X.; Wang, Q.; Hu, H.; Wang, X. Air Pollution Control: An Analysis of China’s Industrial Off-Peak Production Policy through
the Quasi-Natural Experiment Method. Sustainability 2021, 13, 4808. [CrossRef]

Jiang, X.; Li, G.; Fu, W. Government environmental governance, structural adjustment and air quality: A quasi-natural experiment
based on the Three-year Action Plan to Win the Blue Sky Defense War. J. Environ. Manag. 2021, 277, 111470. [CrossRef]

Xu, M.; Wy, J. Can Chinese-style environmental collaboration improve the air quality? A quasi-natural experimental study across
Chinese cities. Environ. Impact Assess. Rev. 2020, 85, 106466. [CrossRef]


http://doi.org/10.1016/S2542-5196(22)00090-0
http://www.ncbi.nlm.nih.gov/pubmed/35594895
http://www.gov.cn/gongbao/content/2010/content_1612364.htm
http://www.gov.cn/zwgk/2013-09/12/content_2486773.htm
http://www.gov.cn/zwgk/2013-09/12/content_2486773.htm
http://doi.org/10.1016/j.jclepro.2019.01.287
http://doi.org/10.1080/13876988.2020.1726708
http://doi.org/10.1007/s11356-021-18003-2
http://doi.org/10.3390/su13137293
http://doi.org/10.1017/S1355770X20000431
http://doi.org/10.1016/j.enpol.2018.12.019
http://doi.org/10.1016/j.jenvman.2020.110901
http://doi.org/10.3390/su13094808
http://doi.org/10.1016/j.jenvman.2020.111470
http://doi.org/10.1016/j.eiar.2020.106466

Sustainability 2023, 15, 1413 20 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wu, X,; Gao, M.; Guo, S.; Li, W. Effects of environmental regulation on air pollution control in China: A spatial Durbin econometric
analysis. J. Requl. Econ. 2019, 55, 307-333. [CrossRef]

Azimi, M,; Feng, F.; Zhou, C. Environmental policy innovation in China and examining its dynamic relations with air pollution
and economic growth using SEM panel data. Environ. Sci. Pollut. Res. 2020, 27, 9987-9998. [CrossRef] [PubMed]

Zhang, M,; Liu, X.; Sun, X.; Wang, W. The influence of multiple environmental regulations on haze pollution: Evidence from
China. Atmos. Pollut. Res. 2020, 11, 170-179. [CrossRef]

Zhang, H.; Song, Y.; Zhang, L. Pollution control in urban China: A multi-level analysis on household and industrial pollution. Sci.
Total. Environ. 2020, 749, 141478. [CrossRef]

Jia, S.; Liu, X.; Yan, G. Effect of APCF policy on the haze pollution in China: A system dynamics approach. Energy Policy 2018,
125, 33-44. [CrossRef]

Han, Y,; Lam, ].C.K;; Li, V.O.K. A Bayesian LSTM model to evaluate the effects of air pollution control regulations in China. In
Proceedings of the 2018 IEEE International Conference on Big Data (Big Data), Seattle, WA, USA, 10-13 December 2018; pp.
4465-4468.

Hao, Y,; Gai, Z.; Yan, G.; Wu, H.; Irfan, M. The spatial spillover effect and nonlinear relationship analysis between environmental
decentralization, government corruption and air pollution: Evidence from China. Sci. Total. Environ. 2020, 763, 144183. [CrossRef]
Zhou, Q.; Zhang, X.; Shao, Q.; Wang, X. The non-linear effect of environmental regulation on haze pollution: Empirical evidence
for 277 Chinese cities during 2002-2010. . Environ. Manag. 2019, 248, 109274. [CrossRef]

Xiao, J. Spatial logic of joint prevention and control of inter provincial environmental pollution. Exploration 2020, 5, 41-51.

Xu, D. Dilemma and breakthrough of intergovernmental cooperation in cross regional prevention and control of haze pollution.
Soc. Sci. Res. 2018, 5, 94-101.

Ongaro, E.; Gong, T; Jing, Y. Toward Multi-Level Governance in China? Coping with complex public affairs across jurisdictions
and organizations. Public Policy Adm. 2018, 34, 105-120. [CrossRef]

You, G.; Xiao, J. Analysis on Intergovernmental responsibility sharing mechanism for heavy metal pollution control of cultivated
land in Changsha, Zhuzhou and Xiangtan, Hunan Province in Rural Revitalization. J. Southwest For. Univ. (Soc. Sci.) 2020, 4,
51-56.

Suo, L.; Li, X. Governance of regional public affairs from “single boundary” to “multiple boundaries”—Based on the observation
of air pollution prevention and control cooperation in the Yangtze River Delta. China Adm. 2021, 2, 92-100.

Jing, Y,; Du, P,; Cao, L. Research on Intergovernmental trust evolution game of regional air pollution collaborative governance.
Oper. Res. Manag. 2021, 30, 110-115.

Li, H.; Huang, Y.; Xu, M.; Zhou, Y. Why is it possible to “avoid harm” intergovernmental cooperation—Grounded theoretical
research based on joint prevention and control of air pollution in Beijing, Tianjin and Hebei. . Public Manag. 2020, 17, 53—
61+109+168.

Wu, J; Liu, Q.; Chen, Z.; Qin, D. Why does China’s regional air pollution collaborative control mechanism work? Experience
from the Yangtze River Delta. China Adm. 2020, 5, 32-39.

Schwartz, E. Autonomous Local Climate Change Policy: An Analysis of the Effect of Intergovernmental Relations Among
Subnational Governments. Rev. Policy Res. 2019, 36, 50-74. [CrossRef]

Tian, Y.; Zheng, X. Legal and economic analysis of intergovernmental cooperative governance of regional environmental
pollution—Taking the governance of scattered pollution enterprises in Beijing, Tianjin and Hebei as an example. Environ. Ecol.
2020, 2, 15-20.

Mao, C.; Cao, X. Realization mechanism of regional environmental intergovernmental cooperative governance. . Hehai Univ.
(Philos. Soc. Sci. Ed.) 2021, 23, 50-56+106-107.

Xuemei, W. Institutional arrangement and relationship network: An analytical framework for understanding intergovernmental
collaborative governance of regional environment. Public Manag. Policy Rev. 2020, 9, 40-51.

Wei, N.; Meng, Q. Mechanism investigation and Institutional Logic of cross regional collaborative governance of air pollution
—Based on the collaborative practice of Beijing, Tianjin and Hebei. China Soft Sci. 2018, 10, 79-92.

Zhao, S.; Zhou, X. Research on intergovernmental competition and cooperation mechanism in regional environmental collabora-
tive governance. Jiangsu Soc. Sci. 2017, 6, 159-165.

Kumar, N.; Foster, A.D. Air quality interventions and spatial dynamics of air pollution in Delhi and its surroundings. Int. J.
Environ. Waste Manag. 2009, 4, 85-111. [CrossRef] [PubMed]

Fernandez-Avilés, G.; Minguez, R.; Montero, J.-M. Geostatistical Air Pollution Indexes in Spatial Hedonic Models: The Case of
Madrid, Spain. J. Real Estate Res. 2012, 34, 243-274. [CrossRef]

Feng, T.; Du, H.; Lin, Z.; Zuo, ]. Spatial spillover effects of environmental regulations on air pollution: Evidence from urban
agglomerations in China. J. Environ. Manag. 2020, 272, 110998. [CrossRef]

Vadrevu, K.P; Eaturu, A.; Biswas, S.; Lasko, K.; Sahu, S.; Garg, ].K,; Justice, C. Spatial and temporal variations of air pollution
over 41 cities of India during the COVID-19 lockdown period. Sci. Rep. 2020, 10, 16574. [CrossRef] [PubMed]

Samoli, E.; Stergiopoulou, A.; Santana, P.; Rodopoulou, S.; Mitsakou, C.; Dimitroulopoulou, C.; Bauwelinck, M.; de Hoogh, K;
Costa, C.; Mari-Dell’'Olmo, M.; et al. Spatial variability in air pollution exposure in relation to socioeconomic indicators in nine
European metropolitan areas: A study on environmental inequality. Environ. Pollut. 2019, 249, 345-353. [CrossRef]


http://doi.org/10.1007/s11149-019-09384-x
http://doi.org/10.1007/s11356-020-07644-4
http://www.ncbi.nlm.nih.gov/pubmed/31933088
http://doi.org/10.1016/j.apr.2020.03.008
http://doi.org/10.1016/j.scitotenv.2020.141478
http://doi.org/10.1016/j.enpol.2018.10.012
http://doi.org/10.1016/j.scitotenv.2020.144183
http://doi.org/10.1016/j.jenvman.2019.109274
http://doi.org/10.1177/0952076718799397
http://doi.org/10.1111/ropr.12320
http://doi.org/10.1504/IJEWM.2009.026886
http://www.ncbi.nlm.nih.gov/pubmed/23105916
http://doi.org/10.1080/10835547.2012.12091330
http://doi.org/10.1016/j.jenvman.2020.110998
http://doi.org/10.1038/s41598-020-72271-5
http://www.ncbi.nlm.nih.gov/pubmed/33024128
http://doi.org/10.1016/j.envpol.2019.03.050

Sustainability 2023, 15, 1413 21 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Cai, K;; Wu, L. Using grey Gompertz model to explore the carbon emission and its peak in 16 provinces of China. Energy Buildings
2022, 277,112545. [CrossRef]

Alyousifi, Y.; Ibrahim, K.; Kang, W.; Zin, W.Z.W. Modeling the spatio-temporal dynamics of air pollution index based on spatial
Markov chain model. Environ. Monit. Assess. 2020, 192, 719. [CrossRef]

Alyousifi, Y.; Ibrahim, K.; Kang, W.; Zin, W.Z.W. Robust empirical Bayes approach for Markov chain modeling of air pollution
index. J. Environ. Health Sci. Eng. 2021, 19, 343-356. [CrossRef]

Agarwal, S.; Sharma, S.; Suresh, R.; Rahman, H.; Vranckx, S.; Maiheu, B.; Blyth, L.; Janssen, S.; Gargava, P.; Shukla, V.; et al. Air
quality forecasting using artificial neural networks with real time dynamic error correction in highly polluted regions. Sci. Total.
Environ. 2020, 735, 139454. [CrossRef] [PubMed]

Hahnel, P; Marecek, J.; Monteil, J.; O’'Donncha, F. Using deep learning to extend the range of air pollution monitoring and
forecasting. J. Comput. Phys. 2020, 408, 109278. [CrossRef]

Liu, P.; Hendalianpour, A.; Hamzehlou, M.; Feylizadeh, M. Cost Reduction of Inventory-Production-System in Multi-echelon
Supply Chain Using Game Theory and Fuzzy Demand Forecasting. Int. ]. Fuzzy Syst. 2022, 24, 1793-1813. [CrossRef]
Aghmashhadi, A.H.; Zahedi, S.; Kazemi, A.; Fiirst, C.; Cirella, G.T. Conflict Analysis of Physical Industrial Land Development
Policy Using Game Theory and Graph Model for Conflict Resolution in Markazi Province. Land 2022, 11, 501. [CrossRef]
Hosseini-Motlagh, S.-M.; Choi, T.-M.; Johari, M.; Nouri-Harzvili, M. A profit surplus distribution mechanism for supply chain
coordination: An evolutionary game-theoretic analysis. Eur. J. Oper. Res. 2021, 301, 561-575. [CrossRef]

Lamaison, P.; Bourdieu, P. From rules to strategies: An interview with Pierre Bourdieu. Cult. Anthropol. 1986, 1, 110-120.
[CrossRef]

Putnam, R.D.; Leonard, R.; Nanetti, Y.R. Making Democracy Work: Civic Traditions in Modem Italy; Princeton University Press:
Princeton, NJ, USA, 1994.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.enbuild.2022.112545
http://doi.org/10.1007/s10661-020-08666-8
http://doi.org/10.1007/s40201-020-00607-4
http://doi.org/10.1016/j.scitotenv.2020.139454
http://www.ncbi.nlm.nih.gov/pubmed/32485449
http://doi.org/10.1016/j.jcp.2020.109278
http://doi.org/10.1007/s40815-021-01240-5
http://doi.org/10.3390/land11040501
http://doi.org/10.1016/j.ejor.2021.10.059
http://doi.org/10.1525/can.1986.1.1.02a00060

	Introduction 
	Problem Description and Parameter Setting 
	Evolutionary Path Analysis of the Evolutionary Stable Strategy (ESS) 
	Numerical Experiment and Simulation 
	Conclusions 
	References

