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Abstract: By constructing a quadrilateral evolutionary game model involving the central government,
local governments, polluting enterprises, and the public, this paper attempts to comprehensively
analyze the development and implementation of China’s air pollution control policies. Through the
quadrilateral evolutionary game model, this paper systematically studies the evolutionary stable
strategies of the four parties involved and obtains 27 equilibrium points, strategy sets, and their
corresponding policy performance with the help of the four-dimensional dynamic system. The
research results show that there are five equilibrium points that represent the least ideal scenarios, 14
equilibrium points that represent the less than ideal scenarios, four equilibrium points that represent
the ideal scenarios, three equilibrium points that represent the more than ideal scenarios, and one
equilibrium point that represents the most ideal scenarios. By analyzing the eight equilibrium points
that represent the ideal, more than ideal and most ideal scenarios, especially the four stable points,
this paper has obtained the conditions as well as policy implications of the four stable points in
China’s air pollution control campaign.

Keywords: evolutionary game; quadrilateral game; air pollution; pollution control policy

1. Introduction

Severe air pollution will not only lead to a high incidence of diseases and low level of social welfare
but also impose immeasurable negative impacts on sustainable development in the long run [1-3]. As
a large developing country that is at a critical stage of economic transformation, China has realized the
significance of air pollution problems. The top leadership has clearly stated that we must “speed up
structural reform on ecological civilization and build a beautiful China” [4].

In order to fight against severe air pollution, the Chinese government has issued a large number
of air pollution control policies, such as the “Air Pollution Prevention and Control Action Plan”
implemented in 2013 [5]; the “Temporary Provisions on the Management of Pollutant Discharge
Permits” issued in December 2016 that has accelerated the implementation of a permit system for
pollutant emission control [6]; the revised “Air Pollution Prevention and Control Law” effective 26
October 2018 that requires clean production inspection in key industries including the steel, cement,
and chemical industries, the adoption of advanced technologies, processes, and equipment, as well as
clean production technology transformation for key areas and weak links in energy conservation and
emission reduction campaigns [7]; and the “Key Points on 2019 Nation-wide Air Pollution Prevention
and Control” published in March 2019 that requires various local governments to make efforts on air
pollution prevention and control and continuously improve air quality [8]. Assessing the results of
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these policies is of paramount importance, to check if these are delivering results. This can be done
using air quality models [9], satellite data [10], or measurements [11].

Atthe same time, the Chinese government also attaches great importance to the public participation
in air pollution control. In 2016, China established the “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform,” which has integrated multiple information channels including
hotlines, WeChat, and the Internet, realized the sharing of whistleblowing information among the four
levels of “national-provincial-city-district,” and encouraged the public to play an active role in air
pollution control by blowing the whistle [12]. In November 2019, the platform received a total of 34,942
environment-related reports, including 14,277 reports through hotlines, 16,475 reports through WeChat,
and 4190 reports through the Internet. In terms of pollution types, air pollution is most frequently
reported, accounting for 51.5% of total reports (see Figure 1) [13].
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Figure 1. Whistleblowing Reports on China’s “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform” in November 2019.

Therefore, throughout the development and implementation of existing air pollution control
policies, there are four participants: the central government, the local government, polluting enterprises,
and the public (whistleblowers). During the overall process of policy development and implementation,
the relationship between these four parties is quite complicated.

1.  There is to information asymmetry with the central government [14-16], competition between
local governments for official promotion and in the area of environmental regulation, and local
governments not only take orders from the central government but also have countermeasures
and non-cooperation relationships with the central government [17-19].

2. From the perspective of polluting enterprises, which are one of the main sources of air pollution
in China [20,21] and the main source of pollution explored in this paper, because a large number
of polluting enterprises are the major tax-payers that the local government relies heavily on, and
some are even state-owned enterprises directly under the State-Owned Assets Supervision and
Administration Commission (SASAC), the local governments have a certain collusion relationship
with the polluting enterprises [22-24].
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3. From the perspective of public participation, on the one hand, air pollution should cause the
public (the direct victims of pollution) to blow the whistle; on the other hand, the personal
information leakage during whistleblowing and harassment and retaliation by polluters after
whistleblowing would weaken the public’s initiative to participate. Therefore, it might be the
case that some victims of pollution did not blow the whistle [25-28].

So far, in the academia, there have been quite a few studies on the multi-party relationship in
air pollution control based on Game Theory. For example, Shi et al. constructed a transboundary
air pollution model based on game theory to analyze the cooperative SO, reduction in three cities
of Hunan province, China. Their results proved that those cities would fully cooperate to reduce
emissions when the welfare from full cooperation was reasonably allocated. Therefore, the welfare
allocation may affect the sustainability of cooperation significantly in environment protection [29].
Chang et al. established a transboundary pollution game model, including emission permits trading
and pollution abatement costs. Based on the model, they studied the optimal emission paths and
pollution abatement strategies under cooperative and noncooperative games [30]. Wang et al. have
presented a generalized Nash equilibrium game model to study the SO, reduction in Yangtze River
Delta region in China. This new model resulted in an optimal SO, removal solution with savings
of $4.8 x 107 USD. They also simulated the effects of changes in the SO, reduction targets to help
policy makers develop more effective pollutant reduction strategies [31]. Hong et al. studied the links
between air pollution, interpersonal trust, and preferences to buy stock in companies emitting air
pollutants. By recruiting volunteers in 31 provinces of mainland China and testing their behavior using
game models, they have found the robust main effect of pollution and an interaction effect between
participants’ subjective socioeconomic status and real-time PMj 5 levels in China. They argued that
the environment pollution could establish a bad norm, which would undermine interpersonal trust
and environmental protection behavior [32]. Shi et al. have used the agent-based model in a complex
network to simulate the behavior of enterprises to policies spurring low-carbon technology diffusion.
Playing evolutionary games with their neighbors, those enterprises demonstrated adaptiveness and
equilibrium. Their results showed that all these policies turn out to be inefficient or even harmful to
enterprises because of the adaptiveness of the whole system. Nonetheless, policymakers could choose
measures to enlarge the size of green markets to solve the problem [33].

Unfortunately, existing studies usually construct the game model for the government and
enterprises based on exogenous mechanisms, and therefore have the following shortcomings:

1. Most studies focused on dual party games and did not consider the participation and influence
of the public [34-36]. Although this simplifies theoretical derivation, it cannot reflect the actual
situation in China’s air pollution control.

2. Although many studies have further expanded dual-party games to tri-party games covering
the central government, local governments, and polluting enterprises, these studies still failed to
fully reflect the complex process of air pollution control in China [37]. In our tri-party game study
in 2019, although we innovatively included the public into the pollution control game, regretfully,
we did not include polluting enterprises as a game participant in the research framework [38].

In view of this, based on above studies, this paper has made further innovations by constructing a
Quadrilateral Evolutionary Game Model covering the central government, local governments, polluting
enterprises, and the public in order to comprehensively analyze the development and implementation
process of China’s air pollution control policies. By adopting the Quadrilateral Evolutionary Game
Model, this paper has systematically studied the evolutionary stable strategy of the four parties
involved, and proposed solutions to air pollution control in China, making theoretical and practical
contributions to the construction of air pollution control systems in developing countries.

The structure of this paper is as follows: Section 2 constructs the Quadrilateral Evolutionary
Game Model, Section 3 obtains the evolutionary stable strategies and stability conditions of various
parties, Section 4 reveals the condition and process of formation of evolutionary stable strategies
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by constructing and solving the four-dimensional dynamic system of dynamic game evolution, and
Section 5 concludes the paper and provided relevant policy recommendations based on the results of
game analysis.

2. Materials and Methods
2.1. The Parties in the Game and Their Strategy Choices

2.1.1. The Central Government

The central government determines the performance of local governments in environmental
supervision by checking whether the local government’s supervision report is consistent with on-site
inspection results and determines whether the enterprises comply with the regulations on emissions
by monitoring various emission indicators of the polluting enterprises [39]. Given the strategies of
the local government and polluting enterprises, the central government can choose to monitor (let
the probability be x) or not to monitor (let the probability be (1 — x)) the air pollution control work
in different places. Let the long-term social welfare brought by the long-term monitoring of the
central government on environmental protection be S;, the monitoring cost be Cy, and the cost of not
monitoring be 0; let the reputation loss due to lack of monitoring by the central government be L;.

2.1.2. The Local Government

When the central government requires local governments to supervise whether enterprises comply
with regulations on emissions, the local governments may implement regulations for the improvement
of local environment. However, the local government may also choose not to regulate due to the
high regulatory cost or concerns that strict regulations might result in lower fiscal revenues [40,41].
Therefore, the local governments’ behavior strategies include regulating (let the probability be y) and
not regulating (let the probability be (1 — y)). When the local governments choose to regulate, this
will pressure the enterprises to comply with regulations on emissions, so that improve the long-term
reputation and political achievement of the local government (let it be S;), but this will incur regulatory
cost at the same time (let it be C;). When the local government chooses not to regulate, public health
will be adversely impacted, and the local government will face reputation loss and other losses due
to population migration and labor force decrease in the long term (let it be Ly). If the fact that the
local government chooses not to regulate takes place during the central government’s environmental
inspection, the local government will be subject to political penalties (let it be Py).

2.1.3. Enterprises

When the local government requires enterprises to strictly follow the stated emission allowance,
the enterprises may, out of a sense of responsibility to the environment or fear of supervision by the
central and local governments, choose to comply with the regulations (let the probability be z); the
enterprises may also choose not to comply due to technology investment cost and potential negative
impacts on their operation income (let the probability be (1 — z)) [42,43]. If the illegal polluting activity
of enterprises is discovered by the central or local governments, the enterprises will be subject to
economic penalties (let it be P3) collected by the central government [44] and suffer from a reputation
loss (let it be L3).

2.1.4. The Public

When the public interest is violated due to the excessive emissions of polluting enterprises
within the jurisdiction of the local government, the public could not blow the whistle, i.e., tolerate the
enterprises’ non-compliant emissions and hope the local government would enforce the regulations.
In this case, the public will suffer a health loss of L4. The public could also choose to blow the whistle
in order to protect their legitimate rights and interests. If the non-compliant emissions or illegal
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polluting activities of the enterprise are confirmed, the whistleblower will receive a reward of By [45].
Therefore, the public’s behavior strategies include blowing the whistle (let the probability be 8) and not
blowing the whistle (let the probability be (1 — 0)). As for the local government, regarding the excessive
emissions of polluting enterprises within its jurisdiction, it may choose to regulate for the benefit of
public interests; it may also choose not to regulate due to concerns that the local economy might suffer
from strict environmental regulations [46,47]. When the public chooses to blow the whistle and the
local government chooses to regulate, the whistleblower will receive an extra compensation from the
polluting enterprise for negative externalities (let it be R4). However, when the public choose to blow
the whistle, they face a cost of Cy.

2.2. The Game Tree and Parameters

Based on the above-mentioned game participants and strategy choices, this paper has obtained
the Quadrilateral Game Tree related to air pollution whistleblowing and air pollution control and
supervision, as shown in Figure 2.
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Figure 2. Quadrilateral Game Tree for air pollution whistleblowing, air pollution control,
and supervision.

Further, Table 1 has listed the parameter description, definition, and value range of different game
participants in Section 2.1, in which the parameters x, y, z, 0 are dimensionless ones, while the other
parameters Sq,Cy, ..., P3, Ly, etc. are economic variables of the same order of magnitude. This paper
has not set specific units for them, which will not affect model calculations and results analysis.



Sustainability 2020, 12, 1756

Table 1. Definition of parameters related to different game strategies.

6 of 23

Parameter Definition Range
. The probability that the central government chooses xe0,1]
to monitor ’
1—x The probab.ility that the central government chooses (1-x) € [0,1]
not to monitor
The probability that the local government chooses to € [0,1]
Y regulate yelv
1-y ngt};rﬁgbabllhty that the local government chooses (1-y) € [0,1]
gulate
z The probability that enterprises comply with the ze[0,1]
regulations !
1—2 The prc?bability that enterprises violate the (1-2)€[0,1]
regulations
0 The probability that the public choose to blow the 0
. € [0,1]
whistle
-0 Thg probability that the public choose not to blow the (1-6) € [0,1]
whistle
The long-term social welfare due to air quality
S improvement when the central government monitors, 51>
1 the local government regulates polluting activities, max{Cq,L1,Pp,P3,By} >0
and enterprises comply with the regulations
Cq The monitoring cost of the central government C1>0
L The reputation loss if the central government chooses L >0
not to monitor
The long-term reputation gain and political
S achievement of the local government if it chooses to S
2 . N .. >0
regulate polluting activities and encourage emission
reduction
The cost of the local government if it chooses to
6] regulate polluting activities and the economic loss G >0
brought by strict regulation
L The reputation loss if the local government chooses L, >0
not to regulate
The punishment on the local government if the local
Py government chooses not to regulate and enterprises’ Py >0
polluting activity is caught by the central government
The technology investment cost required by
Cs enterprises to comply with the regulations and C3>0
related impacts on their main operation income
L The reputation loss of the enterprise if it chooses to I
3 . . 3 > 0
violate the regulations
The penalty on enterprises if their illegal polluting
p activity is caught by the local government or central Pa>0
3 government, which belongs to the central 3
government
Cy The cost of the public to blow the whistle Cys>0
B The reward granted to the whistleblower by the B
4 4 > 0
central government
The compensation to the whistleblower from
Ry polluting enterprises if the local government chooses Rs>0
to regulate
L, The adverse health impact on the public if the local Ly>0

government chooses not to regulate
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2.3. The Game Model

2.3.1. The Payoff Matrix of Quadrilateral Game Participants

Based on the parameters introduced in Section 2.2, the payoff matrix of the Quadrilateral
Evolutionary Game for air pollution control is shown in Table 2.

Table 2. The payoff matrix of the quadrilateral evolutionary game for air pollution control.

The Central Government (a)

Monitor (x) Not Monitor (1 —x)

The Local Government (b)

Not

Regulate (1) Regulate Regulate () Not Fegulate
(1-y) (1-y)
Y

Blow the Whistl

Comply ow (Z) SR (ay by e,d) (a5, bs,cs,ds) (a0, bo, co,do) (a13, b1s, 13, d1)
with

Regulations Not Blow the
Enterprises (2) The Public Whistle (1 - 6) (a2,b2,¢0,d2)  (ag, be,c6,ds)  (a10,b10,c10,d10)  (a14,b1a, C14,d14)

© 7 (d) Blow the Whistl
Violate ow (g) istle (a3,b3,¢3,d3) (a7, by,c7,d7)  (a11,b11,c11,d11) (415, b5, 15, d15)

Regulations
(1-2) Not Blow the

Whistle (1 0) (a4,b4,c4,d4)  (ag,bg,cs,dg)  (a12,b12,c12,d12) (16, b16, C16,d16)

The elements of the Payoff Matrix are shown in Equation (1).

51—C1—By S, —Cy —-C3 —C4+ By
51—-C S, —Cy —C3 0
-C1—-Bs+P3 -G —P3-Ry—L3 -C4+By+Rys—Ly
—C,-Ps Gy _Py—1I I,
51—C1—By 0 —-C3 —C4+ By
51-C1 0 —C3 0
—C1—=By+Py+P3 P  -P3—-Ry—L3 -C4+Bs+Rys—Ly
—C1+P3+P; —L, — P> —P3—1L3 —Ly (1)
-3 S, —Cy —-C3 —Cy
-1 S, -G -C3 0
~Ly +P3 -G —P3—-R4-1L3 ~C4+Ry—1Ly
L1+ P3 -G —P3—1L3 —Ly
L, L, —GC, o)
I, L, G 0
—Lq -Ly —L3 —Cy—Ly
“I, ~L, L L,

In the above payoff matrix, the four parties will continuously adjust their strategies in order to
maximize their expected return. According to the Evolutionary Game Theory, when the return of
a certain strategy is higher than the average return of the game system, this strategy will gradually
evolve and develop in the system [48-50], i.e., the proportion of individuals adopting such strategy
will grow at a rate greater than zero. This process is called the replicator dynamics equation, which
is a dynamic differential equation of the frequency with which a particular strategy is adopted in a
system [51-53].

dx

¥ x(Ux - Ux) @

Based on the different strategies of the four parties and their corresponding payoff, this paper has
established the replicator dynamics equation of each party as follows:
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2.3.2. The Replicator Dynamics Equation of the Central Government

The expected return of the central government a when it chooses to monitor can be expressed as

Uaq :y:ezx-@x-al—|—y>(-zx-(1—9)*a2+y*(1—z)*9*a3+y*(1—z)*(1—9)*a4
+(1—y)*z*6*a5+(1—y)*2*(1—6)*a6+(1—y)*(1—z)*6*a7 (3)
+(1-y)*(1-z)*(1-0)+as

The expected return of the central government a when it chooses not to monitor can be expressed as

Upr = y*z*@*a9+y*z*(1 6)*6110+]/ (1 z)*@*an+y*(1—z)*(1—6)*a12
+(1-y)*z+O0xa;3+ (1-y)*z+(1-0)*au +(1-y)*(1-2)*O=as5 4)
+(1-y)*(1-2)*(1-0)*as4

Let the probability of the central government a choosing to monitor and not to monitor be x and
(1 —x) respectively, then the expected return of the central government can be expressed as

Ug = x+Upp + (1-x)*Upp 5)

The growth rate of the monitoring strategy by the central government fi—’t‘ is positively correlated

to the payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator
dynamics equation of the central government can be calculated as follows:

{ fli—’t‘ =F(x) =x(Ua1 —Ua) = (1 -x)xA(y,z,0) (6)

A(y,z,0) = —=(0By + C1 — Ly — Py + yPy + zPy — yzPy — P3 + yP3 + zP3 — yzP3 — 257)

2.3.3. The Replicator Dynamics Equation of the Local Government

The expected return of the local government b when it chooses to regulate emissions can be
expressed as

Upy = xxzx0xby +x22%(1=0)+by+xx(1—2)*Oxbg+x%(1-2)*(1-0)xby
+(1-x)*z#0xbg+ (1 —x)#z%(1-0)*byg+ (1—x)*(1—2z)*Ox*byy (7)
+(1-x)*(1-2)*(1-6) by

The expected return of the local government b when it chooses not to regulate emissions can be
expressed as

Ugy = xxz#Oxbs+x%z%(1—=0)s+bg+x%(1—2)%Oxby+xx(1—-2)+(1—0)=bg
+(1-x)*z+Oxbz3+ (1—x)%zx(1=0)*+byy+ (1—-x)*(1—2)*O=bys 8)
+(1-x)*(1=2)*(1-60)=*bye

Let the probability of the local government b choosing to regulate and not to regulate emissions
be y and (1 — y) respectively, then the expected return of the local government can be expressed as

Up =y»Up1 + (1-y)*Up, ©)

The growth rate of the regulating strategy by the local government ‘% is positively correlated

to the payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator
dynamics equation of the local government can be calculated as follows:

{ = F(y) = y(Up —Up) = (1-y)yB(x,z,6) (10)
B(x,z,0) = —=(Co+ (=14 x(z 4+ 0 —20) )Ly — xP» + xzP> — 25))
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2.3.4. The Replicator Dynamics Equation of Enterprises

The expected return of the enterprise ¢ when it chooses to comply with regulations on emissions
can be expressed as

Uci =x*yx0sci+x+y*(1-0)xco+x+(1—-y)*Oxc5 +xx(1—-y)*(1-0)xce
+(1—x)*y*Orcg+ (1—x)*y*(1=0)*cip+ (1—x)*(1—y)*O=cy3 (11)
F(1-x)*(1-y)*(1-06)*c14

The expected return of the enterprise ¢ when it chooses to violate the regulations on emissions can
be expressed as

Ucp =x+y*0scz+x2y*(1-0)xcy+x+(1—y)*Oxcy+xx(1-y)*(1-0)xcg
F(1=x)xy*Oxcin+ (1-x)xy*(1-0)xc12+ (1-x)*(1-y)*O*c15 (12)
—I—(l—x)*(l—y)*(l—@)*cl(,

Let the probability of the enterprise ¢ choosing to comply with and violate the regulations on
emissions be z and (1 — z) respectively, then the expected return of the enterprise can be expressed as:

UC:Z*UCl+(1—Z)*UC2 (13)

The growth rate of the compliance strategy by the enterprise dd—f is positively correlated to the
payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator dynamics
equation of the enterprise can be calculated as follows:

{ L — F(z) = z(Uey — Uc) = (1-2)zC(x,y,0) ”

C(x,y,0) = —(C3-L3+ (x(-14+y) —y)(P3 + 6Ry))
2.3.5. The Replicator Dynamics Equation of The Public
The expected return of the public 4 when they choose to blow the whistle can be expressed as
Upy = xxyxzs+dy+x*y*(1—z)sdsg+xx(1—-y)szsds+xx(1—y)*(1—z)=dy

F(A=x)ryrzedy+ (1-x)xy*(1-z)xdy + (1-x)* (1 -y)*z+ds3 (15)
+(1—X)*(1—]/)*(1—Z)*d15

The expected return of the public d when they choose not to blow the whistle can be expressed as

Upy = xxyxzxdy +x+y*(1—z)xdy+x*(1—y)*zxdg+x*(1—y)*(1—z)=ds
+(1-x)xy*zxdig+ (1—x)*y*(1—2z)*dpp+ (1—x)*(1—y)*z*dyy (16)
+(1-x)*(1-y)*(1—2)*de

Let the probability of the public d choosing to blow the whistle and not blow the whistle be 6 and
(1 - 0) respectively, then the expected return of the public can be expressed as

UDZQ*Upl—l—(l—@)*UDQ (17)

The growth rate of the whistleblowing strategy by the public % is positively correlated to the
payoff of this strategy and difference in payoff with other strategies. Therefore, the replicator dynamics
equation of the public can be calculated as follows:

{ 40 _ F(0) = 6(Upy - Up) = (1-06)6D(x,v,2) (18)

D(x,y,z) = (xB4 —Cs + (x(-1+y) —y) (-1 +z)Ry)
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3. Results

Based on the game model constructed in Section 2, this paper will discuss the stable strategies
and stability conditions from the perspective of all parties.

3.1. The Dynamic Trend and Evolutionary Stable Points of the Central Government

It can be seen from Equation (6) that the main factors that determine the central government’s
tendency to choose the monitoring strategy include the following:

1. The probability of the other parties’ strategy decisions, such as the probability of the local
government choosing to regulate y, the probability of the enterprise choosing to comply with
regulations on emissions z, and the probability of the public choosing to blow the whistle 6;

2. The costs and benefits of the central government’s strategies, including the monitoring cost Cy,
the long-term social welfare due to long-term monitoring S1, the reputation loss due to lack of
monitoring L1, the economic or political penalties on local governments P,, the penalties on
non-compliant enterprises P3, and the reward to whistleblowers By.

According to Equation (6), let A(y,z,6) = 0, and when any of the three conditions listed in
Equation (19) is met:

_ 0B4+Cy—L1—Pr+zPy—P3+42zP3—251

SN (-112)(P;-+Ds) 0o

_ _ QB4+C1—L1—P2+yP2—P3+yP3
=721 = —Py+yPy—P3+yP3+S5; , OF (19)
0 — 91 _ =Cy+Ly+Py—yPy—zPr+yzPy+P3—yP3—zP3+yzP3+25;

= = i

It can be obtained that F(x) = 0, which means that when any of the probabilities listed above
meets the specified conditions, the central government will choose not to monitor, and the game system
will be in a stable state, as shown in Figure 3a, below.

(a) (b) (©)

Figure 3. The evolutionary phase diagram of the central government’s strategy choices: (a) 0 < y =
21<1,0<z=2<1,0<0=0;<L;(b)0<y; <y<1,0<2z1<2z<1,0<0;<0<1;(c
O<y<y1<1,0<z<z1<1,0<0<60;<1.

In the case of A(y,z,0) # 0, let F(x) = 0, two stable points of x can be obtained: 0 and 1. It can be
inferred from Equation (6) that

dl:i_(XX) = (1 - zx)A(yrZr 6) (20)
A(y,z,0) = —=(0By + C1 — Ly — Py + yPy + zPy — yzPy — P3 + yP3 + zP3 — yzP3 — 257)
. . . dF(x) dF(x)

In Equation (20), if A(y,z,0) <0,i.e.,y > y1,z > z1,0 > 01, then —=|x -0 <0and ——|x -1 > 0.

In this case, x = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the central government will tend to choose the stable strategy of not monitoring, as
shown in Figure 3b. This means that when the probability of the local government choosing to regulate
is higher than the critical value y;, when the probability of the enterprise choosing to comply with
regulations on emissions is higher than the critical value z;, or when the probability of the public
choosing to blow the whistle is higher than the critical value 0y, the enterprises will have a higher
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probability of compliant emissions, the air pollution will be effectively controlled, and the central
government will reduce its monitoring efforts. In this case, the optimal strategy choice of the central
government is “not monitoring”.

Conversely, if A(y,z,0) > 0,ie,y <y;,z <z, 0 <61, then dl;(:) [x—0 <0and dl;g(x) [x—0>0.In
this case, x = 1 is the evolutionary stable point, which represents the only global evolutionary stable
strategy—that is, the central government will tend to choose the stable strategy of monitoring, as shown
in Figure 3c. This means that when the probability of the local government choosing to regulate is lower
than the critical value y;, when the probability of the enterprise choosing to comply with regulations
on emissions is lower than the critical value z;, or when the probability of the public choosing to blow
the whistle is lower than the critical value 01, the local government will spend less efforts on regulatory
activities, the public will have less incentive to blow the whistle, resulting in a lower probability of
compliant emissions by polluting enterprises, the air pollution will not be effectively controlled. In this
case, the optimal strategy choice of the central government is “monitoring”.

3.2. The Dynamic Trend and Evolutionary Stable Points of the Local Government

It can be seen from Equation (10) that the main factors that determine the local government’s
tendency to choose the regulating strategy include:

1. The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the enterprise choosing to comply with
regulations on emissions z, and the probability of the public choosing to blow the whistle 6;

2. The costs and benefits of the local government’s strategies, including the regulatory cost of the
local government C», the reputation and political achievement due to long-term regulatory efforts
Sy, the reputation loss due to insufficient regulatory efforts Ly, and the economic or political
penalties on local governments P».

According to Equation (10), let B(x,z,0) = 0, and when any of the three conditions listed in
Equation (21) below is met:

_ Cz—Lz—ZSz
= 200, 1200, 1 P,—zP,7 O
_ Co—Ly+x0Ly—xP; 0 21
 —xLp+x0Ly;—xPy+Sy” ( )
0—0, — Cp—Ly+xzLy—xPr+xzPp—2Sy

Y2 = x(-1+z)Ly

X =

It can be obtained that F(y) = 0, which means that when any of the probabilities listed above
meets the specified conditions, the local government will choose not to regulate, and the game system
will be in a stable state, as shown in Figure 4a.

F () F(v) F ()
) _— : {&lv
) (b) (

(a <)

Figure 4. The evolutionary phase diagram of the local government’s strategy choices: (a) 0 < x =
% <1,0<z=2<10<0=0,<1;,b)0<x<xm<1l0<z<z<1,0<6;<60<1;(c
O0<xp<x<1l0<zp<z<1,0<0<6y<1.
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In the case of B # 0, let F(y) = 0, two stable points of y can be obtained: 0 and 1. It can be inferred

from Equation (10) that
T — (1-2y)B(x,2,0) )
B(x,z,0) = —=(Co 4+ (=14 x(z 4+ 0 —20) )Ly — xP» + xzP5 — 25))

In Equation (22),if B(x, 2, 0) < 0,i.e. x < %3,2< 23,0 >0, then T2 |y = 0 > 0.and El|y =1 <o.
In this case, ¥ = 1is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the local government will tend to choose the stable strategy of regulating emissions,
as shown in Figure 4b. This means that, when the probability of the central government choosing to
monitor is lower than the critical value x,, when the probability of the enterprise choosing to comply
with regulations on emissions is lower than the critical value z, or when the probability of the public
choosing to blow the whistle is higher than the critical value 8,, with less monitoring of the central
government, the enterprises will have a lower probability of compliant emissions, the public will have
a stronger tendency to blow the whistle, the air pollution will not be effectively controlled. In this case,
the optimal strategy choice of the local government is “regulating emissions”.

Conversely, if B(x,z,0) > 0,1.e., x > xp,z > 23,0 < 0, then %h/ =0 <0and dl;—(yy) y=1>0.
In this case, y = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the local government will tend to choose the stable strategy of not regulating emissions,
as shown in Figure 4c. This means that when the probability of the central government choosing to
monitor is higher than the critical value x;, when the probability of the enterprise choosing to comply
with regulations on emissions is higher than the critical value z;, or when the probability of the public
choosing to blow the whistle is lower than the critical value 0,, the air pollution will be effectively
controlled. In this case, from the cost perspective, the optimal strategy choice of the local government
is “not regulating emissions”.

3.3. The Dynamic Trend and Evolutionary Stable Points of the Enterprises

It can be seen from Equation (14) that the main factors that determine the enterprises’ tendency to
choose the compliance strategy include the following:

1. The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the local government choosing to regulate
y, and the probability of the public choosing to blow the whistle 6;

2. The costs and benefits of the enterprises” strategies, including the cost of complying with
regulations on emissions C3, penalty cost due to non-compliant emissions P3, and compensation
to whistleblowers by polluting enterprises for negative externalities caused Ry.

According to Equation (14), let C(x,y,0) = 0, and when any of the three conditions listed in
Equation (23) below is met:

X = x3 = —C3+L3+yp3+y9R4
LT
_ _ =G+ L3+xP3+x0Ry
y=y3= TPy 0] ,0r (23)
0= 0 — — 3+L3+xP3+yP3—xyP3
3 (—x—y+xy)Ry

It can be obtained that F(z) = 0, which means that when any of the probabilities listed above
meets the specified conditions, the enterprises will choose to violate the regulations on emissions, and
the game system will be in a stable state, as shown in Figure 5a.
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F(z) F(2) F(z)

(a) (b) (0)

Figure 5. The evolutionary phase diagram of the enterprises’ strategy choices: (a) 0 < x < x3 <
1L0<y=yw3<10<0=03<L;(b)0<x3<x<10<y3<y<10<03<0<1; ()
O<x<x3<l0<y<ys;<1,0<0<0O3<1.

In the case of C(x, y,0) # 0, let F(z) = 0, two stable points of z can be obtained: 0 and 1. It can be
inferred from Equation (14) that

#FE) — (1-22)Clx,y,0) o)
C(x,y,0) = =(C3—La + (x(-1+y) - y)(P3 + ORy))

Because (— 1+y)(P3+6R ) 0, (- 1+x)(P3+9R4) 0,(—x—y+xy)Ry <0, if C(x,y,0) >
ie,x>x3,y>y3 0> 03, -1<0 and £ |z 0 > 0. In this case, z = 1 is the evolutlonary
stable point, which represents the only global evolutlonary stable strategy, that is, the enterprises will

tend to choose the stable strategy of complying with regulations on emissions, as shown in Figure 5b.
This means that when the probability of the central government choosing to monitor is higher than the
critical value x3, when the probability of the local government choosing to regulate is higher than the
critical value y3, or when the probability of the public choosing to blow the whistle is higher than the
critical value 603, the supervision and regulation on air pollution is tightening, with closer monitoring
by the central government, stricter regulations on pollution emissions issued by the local government,
and stronger willingness of the public to blow the whistle. In this case, in order to avoid penalties
charged by the central government and compensation paid to the whistleblowers, the enterprises will
choose the optimal strategy of “complying with regulations on emissions”.

Conversely, if C(x,y,0) <0,i.e., x <x3,y < y3,0 < 03, then dP(Z |z—0 <0and —4=|z—1 > 0. In
this case, z = 0 is the evolutionary stable point, which represents the only global evolutlonary stable
strategy, that is, the enterprises will tend to choose the stable strategy of not complying with regulations
on emissions, as shown in Figure 5c. This means that when the probability of the central government
choosing to monitor is lower than the critical value x3, when the probability of the local government
choosing to regulate is lower than the critical value y3, or when the probability of the public choosing
to blow the whistle is lower than the critical value 03, the supervision and regulation on air pollution
is loosening, with less monitoring by the central government, less regulations on pollution emissions
issued by the local government, and less initiative of the public to blow the whistle. In this case, from
the cost perspective, the optimal strategy choice of the enterprises is “violating the regulations on
emissions”.

dF (z

3.4. The Dynamic Trend and Evolutionary Stable Points of the Public

It can be seen from Equation (18) that the main factors that determine the public’s tendency to
choose the whistleblowing strategy include:

1.  The probability of the other parties’ strategy decisions, such as the probability of the central
government choosing to monitor x, the probability of the local government choosing to regulate
y, and the probability of the enterprises choosing to comply with regulations on emissions z;

2. The costs and benefits of the public’s strategies, including the reward from the central government
By, the cost of whistleblowing Cy4, and the compensation from polluting enterprises for negative
externalities caused Ry.
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According to Equation (18), let D(x,y,z) = 0, and when any of the three conditions listed in

Equation (25) below is met:
C4—yR4+yzRy

X =X4 = B4+R4—]/R4—ZR4+}/ZR4’OT
o _ —xB4+C4—xR4+sz4
Y=Y4= ~Criniors Y (25)
7=z, = —xB4+C4—xR4—yR4+xyR4
T (—x-y+ay)R;

It can be obtained that F(6) = 0, which means that when any of the probabilities listed above
meets the specified conditions, the public will choose not to blow the whistle, and the game system
will be in a stable state, as shown in Figure 6a below.

AF(9) AF(9) F(0)

(a) (b) (©

Figure 6. The evolutionary phase diagram of the public’s strategy choices: (a) 0 <x =x4 <1,0<y =
Ya<l0<z=z<1,,(b)0<x4 <x<1,0<ys1<y<1,0<z<z4<L;(c)0<x<x4<1,0<y<ys<
1,0<z4<z< 1

In the case of D(x, y,z) # 0, let F(6) = 0, two stable points of 6 can be obtained: 0 and 1. It can be
inferred from Equation (18) that

e — (1-26)D(x,y,2) 26
D(x,y,z) = (xBy = C4 + (x(=1+y) = y) (-1 +2)Ry)

Because (—x —y +xy)Rq <0, if D(x,y,2) > 0,1.e., x > X4,y > Ya,z < z4, then %l@ -1 <0and
dF—(:)IG —0 > 0. In this case, O = 1 is the evolutionary stable point, which represents the only global
evolutionary stable strategy, that is, the public will tend to choose the stable strategy of blowing the
whistle, as shown in Figure 6b. This means that when the probability of the central government
choosing to monitor is higher than the critical value x4, when the probability of the local government
choosing to regulate is higher than the critical value y4, or when the probability of the enterprises
choosing to comply with regulations on emissions is lower than the critical value z4, most enterprises
would choose to violate the regulations on pollution emissions, so air pollution will not be effectively
controlled. In this case, with stronger monitoring by the central government and growing regulatory
efforts by the local government, from the perspective of health and financial compensation, the optimal
strategy choice of the public is “blowing the whistle”.

Conversely, if D(x,y,z) <0, i.e., x < X4, Y< yy4,z >z4, then %l@ —1>0and %l@ -0<0.In
this case, 0 = 0 is the evolutionary stable point, which represents the only global evolutionary stable
strategy, that is, the public will tend to choose the stable strategy of not blowing the whistle, as shown
in Figure 6¢. This means that when the probability of the central government choosing to monitor is
lower than the critical value x4, when the probability of the local government choosing to regulate is
lower than the critical value y4, or when the probability of the enterprises choosing to comply with
regulations on emissions is higher than the critical value z4, most enterprises would choose to comply
with the regulations on pollution emissions, so air pollution will be effectively controlled and the
public’s health will be protected. In this case, from a cost perspective, the optimal strategy choice of
the public is “not blowing the whistle”.
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4. Discussion

4.1. The Four-Dimensional Dynamic System and Its Equilibrium Points

In order to reveal the condition and process of the formation of above evolutionary stable strategies,
this section will expand the analysis by constructing and solving a four-dimensional dynamic system
of dynamic game evolution. According to Friedman, the stability of the equilibrium point of a group
dynamic system represented by a differential equation can be determined by the stability analysis
of the Jacobian matrix [54]. Therefore, this paper has adopted the Jacobian matrix stability analysis
method to study the stability of the equilibrium points in the evolutionary game. A four-dimensional
dynamic system is obtained based on the replicator dynamics equations of the four parties, as shown
in Equation (27), which is the combination of Equation (6), (10), (14), and (18).

= F(x) = (1-x)xA(y,2,6)
7 =F(y) = 1-y)yB(x,20)
& _ F(z) = (1-2)2C(x,y, 0) (27)
d_(a: F(0) = (1-0)0D(x,v,z)

This paper solves this four-dimensional dynamic system made up of the game strategies of the central
government, the local government, enterprises, and the public. When F(x) = 0, F(y) =0, F(z) =
0, F(0) = 0, this paper has obtained multiple feasible solutions:

1. There are 16 equilibrium points for four-party pure strategy solutions, which are:

(28)

Equation (28) indicates the four-party pure strategy solutions, which mean that the probability of
the strategy selection of quadrilateral game participants is a certain value of 0 or 1. According to
Equation (28), it can be seen that the probability of the quadrilateral game participantsisall 0 or 1,
and there are 16 strategy sets.
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2. There are at least eight equilibrium points for dual-party pure strategy solutions, which are

E16(x =0y=1z= _C;§+R4,9 = C3—Li—P3>
_ _ G-1Ls —Co+Lo+xP
E17(x —0y= CP3L o szjrzL SJ% P, 0=0
_ 3—L3 2 2 TXIH
ElS(X—OV—P3+R4§C Rxp o C@-l
Elg(x 1}/—02— 4 4+46_ 3IIE3P3 (29)
_ Cy _ —C1+L]+P2+P3
Ezo(x—g4+R4,y OZ—OG—C—SB )
E21(x: By = 0z_19_%“+1
_ C3—L3 o C1+L1+P2+P3
Ezz(x - CP3L ¥ =02= BPZJEP LS P 16? -0
— L=l ZBa=Ci AL P4 P
Ex(x = pig,y = 0,z = THphplgrt= 6 = 1)

Equation (29) indicates the dual-party pure strategy solutions, which mean that only two parties
in the quadrilateral game participants have a strategy selection probability of 0 or 1, and the
remaining two parties have a policy selection probability of uncertain values. According to
Equation (29), there are at least eight strategy sets.

3.  There are at least two equilibrium points for single-party pure strategy solutions, which are

Eoulx =0 —_ _ Cy(xP2—S;) _ —Co+Ly+xPy 0= —xCyPyP3+CyC3Ry—C3LyRy—CoLaRy+LyL3Ry+CyP3Sy—C3R4S2+L3R4So
wX=VY = TR Gt F T T x5 7 C4Ry(xP2=5,)

_ —B4C3+B4L3+CyPr+CyP3—CySy

= “ByP, 1C1R;—L1Rs—Bs51-R45;

y=0, (30)
Eps ,— B3C3-B3L3—B4CyP3+ByC3Ry+C1CyRy—Cyly Ry—ByL3Ry—~CyPyRy— C4P3R4
Ry(B4C3—BsL3—C4Po—C4P3+C451)
—B4C3P2+B4L3Py—ByC3P3+ByL3P3+Cy Py P3+CyPi— ClC3R4+C3L1R4+C1L3R4*L1L3K4+B4C351*B4L351*C4P351+C3R451*L3R451
Ry(B4C3-B4L3—CyP2~C4P3+C4S1)

0=

Equation (30) indicates the single-party pure strategy solutions, which mean that only three
parties in the quadrilateral game participants have a strategy selection probability of 0 or 1.
According to Equation (30), there are at least two strategy sets.

4.  There may be a mixed strategy solution Exs(x*, y*,z*), whose existence requires the following
conditions to be satisfied:

and x*, y*,z*,0%€(0,1) 31)

To summarize, when solving Equation (27), we can get a large number of feasible solutions.
However, many solutions have only mathematical meaning rather than practical significance. Therefore,
this paper choses feasible solutions that can represent real situations and can be represented by
mathematical expressions, which include 16 feasible solutions for four-party pure strategy solutions (Eg
to Eq5), eight feasible solutions for dual-party pure strategy (E14 to Ep3) and two feasible for single-party
pure strategy (Ex4 and Eps).

4.2. The Stability of the Four-Dimensional Dynamic System

In a multiple-party evolutionary game, the necessary and sufficient condition for an evolutionary
stable equilibrium E is that E represents a strict Nash equilibrium [55]. If the evolutionary stable
equilibrium E is asymptotically stable, then E must satisfy a strict Nash equilibrium, and the strict Nash
equilibrium must be a pure strategy equilibrium [56]. According to Lyapunov’s stability theory [57,58],
the eigenvalues of the Jacobian matrix can determine the asymptotic stability of the equilibrium points
of the system, that is, the necessary and sufficient condition for an equilibrium point in a replicator
dynamics system to represent an evolutionary stable strategy is that all the eigenvalues of its Jacobian
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matrix are negative real numbers [59]. The Jacobian matrix of the four-dimensional dynamic system is
shown in Equation (32):

(1-x)xdA (1-x)xdA (1-x)xdA

L SN, IR

1-y)ydB (1 _9 1-y)ydB 1-y)ydB

; yB

J= (1—g)ydC (1-z)ydC a (1—§)GydC (32)

P A o A

When the equilibrium point is Eg(x = 0,y = 0,z = 0,0 = 0), the Jacobian matrix is written as
Equation (33).

—C1+ L1+ Py+Ps 0 0 0
B 0 —-Co+ Ly 0 0
J= 0 0 —C3+ L3 0 (33)
0 0 0 —Cy

Similarly, the Jacobian matrix and its eigenvalues can be obtained for the 27 equilibrium points of
the system, as shown in Table 3. According to Lyapunov’s stability conditions, when all the eigenvalues
of the Jacobian matrix A is negative (A < 0), that is, when all the eigenvalues of the Jacobian matrix are
negative real numbers, the corresponding equilibrium point is a stable point; when all the eigenvalues
of the Jacobian matrix are positive real numbers, the corresponding equilibrium point is an unstable
point [60,61]; and when the eigenvalues of the Jacobian matrix contain both negative and positive real
numbers, the corresponding equilibrium point is a saddle point [62,63].

Table 3. The stability of equilibrium points in the quadrilateral evolutionary game.

Equilibrium Eigenvalues Asyml.at.otic
Point M h X A Condition
Eo _% i 1513 + ~Cy+ 1Ly ~C3+Ls —C4 i 0 &S i/\f )
0& Ay <0
E, ClHLi S ~CatlntSs Ci—Ls - .
E9 Ci— i'l' -5 —CQ ¥ S C3— .L'3. - P B, '—”c4
Ex Ci-Li-5 -5, Cs—Ls—Ps By~ Cy
Ei3 B4+C§_L1_ -Cy+ 5, C3_LI§_P3_ By +Cy
1 4
Eis By+ C1 - Ly oSy Cs — L.3. - P3 - B, +C,

In Table 3, it is difficult to determine the evolutionary stability of the quadrilateral evolutionary
game system based on the available information. Considering that this paper mainly focuses on the
compliant emission behavior of the enterprises under the supervision and regulation of governments
and monitoring of the public, this paper has neglected the equilibrium points in which the enterprises
violate or partially comply with the regulations on emissions and only keep the eight equilibrium
points that represent the most ideal, more-than-ideal, and ideal scenarios. Then, this paper studies
stability conditions of these 8 equilibrium points. Taking E; as an example, the asymptotic stability
condition for Ep is: C; > L1 + S1 and Cp > Ly + Sp, C3< L3, C4 >0. According to the parameter settings
in Section 2.2 based on real world situations, S1 > max{Cy, L1, P>, P3, B4} > 0. Therefore, the condition
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of (C; > L1 + S1) cannot be satisfied, and thus the equilibrium point E; is not an asymptotically
stable point.

Similarly, the condition for Es to be asymptotically stable (-Bs — C; + L1 + S1 < 0) also cannot be
satisfied. After analyzing the rest 6 equilibrium points using the same method, this paper has obtained
4 possible asymptotically stable points: Eg(x =1,y =0,z=1,0=0),E;1(x =1, y=12=1,0=0),
Eis(x=1,y=0,z=1,0=1), and Ejs(x=1,y=1,z=1,0 = 1). However, from the perspective
of the local government and the public, they must require positive payoff. Therefore, only
Eis(x=1,y=1,z=1,0 = 1) has the best chance of meeting the asymptotic stability condition:
By+Ci—-L1—-51<0and C, — S, <0,C3—L3—P3—Ry4 <0,-B4+ C4 <0.

It can be inferred from the stability conditions of these four equilibrium points that the value
of the environmental political achievement (Sp) is critical to the local government. If the value
of the environmental political achievement is lower than the environmental regulatory cost, the
stable equilibrium point of the system will move towards E9 and E;3, which will increase the
pressure on the central government to enhance monitoring. The public’s battle against pollution
by enterprises puts restrictions on the enterprises” environmental behaviors and plays the role of
third-party supervision. The reputation loss of enterprises if the whistle is blown (P3) and the design
of mechanisms of compensation for negative externalities (R4) and reward (By4) are particularly critical.
If the whistleblowing cost is too high, the stable equilibrium point of the system will move towards
Eq1, greatly reducing the incentive of the public to play an active role in whistleblowing.

Therefore, in China’s air pollution control campaign, in order to achieve the most ideal evolutionary
stable strategy in which the central government monitors, the local governments regulate, and
the enterprises follow the regulations, the key points include emphasizing the environmental
political achievement of the local governments, the environmental reputation of enterprises, and the
whistleblowing incentive mechanism innovation. The environmental management of China should
utilize the third-party supervisory role of the public apart from administrative intervention and
market mechanisms.

4.3. The Ideality of the Solutions for the Four-Dimensional Dynamic System

This paper has classified the outcomes of 16 equilibrium points for four-party pure strategy
solutions, eight equilibrium points for dual-party pure strategy solutions, two equilibrium points for
single-party pure strategy solutions, and the mixed strategy solution into five categories, which in the
order from the best to the worst scenarios are Most Ideal, More than Ideal, Ideal, Less than Ideal, and
Least Ideal (see Table 4).

Among the outcomes, the least ideal scenario is that the enterprises choose to violate the regulations
on emissions regardless of the monitoring, regulations or whistleblowing activities by the governments
and the public, which is represented by five equilibrium points. The less-than-ideal scenario is that the
enterprises choose to violate the regulations on emissions or partially comply with the regulations
with the monitoring, regulations or whistleblowing activities by the governments and the public,
which includes 14 equilibrium points. The ideal scenario is that the enterprises choose to comply with
the regulations on emissions with the monitoring, regulations and whistleblowing activities by the
governments and the public, which is represented by four equilibrium points. The more-than-ideal
scenario is that the enterprises choose to comply with the regulations on emissions with either the
monitoring, regulations or whistleblowing activities by the governments and the public, which covers
three equilibrium points. The most ideal scenario is that the enterprises choose to comply with the
regulations on emissions without the monitoring, regulations or whistleblowing activities by the
governments and the public, which is represented by one equilibrium point.
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Table 4.
evolutionary game.

19 of 23

The equilibrium points, strategy set, and policy performance of the quadrilateral

Equilibrium Point

Strategy Set of Game Participants

Policy Performance

(Not Monitor, Not Regulate, Violate Regulations, Not Blow the

Ey(x=0,y=0,z=0,0=0) Whistle) Least Ideal
Ev(x=0,y=0,2=0,0=1) (Not Monitor, Not Regulate, Y101ate Regulations, Blow the Less than Ideal
Whistle)

_ _ . (Not Monitor, Not Regulate, Comply with Regulations, Not
Ex(x=0,y=0,z=1,0=0) Blow the Whistle) Most Ideal
Es(x=0,y=1,2=0,0 = 0) (Not Monitor, Regulate, Vlolfate Regulations, Not Blow the Less than Ideal

Whistle)

_ _ _ (Strictly Monitor, Not Regulate, Violate Regulations, Not Blow

E4(x=1y=0,z=0,0=0) the Whistle) Less than Ideal
_ _ (Not Monitor, Not Regulate, Comply with Regulations, Blow

Es(x=0,y=0,z=1,0=1) the Whistle) More than Ideal

o _ _ o (Not Monitor, Regulate, Comply with Regulations, Not Blow
E¢(x=0,y=1,2=1,06=0) the Whistle) More than Ideal
E;(x=1y=12z=0,0=0) (Monitor, Regulate, Violate Regulations, Not Blow the Whistle) Least Ideal
Eg(x=1,y=0,z=0,0= 1) (Monitor, Not Regulate, Violate Regulations, Blow the Whistle) Least Ideal

_ _ _ (Monitor, Not Regulate, Comply with Regulations, Not Blow
Eo(x=1,y=0,z=1,6=0) the Whistle) More than Ideal
Eyp(x=0y=12z=0,0=1) (Not Monitor, Regulate, Violate Regulations, Blow the Whistle) Less than Ideal

. . . (Monitor, Regulate, Comply with Regulations, Not Blow the
Ey(x=1Ly=12=1,0=0) Whistle) Ideal
Ep(x=1Ly=12z=0,0=1) (Monitor, Regulate, Violate Regulations, Blow the Whistle) Least Ideal

_ _ _ (Monitor, Not Regulate, Comply with Regulations, Blow the
E(x=1Ly=0,z=1,0=1) Whistle) Ideal

. _ o (Not Monitor, Regulate, Comply with Regulations, Blow the
Eu(x=0y=12z=10=1) Whistle) Ideal

_ _ (Monitor, Regulate, Comply with Regulations, Blow the
Eis(x=1y=12=1,0=1) Whistle) Ideal

(Not Monitor, Regulate, Partially Comply with Regulations,

Ets Partially Blow the Whistle) Less than Ideal
(Not Monitor, Partially Regulate, Partially Comply with

Ei7 Regulations, Not Blow the Whistle) Less than Ideal
(Not Monitor, Partially Regulate, Partially Comply with

Es Regulations, Blow the Whistle) Less than Ideal

(Monitor, Not Regulate, Partially Comply with Regulations,
Eyg . : Less than Ideal
Partially Blow the Whistle)
(Partially Monitor, Not Regulate, Violate Regulations, Partially
Exo . Least Ideal
Blow the Whistle)

Eny (Partially Monlt(géﬂzhl}j%glzit; f‘?vn;lilg;e‘;/lth Regulations, Less than Ideal
(Partially Monitor, Not Regulate, Partially Comply with

En Regulations, Not Blow the Whistle) Less than Ideal
(Partially Monitor, Not Regulate, Partially Comply with

Ezs Regulations, Blow the Whistle) Less than Ideal
(Partially Monitor, Not Regulate, Partially Comply with

Ex Regulations, Partially Blow the Whistle) Less than Ideal
(Partially Monitor, Not Regulate, Partially Comply with

Eas Regulations, Partially Blow the Whistle) Less than Ideal

Eae (Partially Monitor, Partially Regulate, Partially Comply with Less than Ideal

Regulations, Partially Blow the Whistle)

5. Conclusions

This paper has innovatively constructed a quadrilateral evolutionary game model involving
the central government, local governments, polluting enterprises, and the public in order to
comprehensively analyze the development and implementation of China’s air pollution control
policies. By using the quadrilateral evolutionary game model, this paper has systematically studied the
evolutionary stable strategies of the four parties involved and obtains 27 equilibrium points, strategy
sets, and their corresponding policy performance with the help of the four-dimensional dynamic
system. The research results show that the least ideal scenario is that the enterprises choose to violate
the regulations on emissions regardless of the monitoring, regulations or whistleblowing activities by
the governments and the public, which includes five equilibrium points; the less-than-ideal scenario
is that the enterprises choose to violate the regulations on emissions or partially comply with the
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regulations with the monitoring, regulations or whistleblowing activities by the governments and the
public, which includes 14 equilibrium points; the ideal scenario is that the enterprises choose to comply
with the regulations on emissions with the monitoring, regulations and whistleblowing activities by
the governments and the public, which is represented by four equilibrium points; the more-than-ideal
scenario is that the enterprises choose to comply with the regulations on emissions with either the
monitoring, regulations or whistleblowing activities by the governments and the public, which covers
three equilibrium points; and the most ideal scenario is that the enterprises choose to comply with
the regulations on emissions without the monitoring, regulations or whistleblowing activities by the
governments and the public, which is represented by one equilibrium point. By analyzing the eight
equilibrium points that represent the ideal, more-than-ideal, and most ideal scenarios, especially the
four asymptotically stable points among them, this paper has obtained the conditions for these four
stable points as well as related policy implications.

In order to achieve the ideal or most ideal outcome of air pollution control policies when there
are multiple parties involved, on the one hand, costs need to be reduced, including the monitoring
cost, the regulatory cost, the compliance cost, and the whistleblowing cost; on the other hand, the
supervisory responsibility of the central government on air pollution control should be shared with
the local governments and the public, which requires further enhancement in the understanding and
motivation of the local governments on environmental regulation, further reduction in the regulatory
cost of local governments and the compliance cost of enterprises, and further encouraging the public
to actively report air pollution incidents and sources. For the enhancement of local governments’
understanding and motivation of environmental regulation, performance evaluation (to enhance
understanding and motivation) and air pollution special funds (to reduce regulatory and compliance
costs) could be used as well as setting up performance evaluation indicators in addition to economic
indicators such as GDP growth. In order to encourage the public to actively report air pollution
incidents and participate in the battle against air pollution, first of all, it is necessary to strengthen the
public’s awareness of environmental protection. Apart from that, a better reward and compensation
system for whistleblowing activities should be designed, including honors and cash rewards. Finally,
better whistleblowing channels should be provided to the public, such as developing the smartphone
mobile application and WeChat Applet for the “12369 Environmental Protection Whistleblowing
Inter-Connected Management Platform”.

The research in this paper is mainly a theoretical analysis of air pollution control and the
quadrilateral regulatory system. Based on this research, we will evaluate the process of air pollution
control in the future, which may help improve air pollution governance in China.
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