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Abstract: We constructed a three-tier tripartite evolutionary game model to analyze the
interactive relationships among the government, clusters of heavily polluting enterprises,
and the public regarding carbon emission reduction. The findings revealed that enhanced
supervision efforts by both the government and the public significantly accelerated the
evolutionary speed of green transition within heavily polluting enterprise clusters. Under
current policy frameworks, the government effectively guided heavily polluting enterprises
toward green and sustainable development pathways by implementing green subsidies
and stringent environmental regulation policies. Pioneering enterprises in heavily polluting
industries adopting green technology innovation expedited the green transformation of the
entire sector substantially. Numerical simulations were conducted to validate these conclu-
sions, and corresponding countermeasures and suggestions were proposed to facilitate the
green transition of heavily polluting enterprises.

Keywords: environmental performance; green technology innovation; three-way game;
heavily polluting enterprises

1. Introduction

Global climate change poses a significant threat to human society, and an increas-
ing number of countries have elevated achieving “carbon neutrality” to a national
strategy [1-3]. As key targets for emission reductions, how to effectively reduce carbon
emissions and promote the development of green technologies in polluting enterprises has
attracted the attention of governments, managers, and scholars globally [4,5].

Current research on the green transformation of heavily polluting enterprises
mostly focuses on environmental regulations [6,7], green credit [8,9], and green finan-
cial policies [10,11]. Zhao, Y. et al. (2023) found that government environmental regulations
drive green technological innovation in heavily polluting enterprises through the mediat-
ing effect of corporate social responsibility [12]; Cai et al. (2020) conducted an empirical
analysis using a panel Poisson fixed-effects model and found that direct environmental
regulations have a strong and significant incentive effect on green technological innovation
in heavily polluting industries [13]. Lin, B. et al. (2024) determined that green credit
policies drive the transformation of heavily polluting enterprises through a dual-track
mechanism of “positive incentives” and “reverse constraints” [14]; Li, R. et al. (2022) found
that the green credit implemented in China in 2012 significantly promoted the strategic
business diversification of heavily polluting enterprises into non-polluting industries, and
this effect was particularly prominent in large-scale, poorly governed, and highly marke-
tized enterprises, confirming that the policy effectively promoted industrial transformation
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and upgrading [15]. Huang, Y. et al. (2023) used a continuous difference-in-differences
model and found that China’s green financial policies inhibited the digital transformation
of heavily polluting enterprises by increasing financing costs and financing constraints;
however, this hindering effect was weakened in regions with reform and innovation and
enterprises with highly educated executive teams [16]. Some studies have also explored the
application of industrial intelligent technologies to drive the green innovation of production
processes [17-19]. Xu et al. (2023) argued that industrial intelligent technologies signifi-
cantly drive the green transformation of heavily polluting enterprises through technology
spillovers and resource optimization [20]. Based on panel data from 30 provinces in China
from 2006 to 2020, Shen, Y. et al. (2023) used a two-way fixed-effects model and instrumen-
tal variable method and empirically determined that the application of industrial robots
generates significant pollution reduction and carbon reduction synergy effects by driving
green technological innovation and improving energy efficiency [21]. Fatima, T. (2023)
revealed that industrial intelligence drives the development of green industries through
a market-oriented environmental regulation and carbon intensity mediation path [22].
Li, Z. et al. (2024) constructed an industrial intelligence index system and found that the
development of industrial intelligence significantly reduced the emission intensity of pol-
luting enterprises in China [23]. In summary, existing research has focused on the impact of
factors such as environmental regulations and green credit on the transformation of heavily
polluting enterprises; however, most studies have been limited to separately exploring
technological emission reduction paths or the effects of single policies, without integrating
the interactive effects of multiple stakeholders on the transformation process of enterprises.
Therefore, this study deeply explored the issues of pollution reduction, carbon reduction,
and green transformation of a cohort of heavily polluting enterprises from the perspectives
of external driving factors and internal driving forces.

In addition, some scholars have studied issues related to the green transformation of
enterprises through evolutionary game models. Wu, Y et al. (2024) constructed a three-
party evolutionary game model involving industrial enterprises, local governments, and
the central government and found that increasing environmental taxes, central government
financial incentives, and the synergy of local supervision can effectively promote the green
transformation of enterprises [24]. Xu, R et al. (2019) used a three-party evolutionary
game model comprising the government, environmental service companies, and polluting
enterprises and revealed that the “public-private partnership” model is key to environmen-
tal governance [25]. Cao, W et al. (2024) implemented a three-party evolutionary game
model involving environmental protection enterprises, polluting enterprises, and the gov-
ernment [26]. They found that enhancing environmental governance efforts, government
innovation subsidies, and the compensation degree of polluting enterprises to environmen-
tal protection enterprises promote green innovation [26]. In summary, although the existing
evolutionary game models all adopt a three-party structure [27-29], their game subjects are
limited to the relationship between enterprises and the government, with public partici-
pation only considered as an exogenous parameter or passive recipient, failing to form a
closed-loop feedback of ‘government regulation—enterprise strategy—public supervision’.

Therefore, this study constructed a three-layer, three-party game model involving the
government, the public, and a cohort of heavily polluting enterprises, taking carbon reduc-
tion policies as the trigger, to analyze the dynamic interaction mechanism in carbon and
emission reductions. The research framework is shown in Figure 1. The research framework
considered “the necessity of green transformation” and “the necessity of green innovation”
as the core themes. It elucidates the associative mechanisms of environmental governance
through a multi-party game logic of the government, heavily polluting enterprises, and the
public. The first-level game focused on the government’s strategic path in responding to
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climate change, taking the supervision of carbon reduction by heavily polluting enterprises
as the entry point. A three-party game model involving the government, enterprise group,
and the public was constructed to analyze the dynamic impact of interactions among the
subjects on the implementation of environmental policies. The second-level game was
based on the strategic positioning of enterprises in responding to climate change. A game
framework comprising the enterprise group, policy pressure, market response, and social
responsibility was constructed to explore their strategic choices in balancing survival needs
and long-term development under environmental constraints, revealing the impact of
green transformation on sustainability. The third-level game was based on the consen-
sus between the government and enterprises on green transformation, focusing on the
collaborative game between leading enterprises and small and medium-sized enterprises
(SMEs). Furthermore, the hindrance of free-riding effects on the transformation process
was analyzed, and feasible paths for driving cross-scale enterprise technology collaboration
through incentive mechanisms to break the implementation bottleneck of the overall green
transformation of the industry were explored. The research results revealed that (1) the
strengthening of government and public supervision had a significant positive effect on
accelerating the green transformation of the heavily polluting enterprises group; (2) the
enhancement of public supervision confidence and the increase in participation formed a
positive feedback mechanism, promoting social transformation towards sustainable devel-
opment; (3) the government effectively encouraged enterprises to transform towards green
and sustainable development through the implementation of green subsidy policies and
the formulation of strict environmental regulations; (4) the green technological innovation
behavior of leading enterprises in the industry had a significant leading role in promoting
the green transformation of the entire industry. In addition, the conclusions of this model
were verified through numerical simulation, and consistent results were obtained.
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The possible marginal contributions of this paper were: first, applying a three-layer
evolutionary game to explain the mechanism promoting green technological innovation in
a group of heavily polluting enterprises. In this game, each level’s actors adjusted their
strategies based on their own interests and information and through continuous interaction
and feedback, drove the entire system towards green technological innovation. Second,
from the perspective of evolutionary game theory, by incorporating the government, heavily
polluting enterprises, and the public into the same game framework, the interaction among
the three actors and the resulting impact on environmental policies were innovatively
explored, providing a new perspective for understanding the complex effects of government
supervision on the carbon reduction strategies of heavily polluting enterprises. The results
revealed that strengthening government and public supervision, implementing green
subsidies and environmental regulation policies, and encouraging leading enterprises to
engage in green technological innovation can effectively promote the green transformation
of heavily polluting enterprises and achieve sustainable development.

2. Model Setting

Before constructing the three-tier tripartite game model, we made the following
assumptions and described the variables involved in the model in detail (Table 1).

Table 1. Description of variables.

Variable Definition

cll The costs of strict government regulation
cl2 The government does not supervise the indirect costs
cl4 The cost of strict government regulation of the environment
cl5 The cost of the government not regulating the environment
c21 The cost of reducing emissions in heavily polluting enterprise groups
22 The cost of heavily polluting enterprises not reducing emissions
c23 The cost of leading heavy pollution enterprises in green technology innovation needs
24 The cost of heavily polluting enterprises to favor environmental performance
c31 The cost of supervision by the public
32 The cost of no supervision by the public
c41l The cost of green technology innovation needed for heavily polluting small and medium-sized enterprises
R11 The government strictly regulates the gains made
R12 The benefits the government obtains from lax regulation.
R14 The benefits to the government from implementing strict environmental regulations
R15 Loose environmental regulation benefits
R21 Income from emission reduction from heavily polluting enterprises
R22 Income of heavily polluting enterprises without emission reduction
R23 Leading heavy pollution enterprises profiting from green technology innovation
R25 Heavily polluting enterprises that prioritise environmental performance will benefit economically
R26 Prioritizing the economic benefits of financial performance
R31 Gain obtained by public supervision
R32 Public does not monitor the gains obtained
R41 Benefits to heavily polluting small and medium-sized enterprises from green technology innovation
R42 Spillover benefits from technological innovation

1 Under strict government supervision, heavily polluting enterprises that fail to reduce emissions will
P incur fines

) If the public finds that the enterprise does not reduce emissions under active supervision, the enterprise will
P be reported and fined

If the public finds that the enterprise does not reduce emissions under active supervision, the enterprise will

p3 be reported, and the corresponding people will be rewarded
p4 The cost of violating government environmental regulations in heavily polluting enterprises

5 The reputation loss caused by heavy pollution enterprises’ negative response to government
P environmental regulation
p6 Compensation to the public for the pollution by heavily polluting enterprises
p7 Subsidies for green technology innovation for enterprises

E Ecological benefits of heavily polluting enterprises
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Assumption 1. In each game, the three players involved are rationally bound.

Assumption 2. Layer one: The strategy of the government game was to strictly supervise or
not supervise the carbon emissions of heavily polluting enterprises, with a supervised probability
of x1 (0 < x; < 1) and unsupervised probability of (1 — x1). The selection strategy for heavily
polluting enterprises was emission reduction or no emission reduction, with an emission reduction
probability of y1 (0 <y, < 1) and no emission reduction probability of (1 —y,). The public’s
strategy involves choosing between supervising or not supervising the enterprise’s behavior, with a
supervision probability of z1(0 < zy < 1) and non-supervision probability of (1 — z;).

Layer two: The government game strategy involves a strict (probability of x; (0 < x, < 1))
or not strict (probability of (1 —x,)(0 < x, < 1)) implementation of environmental regulations.
The strategy for heavily polluting enterprise groups involves a preference for environmen-
tal performance (probability of y, (0 <y, < 1)) or for financial performance (probability
of (1 —y,)). The public’s strategy involves deciding whether to participate (probability of
23(0 < z, < 1)) or not participate (probability of (1 — z,)) in environmental supervision.

Layer three: The third layer: Under continuous government supervision, the public’s
strategic space for gaming is (strictly supervising whether heavily polluting enterprises
engage in green technological innovation or not supervising such innovation), with a
probability of x3 (0 < x5 < 1) to choose supervision and (1 — x3) to choose non-supervision.
The strategic space for leading heavily polluting enterprises is (innovate, do not innovate),
with a probability of y, (0 < y; < 1) to choose innovation and (1 — y;) to choose non-
innovation. The strategic decision for heavily polluting small and medium-sized enterprises
is (to innovate, do not innovate), with a probability of z3(0 < z3 < 1) to choose innovation
and (1 — z3) to choose non-innovation.

3. Dynamic Game Analysis
3.1. First Evolutionary Game Analysis

In the first game layer, the income matrix combining the government, heavily polluting
enterprise groups, and the public was constructed (Table 2).

Table 2. Payoff matrix of the first layer game.

. . The Public
Government Heavy Pollution Enterprises Supervised (z1) Do Not Supervise (1—z4)
. o Ryp —enn Ryp —enn
Actively reduce emissions (y,) Ry1 — o1 Ry —¢p1
Activel ise (x,) 31 — C31 R3p —c32
ctively supervise (X _ _
Negative emission reduction R R~ +p ﬁll cu Py
of (1—y,) 22 —C2 —P1— P2 22 —C2 — P
1 R3; — 31+ p3 R3y —c32
. o Ryp —cn2 Ryp —cn2
Actively reduce emissions (y;) Rp1 — ¢y Ry1 — e
Negative supervision of 317 61 Rsz = 32
the person (1 — xq) Negative emission reduction szl_z C_22C1_2 p Eg B gi
_ 2 -
of (1—yy) R31 —c31 + ps Rap — 3

3.1.1. Game Model Analysis of the Participant

e  Analysis of the government’s evolutionary stability strategy

Based on the income matrix in Table 2, the expected income from strict government
supervision was Uj1, as shown in Equation (1).
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Ui =y1z1(Ryg —c11) +y; (1 —2z1) Ry — 1) + (1 —y3)z1(Rg — c11 +py)

+(1—21)(1 —y) (R —c11 +py) v

The expected benefit that the government chooses not to supervise strictly was Uy, as
shown in Equation (2).

Up=y,21(Ri2 — c12) +y;(1 = 21)(Ri2 — c12) + (1 = ;)21 (Rip—c12)

(2)
+(1=21)(1 = y;)(Riz—e2)
The government’s average expected return was Uy, as expressed in Equation (3).
Up = x1Up + (1 —x1)Up2 3)

The government’s replication dynamic equation (a dynamic differential equation that
describes the frequency or frequency with which a particular strategy is adopted by species
in a population) [30,31] was Fq11(x1), as shown in Equation (4).

Fii(x) = % = (U —Up)xg

=x1(1 =x9)[(Ri1 —c11 —Ryz +c12) + (1 —y;) X pyq] @

To analyze the equilibrium conditions for the government to achieve the stability
strategy from the perspective of a single game player, the following analysis was con-
ducted. Let F111(x1) = 0 determine the stability of the government’s choice strategy.
Since [(R11 — ¢11 — Riz +¢12) + (1 —y;) x p;] was positively or negatively uncertain, the
following assumption was made:

When [(R7 —¢11 —Rip +¢12) + (1 —yy) X py] =0, supposey] =1+
the following was true:

P1

When y, = Y/1/ then F111(x1) = 0, all x; were in the evolutionary stable state.

When y; # y}, with F111(x;) = 0, two possible evolutionary stability points were
x; =0and x; = 1.

According to the stability theorem of the replication dynamic equation, the probability
of the government choosing supervision to be in a stable state must satisfy two conditions:
Fi11(x1) = 0 and dFldeixl) < 0. Therefore, by taking the derivative of Fy11 (X1 ), Equation (5)
was obtained.

dFq11(x1)

ax = (1-2x1)((Ry1 —c11 =Rip +c12) + (1 —y1) X py) )
1

When y; <y}, x; =1, the two conditions for reaching a steady state were satisfied,
and in this case, x; = 1 meant the government evolved a stable strategy.

When y; > y}, x; = 0, the two conditions for achieving a stable state were met,
where x; = 0 was the government’s evolution stability strategy. To demonstrate the above
conclusions more intuitively, the evolutionary trend of government strategy was plotted
(Figure 2).

e  Analysis of the evolution and stability strategy of heavy pollution enterprises

Based on the return matrix in Table 2, the expected return of heavy-pollution enter-
prises that opt for emission reduction was Uy, and it was expressed as Equation (6).

Uz1 = x121(Ry1 — ¢21) +x1(1 = 21) (R — e21) + (1 —x1)z1 (Ry — ¢21)

+(1=x1)(1 —2z1)(Ro1 — c21) 6)

(Ry1—¢c11—Ryp+cpo)

7
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Figure 2. The evolutionary trend of the government strategy.

The expected return of the heavy-pollution enterprise group was Uy, which was
expressed s Equation (7).

U= x121(Ro2 — Co2 — p; — py) + % (1 = 21)(Rpp — Cp — py) + (1

—x1)21(Ro2 — 22 = py) + (1 — 21) (1 — x1) (Ro2 — c22) @

The average expected return of heavily polluting enterprises was Uy, which was given
by Equation (8).
U =y, Ui + (1 —y;)Un 8)

The replication dynamic equation for the policy selection of heavily polluting enter-
prises is shown in Equation (9).

d
Foii(yy) = ¢ = y1(Uz1 — Uy)
=y, (1 )
—y1)[(Ra1 —co1 — Rop +¢22)21 X X1 + 21 X Py +X1 X py]

To analyze the equilibrium conditions for heavily polluting enterprises to achieve
the stability strategy from the perspective of an individual game subject and to achieve
Fr11(y;) = 0 for the stability of heavily polluting enterprises’ strategy because
[(Rp1 — 21 — Roo 4+ ¢22)21 X X1 + 21 X py + X1 X pq] reflected positive and negative uncer-
tainty, the following was assumed:

When [(Ry —co1 —Rop+c2)z1 xx1 +21 Xpy+x1 xpy] = 0, set xp =

1Py
—(21Ry; —21¢21 —21Rop 421020 4+p1)
When x; = x{, then F11(y;) = 0, all y; was in an evolutionary stable state.

, and the following was true:

When x; # x}, make F»11(y;) = 0, and two possible evolutionary stability points were
y; =0andy; = 1.

According to the stability theorem of the replication dynamic equation, the probability
that the heavily polluting enterprises were in a stable state must meet two conditions:

Fy11(y,) = 0and dFZdLygyl) < 0. Therefore, by taking the derivative of F»11 (y; ), Equation (10)
was obtained.
dF
25;7(}71) = (1=2y1)((Ro1 — o1 = Ryp + )21 X x1 +21 X py +x1 X py)  (10)
1

When x; < x'l, y; = 0, the two conditions to becoming a stable state were met. Where
y; = 0 denotes the evolutionary stability strategy of the heavily polluting enterprises.

When, x; > x’l, y; = 1, the two conditions to becoming a stable state were met. Where
y; = 1 denotes the evolutionary stability strategy of the heavily polluting enterprises. To
demonstrate the above conclusions more intuitively, the strategic evolution trend of heavily
polluting enterprises was plotted (Figure 3).
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Figure 3. Strategy evolution trend diagram of heavy pollution enterprise groups.

e Analysis of the public evolutionary stability strategy

Based on the income matrix in Table 2, the expected return of the public from choosing
supervised enterprises was Us1, as shown in Equation (11).

Us1 = x1y1(Rs1 —¢31) +x1(1 — y1) (Ra1 — 31 +p3) + (1 —x1)y; (Ras (11)
—c31) + (T —x1)(1 —y;)(Ra1 — 31 +p3)

The expected return of the public choosing not to supervise the enterprise was Usp, as
shown in Equation (12).

Usz= x1y1(Ra2 — ¢32) + %7 (1 — y1)(Ra2 — c32) + (1 — x1)y; (Rs2 — ¢32) (12)
+(1T=y) (1 —x1)(Rez — c32)

The average expected return for the public was U3, as shown in Equation (13).
Us = 21Uz + (1 —21)Us (13)
The replication dynamic equation for public strategy selection is shown in Equation (14):

Fai1(z1) = %= 21 (U3 — Us) = 2, (1

14
—21) [(Ra1 — 31 — Rap +¢32) + (1 = yy) X ps] (14

To analyze the equilibrium conditions for the public to reach a stable strategy from
the perspective of a single game player, F311(z1) = 0 was used to seek the stability of the
public choice strategy. Since [(Rs; — c31 — Rap 4 ¢32) + (1 —y;) X ps] reflected positive
and negative uncertainty, the following was performed:

When [(R31 —c31 —Ryp+c3) + (1 —y;) Xps] = 0, sety] = 1+ (R’o'l_c3lp—_3R32+C32),
the following situations exist:

When y; =y}, then F311(z1) = 0, z; was in an evolutionary stable state.

Wheny, # y’l, set F311(z1) = 0, evolutionary stability was true for zy = 0 and z; = 1.

According to the stability theorem of the replication dynamic equation, the proba-
bility of the public choosing supervision to be in a stable state must satisfy two condi-
tions: F311(z1) = 0 and dFﬂ;Z(Zl) < 0. By taking the derivative of F311(z1), Equation (15)

1
was obtained.

dFz11(z1)

a7, = (1 — 221) [(R31 —c31 — Rap + C32) + (1 - Y1) X pB] (15)

Wheny,; <y} and z; = 1, the two conditions for achieving a stable state were satisfied,
where z; = 1 was the mass evolution stability strategy.
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When y; >y}, z; = 0, the two conditions were satisfied, and z; = 0 denotes the
mass evolution stability strategy. To illustrate the above conclusions more intuitively, the
evolutionary trends of public strategies were plotted (Figure 4).

A A
A
=3 B3 kl\':l

[ —

| i o Yo -

yi=Y1 y1<yi y1>y1

Figure 4. The evolutionary trend diagram of the mass strategy.

3.1.2. System Stability Analysis
The replication dynamic system was built according to Equations (4), (9) and (14).

& =x1)[(R1 —e11 —Rpp +c2) + (1 —yy) X py]
y(
Z

x1(1
—y1)[(Ro1 —ca1 = Rop + e22)21 X X1 + 21 X py + X1 X py]
21(1—21)[(R31 — e31 — Rap +e32) + (1 — y;) X ps]

dY1

1 —g
dt —
It was assumed that { D1 — (, and eight pure strategy equilibria were obtained:
d —
)

E11<010 0 E12 01011 El3(0 1 O) El4(0/ 111)/E15(1/0/O)/E16(1/ 1/0)/E17(1/O/1)/ and
E18(1r 111)
By constructing a Jacobian matrix,

Y1

a(F151 (q)) a(F1$1(X1)) D(Flgl (q))

(F211<V1)> 9(Fp11(y1)) (an(Yﬂ)

I

a(F311<11>> (F311(21)) a(F311(71>)

o 91 92
_ | O=29)([(Ryg —epg —Ryp +epp) + (1 —yq) xp1]) a1 =x1)py 0

¥1(1=y1)(P1 — 2121 + 2122 +Ro121 — Ropz1) T y1(1=y1)(p1 = c21%1 +x122+Ro1xq —Rpoxq)
0 =71(1=21)p3 (1-221)[(Rgy —c31 —Rgp +c32) + (1= y1) ¥ p3]

where T = (1 —2y;)((Rp1 — 21 — Roo +¢22)21 X X1 +21 X py + X1 X pq)

In the analysis of the stability of the replication dynamic system using Lyyanov’s first
method (If the eigenvalues of the Jacobian matrix corresponding to the local equilibrium
point were all negative, then the equilibrium point was the evolutionary stability point. If
at least one eigenvalue was positive, the equilibrium point was unstable), and the resulting
eight pure strategy equilibrium points were substituted into the Jacobian matrix to find the
eigenvalues of each equilibrium point, as shown in Table 3 [32,33].

From Table 3, we concluded that:

When Ry1 — ¢11 — Ryp + ¢12 < 0 and R3y — ¢31 — R3p + ¢30 > 0, that is, the net income
of government supervision was less than that of public supervision, E14(0, 1, 1) reflected the
stable evolution strategy, the system was the evolution trend of government supervision,
emission reduction from heavily polluting enterprises, and the state of public supervision.
In this ideal social state, enterprises were weakly constrained by the masses through inde-
pendent governance and actively reduced pollution emissions. Moreover, the promotion of
public education enhanced social awareness of environmental protection. The government
does not directly supervise but ensures the transparency of environmental action and
the possibility of public participation by formulating incentive policies, improving the
legal system, and providing a platform for information disclosure. With the joint efforts
of the government, enterprises, and the public, society formed a self-regulated and self-
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supervised environmental protection ecosystem that promoted the green transformation
and sustainable development of the economy.

Table 3. Analysis of equilibrium point stability in the first game layer.

Equation Eigenvalue A Stability
2 —c11+p; + Ry — Ry
E11(0,0,0) 0 Instability

R31 —c31 — Rz + e+ p3
Ri1 —c11 —Rip+cip +py
E12(0,0,1) P2 Instability
C31 —C32 — Py — Ry +R32
Ry1 —ci1 —Rip+ep2
E13(0,1,0) 0 Instability
R31 —c31 — Ry + 3
Ri1 —ci1 —Rip+ o2
E14(0,1,1) ) Possibly a stable point
—(R3; —c31 — Rgp +c32)
—(Ryp —c11 —Rpp + e +py)
E15(1,0,0) P1 Instability
R3;1 —c31 —Rp + e+ p3
—(Ryy —c11 — Rz +c12)
Ei6(1,1,0) —Pi Possibly a stable point
(Rg; — 31 — Rap +c32)
—(Ryy —c11 —Ryp +cio+py)
E17(1,0,1) (Ro1 — 21 —Rop + 2 +pq +py) Indeterminacy
—(Rg; —c31 —R3p + 32 +p3)
—(Ry; —c11 =Ry +c12)
E15(1,1,1) —(Ro1 — 21 =Rz + 2 +p; +py) Indeterminacy
—(Rg; — 31 —R3p +¢32)

When Ry1 — ¢11 — Ry + ¢12 > 0and R3y — ¢31 — R3p + ¢30 < 0, that is, the net income
of the government choice of supervision is greater than the net income of choosing no
supervision, and the net income of mass choice of supervision is less than the net income
of choosing no supervision E14(1,1,0) was the stability point, and the evolution trend of
system stability was government supervision, emission reduction by heavily polluting
enterprises, and no public supervision. In this state, government supervision becomes key
in promoting the emission reduction from heavily polluting enterprises. To further enhance
the sustainability of this state, governments should continue to strengthen regulations and
standards while encouraging businesses to invest in clean technologies through economic
incentives such as tax incentives and subsidies. Support for technological innovation is also
crucial, and governments can fund research and development projects to help companies
adopt more environmentally friendly production methods, as well as raise public awareness
through environmental education. Establishing public participation mechanisms, such
as online reporting systems, and ensuring the transparency of corporate environmental
information can gradually stimulate public enthusiasm for participation.

When Ry; —cj1 —Rip+cip+p; > 0, Ry —c1 —Rpp +cp +p; +p, < 0, and
R31 —c31 —R3p +c32 +py > 0, Egy(1,0,1) was the stability point of system evolution.
The evolution trend was supervision from the government, emission reduction, and public
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supervision, which reflected the most unsatisfactory state. In this situation, the govern-
ment’s regulatory efforts failed to effectively promote the emission reduction actions of
enterprises, and the supervision of the masses failed to produce the expected positive
impact, leading to difficulties in achieving environmental protection. This suggested the
need for reassessment and adjustment of regulatory strategies as well as enhancing the
effectiveness of public participation to achieve better environmental protection.

WhenRj; —c11 —Rpp4+¢12 > 0,Ry; — o1 — Ry + 0 + p1tp, > 0,and R3; — ¢c31 —
R3p + 32 < 0, Eqg(1,1,1) was the stability point of system evolution. Here, the strategy
of the system was government supervision, emission reduction, and public supervision.
This joint effort constituted a comprehensive environmental protection framework. The
government must establish and implement strict environmental laws and regulations,
encourage enterprises to reduce emissions through incentive and punishment mechanisms,
and increase the research, development, and promotion of environmental protection tech-
nologies. Moreover, public awareness of environmental protection must be increased, and
people should be encouraged to implement energy conservation and emission reduction
practices in their daily lives through education and media.

3.2. Second Layer of Evolutionary Game Analysis

In the second layer of the game, the income matrix combining the government, heavily
polluting enterprises, and the public was constructed, and the results are shown in Table 4.

Table 4. The payoff matrix of the second layer game.

Government

The Public
Supervised (z3) Do Not Supervise (1—2z)

Heavy Pollution Enterprises

Preference for environmental E 511412; Sl‘é s E 511412; Sl‘é s
erformance
Implement strict P (v2) R31 —c31 R3y — e
environmental regulations (x Rig — _

8 Ox2) Preference for financial R1246 _ (;4 j_g‘l %1246 _ %4
performance (1 —y,) Ray — C351 N P66 Ray — C352

Preference for environmental E 5115{2; ilSC s E 5115{2; 315(: ’s
Implement loose performance (y,) R —c3; R3p — 3

environmental regulation R R

(1—x2) Preference for financial R1256 B 35 15R;6C15
performance (1 —y,) Ray — a1 _ﬁ P Rap —c3

3.2.1. The Stability Analysis of the Second Layer of the Game Subject

e  Analysis of government evolution and stability strategy

Based on the return matrix in Table 4, the expected return of the government under
strict environmental regulations was Uy, as shown in Equation (16).

Uy = 25y, (Rig — c14) +y,(1 = 22) (Ryy — c14) + (1 = y,)22(Ryy — c14

+py) + (1 —y,)(1 = 22) (Ryy — c1a) (16)

The expected return for the government to implement relaxed environmental regula-
tions was Ujs, as shown in Equation (17).

Uis = y,22(Ri5 — ¢15) + ¥, (1 — 22) (Ri5 — ¢15) + (1 — y,) 2z (Ry5 — ¢15) (17)
+(1 = y,)(1 = 22)(Ry5 — ¢15)
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The average expected return of the government was Uy, as shown in Equation (18).
U7 =xoUns + (1 —x2)Uss (18)

The replication dynamic equation for government policy selection is shown in
Equation (19).

Fi31(x2) = $2=x,(Uys — Uy)

(19)
=%2(1 —x2)[Ryg — c14 — Ry5 + €15 + 2op, — Yo ZoPy]

The following analysis was conducted to analyze the equilibrium conditions for the
government to achieve a stability strategy from the perspective of a single game subject.
Let F131(x2) = 0 analyze the stability of the government selection strategy. Owing to the
positive and negative uncertainty of [Ri4 — ¢4 — Ry5 + ¢15 + Zop, — y,20p,], the following
was assumed:

When [Ri4 — 14 — Ris5 + ¢15 + 2op, — ¥,20p4) = 0, set y) =
following was true:

Ryg—c14—Rys+¢15+2opy the
2Py ’

When y, =y, then F31(x2) = 0, xp is in an evolutionary stable state.

When y, # y5, make Fi31(x2) = 0, x, = 0 and x, = 1 were evolutionary
stability points.

According to the stability theorem of the replication dynamic equation, the probability
that government supervision is in a stable state must meet two conditions: F131(x2) = 0 and
d 4F12109) . Therefore, by taking the derivative of Fi31(x7), Equation (20) was obtained.

dX2

dFy31(x2)

o (1 —2x2)[Ryg — c14 — Ry5 + €15 + Zopy — Yo2opy4) (20)

When y, < y}, x, = 1 satisfied the two conditions to become a stable state, then
xp = 1is the government’s evolutionary stability strategy.

Wheny, > y), Xo = 0, the two conditions for becoming a stable state are satisfied, and
xy = 0 is the government’s evolutionary stability strategy. To show the above conclusions
more intuitively, the evolutionary trend of the government strategy was plotted (Figure 5).
& D

A
]

r’

. ye-

V-1
‘/$ - ‘z

Y2=Y> Y2 <Y3 Y2 >Vs

Figure 5. The phase diagram of government strategy evolution.

e  Analysis of the evolution and stability strategy of heavily polluting enterprises

The benefit of heavily polluting enterprises that prefer ecological performance was
Uys, as shown in Equation (21).

Uzs = x222(Rp5 — ¢25 + E) +x2(1 — 22) (Ry5 — c25 + E) + (1 — x2)22(Ry5

s 1 E) (1 - x2)(1 - 23)(Res — 5 + E) 2D
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The income of heavily polluting enterprises that choose financial performance and not
emissions reduction was Uy, as shown in Equation (22).

Uz = x222(Ros — 5 — Pg) +X2(1 — 22) (Rag — ps) + (1 — x2)Z2(Rog — py)

(1 x2)(1 — 22)(Rag) 2

The average return from the strategy selection of heavily polluting enterprises was Usg,
as shown in Equation (23).
Us = y,Uzs + (1 = y,) Uz (23)

The replication dynamic equation for the strategy selection of heavily polluting enter-
prises is given in Equation (24).

— 2 4y )[E+ Res — s — R 24

Fosi(y,) = i ¥2(1 = y2) [E + Ros — ca5 — Rag + Xap5 + 22 (24)

To analyze the equilibrium conditions for heavily polluting enterprises to achieve

stable strategies from the perspective of a single game subject, the following analysis

was conducted: Make Fy3;(y,) = 0 for the stability of the government selection strategy

because [E + Ros — ¢25 — Rog + Xop5 + 2op,| denotes positive and negative and uncertainty,
the following was assumed:

—(E4+Ry5—co5—R
(E+Ra5—c25 25+22P6), the

When [E + Rp5 — cp5 — Rpg + Xops + Z2p6] =0, set x’2 = =

following was true:

When x; = xj, then F31(y,) = 0, y, was in an evolutionary stable state.

When x, # x5, make Fp31(y,) = 0,y, = 0and y, = 1 were evolutionary stable states.

According to the stability theorem of the replication dynamic equation, the probability
that the government choosing supervision was in a stable state needed to meet the two
conditions Fp31(y,) = 0 and dFﬁ%y(zyz) < 0; therefore, taking the derivative of Fa3;(y,),
Equation (25) was obtained.

dFp31(y,)

dy, (1—2y,) [E+ Ros — c25 — Rog + X2p5 + 22pg (25)
2

When x, < x’2 and y, = 1, the two conditions for reaching a stable state were met
when y, = 1 was the evolutionary stability strategy for heavily polluting enterprises.

When x; > X} and y, = 0, the two conditions for becoming a stable state were met.
Here, y, = 0 was the evolutionary stable strategy of heavily polluting enterprises. To
demonstrate the above conclusion more intuitively, the evolutionary trend of government
strategy was plotted (Figure 6).

A
B3

A
N

P

Xy = X5 Xy > X5 Xy < X3

Figure 6. Strategy evolution phase diagram of heavily polluting enterprises.

e  Analysis of the public evolutionary stability strategy
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The benefit of public participation in environmental supervision was Uss, which is
expressed in Equation (26):

Uss = x2y,(R31 — ¢31) +x2(1 = y,) (Rg; — 31 +pg) + (1 — x2)y,Ra

26
—¢c31) + (1 —x2)(1 —y,)(Ryy — 31 + pg) 20

The benefit of public participation in environmental supervision was Uz and was
expressed using Equation (27).

Uss = x2y,(R3z — c32) +x2(1 = y,)(Ra2 — c32) + (1 = x2)y,(Ra2 — ¢32)

(27)
+(1=x2)(1 = y,)(Ra2 — c32)
The average gain for the public was Uy, as shown in Equation (28).
Uy = zoUszs + (1 — 22)Use (28)

The replication dynamic equation for public strategy selection was given by Equation (29):

d
F331(22) = g =25(1—2)[(Rs1 — c31 — Rap + e32) + (1 — y,) X pg) (29)

The following analysis was conducted to analyze the equilibrium conditions for
the public to achieve a stability strategy from the perspective of a single game subject.
Make Fa31(z7) = 0 for the stability of the public selection strategy. Owing to the positive
and negative uncertainty of [(R3; — c31 — Rz +¢32) + (1 —y,) X pgJ, the following was
assumed:

When[(Rg,l —c31 — Rgp + C32) + (1 _ YZ) % Pé] =0, set y/2 _ p6+R317c;27R32+c32’ the

following situations were true:

When y, =y}, then F331(z2) = 0, y, was in an evolutionary stable state.

When y, # yj, with Fs31(z;) = 0, y, = 0 and y, = 1 were evolutionary
stability points.

According to the stability theorem of the replication dynamic equation, the probabil-
ity that the government will choose supervision to be in a stable state must satisfy two
conditions: Fa31(zp) = 0 and dF%ZZ(ZZ) < 0. Equation (30) was obtained by directing the

Fa31(22).
dFs31(22)
de

Wheny, <y} and z; = 1, the two conditions for achieving a stable state were satisfied,

= (1—222)[(Ra1 — c31 — Rap +c32) + (1 — y,) ¥ py] (30)

at which point z; = 1 was the public evolution stability strategy.

When y, >y} and z, = 0, the two conditions for achieving a stable state were met.
Here, z; = 0 was the stable public evolution strategy. To demonstrate the above conclusion
more intuitively, the evolutionary trend of public strategy was plotted (Figure 7).

A & A
N |
J A -
y -
Y2 =2 Y2 <Ya Y2 > Va2

Figure 7. The evolutionary trend diagram of the public strategy.
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3.2.2. Stability Analysis of Participant Subject Strategy Combination
The replication dynamic system was built according to Equations (19), (24) and (29):

% = x2(1 —x2)[R1g — 14 — Ri5 + ¢15 + Zapy — ¥,22p,]

d
% = y,(1 = y,) [E + Ro5 — c25 — Ryg + Xops5 + Z2pg

% =25(1—22) [(Rs1 — 31 — Rap + c32) + (1 = y,) X pg)

o —9
ddt -
It was assumed that % =0, and eight pure strategy equilibria were obtained
9 —¢
dt

E»1(0,0,0),E(0,0,1),E3(0,1,0),Ep4(0,1,1),Ep5(1,0,0),E(1,1,0),Exz(1,0,1), and Eg(1,1,1).
By constructing a Jacobian matrix,

9(F131(x)) 9(Fim(x2)) 9(Fiz1(x2))

dXo ay. 92y

0F(vy)  AFmiyy)  AFaly,)
JIXo 0 92y

AFin(z))  A(Ean(z)  3Fa(z2)
IXo Iy, 02,

_ | =29)[Ryg — 14 —Rys5 + ¢35 + 20y — 20y2p4] 0 0
y2(1=y2)ps5 (1-2yp) [E+Ro5 — g5 — Rog + Xap5 + 226 v2(1-y2)ps
0 —23(1-23)pg (1-221)[(R31 —c31 — Rgp +c30) + (1= y2) x pg]

Using Lyyanov’s first method to analyze the stability of the replication dynamic system,
the eight pure strategy equilibrium points obtained were substituted into the Jacobian
matrix to find the eigenvalues of each equilibrium point, as shown in Table 5.

Public supervision is less binding on enterprises; therefore, the public of the en-
terprise group supervision income Rjz; is a small positive, cannot affect the character-
istics of positive and negative, based on the thinking of the rational man, the gov-
ernment to the public reward p, greater than 0 small positive, cannot affect the pos-
itive and negative characteristics, the cost of the public supervision c3; close to 0,
income Rz close to 0. When R3;—c31 — R32 + 32 + pg < 0, the equilibrium points
Ex(0,0,1),E23(0,1,0),E4(0,1,1),E27(1,0,1), and Exg(1,1,1) were not stable. Therefore,
only E»1(0,0,0),E5(1,0,0), and Eps(1,1,0) were analyzed. From Table 5, we concluded
that:

When Ri5 — ¢15 < 0, and E 4+ Rys — ¢35 — Ryg < 0, it means that the net income from
strict environmental regulation by the government is less than zero, heavy pollution
enterprise preference environmental performance net income less than preference financial
performance of net income, system evolution trend for the government does not implement
strict environmental regulation, heavy pollution enterprise group preference financial
performance, the public not supervision state, this is not an ideal social state, environmental
problems may continue to deteriorate, the goal of social sustainable development is difficult
to achieve.

When Ri5 — ¢15> 0 and E + Rps — c25 < Ryg — p5, the net income of the government
implementing strict environmental regulation was >0, and heavily polluting enterprises
favored financial performance, E»5(1,0,0) was a stable evolution strategy, and the evolution
trend of the system was government supervision, heavily polluting enterprises favored
financial performance, and no public supervision. If the evolution trend of systems relies
solely on government oversight, while heavily polluting companies still prioritize financial
performance and the public lacks a sense of supervision, this could lead to insufficient
environmental protection efforts. It would be difficult to form an effective social co-
governance pattern. Companies might continue to adopt production methods detrimental
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to the environment in pursuit of maximum profit, neglecting long-term environmental
impacts and social responsibilities, thereby exacerbating environmental degradation.

Table 5. Analysis of the equilibrium point stability in the second layer of the game.

Equation Eigenvalue A Stability
c15 — 14 + Ryy —Ry5
E»1(0,0,0) E+Rps —cp5 — Rys Possible stability

R31 — 31 — Ry + 32+ pg
5 —cut Ry —Ris+py
E»(0,0,1) E 4 Rops — co5 — Rog + pg Instability
—(Rgy — c31 — Rz + ¢32 + pg)
€15 — €14 + Rig — Ry5
E»3(0,1,0) —(E+Ro5 — 25 — Ryg) Instability
R31 —c31 — Rz + ez
€15 — €14 + Rig — Ry5
E»4(0,1,1) —(E+ Rps5 — 25 — Ryg + pg) Instability
—(Rg; — 31 —R3p +¢32)
c14 — €15 — Rig + Ry5
Ex5(1,0,0) E + Rps5 — co5 — Rog + p5 Possible steady point
R31 —c31 — Ry + 32+ pg
€14 —¢15 —Rig + Ry
Ex(1,1,0) —(E+ Ro5 — ¢35 — Rog + ps) Possible stable point
R31 —c31 =Rz + 3
C14 —C¢15 — Rig + Ry5 — py
E»7(1,0,1) E+Rps — 25 —Ros + p5s + P Instability
—(Rgy — 31 — Rz +¢32 + pg)
c14 — €15 — Rig + Rys5
Exs(1,1,1) —(E+Ros — ¢35 — Rog + p5 + pg) Instability
—(R3; —c31 — Rz +c32)

When c14 — ¢15 — R4 + Ry5 < 0and —(E 4 Ros — ¢35 — Rog + p5) < 0, the net income
of the government implementing strict environmental regulation was >0, and heavily
polluting enterprises favored financial performance, Ex(1,1,0) was a stable evolution
strategy, and the evolution trend of the system was government supervision. Meanwhile,
heavily polluting enterprises favored environmental performance, and the public did
not supervise. This suggested a positive transition with room for improvement. The
government’s active supervision set the basic framework and standards for environmental
protection and guided enterprises to focus on environmental performance, which is a
key step in achieving sustainable development. Corporate preference for environmental
performance reflects their awareness of social responsibility and the pursuit of long-term
benefits, helping to reduce pollution and improve resource efficiency. No supervision
by the public may indicate a social supervision mechanism is lacking, which limits the
universality and depth of the supervision force. To further promote the positive evolution
of the system, stimulating public awareness of participation and improving awareness and
responsibility for environmental protection are necessary.

In summary, unsatisfactory environmental regulations and performance preferences of
the government and enterprises may lead to environmental degradation, making it difficult
to achieve socially sustainable development. Government supervision and enterprises’
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preferences for environmental performance are key to promoting environmental protection;
however, enhancing awareness of public participation and supervision to form an effective
social co-governance pattern is necessary.

3.3. Third Layer of Evolutionary Game Analysis

The payoff matrix combining the public, leading heavily polluting enterprises, and
heavily polluting SMEs was constructed in the third layer of the game, and the results are
shown in Table 6.

Table 6. The payoff matrix of the third layer game.

Heavy Pollution of the Small and Medium-Sized and The Public
Leading Enterprises Heavily Polluting Enterprises Supervised (z3) Do Not Supervise (1—z3)
Rp3 — ¢35+ py Roz — 23
Green innovation(y;) R41 —c41 +py Ry —cyg
Make green technology Ra1 — ca1 Rz — 2
innovation (x3) Rosz — 23 + py Roz — 23
Do not innovate (1 — y5) Ry Ryp
R31 — C31 R32 — 32
0 0
Green innovation(y;) Ry —cy1 +py Ry —cq
Implement loose Ra1 — 31 R3p — 32
environmental regulation 0 0
(1 -x3) Do not innovate (1 — y;) 0 0
R31 —c31 +pg R3p — 32

3.3.1. Stability Analysis of the Third Layer of the Game
e  Analysis of the public evolutionary stability strategy

Based on the income matrix in Table 6, the expected return on strict public supervision
was Usg, as shown in Equation (31).

Uss = y3x3(Rs1 — c31) +x3(1 —y3)(Ra1 — c31) + (1 — x3)y3(Ra1 — c31) (31)
+(1 —x3)(1 —y3)(Rs1 — a1 + pg)

The profit when the public chooses not to strictly supervise the enterprise was Usy,
which was expressed as Equation (32).

Uss= y3x3(Ra2 — c32) +X5(1 — y3)(Ra2 — c32) + (1 — x3)y3(R32 — ¢32)

+(1—x3)(1 = y3)(Ra2 — c30) (32)

The average return on the public strategy selection was Uy, as shown in Equation (33).
Uy = z3Usz + (1 — 23)Uss (33)

The public choosing strictly supervised replication dynamic equations is expressed in
Equation (34).

Fa1(z3) = % = 73(Uss — Uy)

=23(1 —23)((Rgy — 31 —Rzp +¢32) + (1 —x3)(1 — y3)pg) 9

The following analysis was conducted to analyze the equilibrium conditions for the
public to achieve a stability strategy from the perspective of a single game subject. Make
F321(z3) = 0, owing to the positive and negative uncertainty of ((Ry; — ¢33 — Rap +¢32) +
(1 —x3)(1 = y3)pg), the following was assumed:
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When ((R3; —c31 —Rgp +¢32) + (1 — x3)(1 —y3)pe) = 0and y} = —(Ry —cn —Ryptesp) |

Pe(1—x3)
1, the following was true:
When y, =y, then F31(z3) = 0, z3 is in an evolutionary stable state.
When y, # yj5, with F31(z3) = 0, z3 = 0 and z3 = 1 were evolutionary

stability points.

According to the stability theorem of the replication dynamic equation, the prob-
ability of the public choosing supervision in a stable state must satisfy two conditions:
F321(z3) = 0and dl:%im < 0. Therefore, by taking the derivative of F3p; (z3), Equation (35)
was obtained.

dF31(2z3)

Az (1—2253)((Rg; —c31 — Rz +¢32) + (1 —x3) (1 — y3)pg (35)

Combining the above analyses yielded Table 7.

Table 7. Stability analysis of a single game agent.

Condition Mathematical Expressions Stability Point
Stability base conditions Fap(z3) =0, dFa;; 223) <0
Copy the derivative of the dF

dynamic equation % = (1 -223)((Rg; —c31 —Rap +c32) + (1 —x3)(1 = y3)pg)

/ dF —
(R31 —c31 — Rgp + C32) >0 Y3 >Y3 Fsn1 (23) =0and % <0 z3 =10
y3 < y13 F3o1 (23) =0and ﬁ%zgzﬁ <0 z3 =1

/ dF —
(R31 —c31 — Rap + C32) <0 Y3 >3 F3pq1 (23) = 0and 73’&223) <0 z3=1
Y3<Yé F321(Z3) zlanddF%g%) <0 z3 =0

According to the analysis of evolutionary stabilization strategies in Table 7, the public
supervision behavior produced the following rules: (1) When the net income of public
supervision was >0, if the probability of green innovation of leading heavily polluting
enterprises exceeded the critical value, the public evolutionary stabilization strategy tended
to be unsupervised. Conversely, when the probability of enterprise innovation was below
the critical value, the public strategy tended to be supervised. (2) When the net income from
public supervision was <0, the public tended to adopt a continuous supervision strategy,
regardless of whether the probability of green innovation was higher than the critical value.
This dynamic relationship suggested a significant threshold effect between the cost-benefit
ratio of public surveillance and the level of green technology adoption by enterprises. To
illustrate the above conclusions more intuitively, the evolutionary trend of public strategies
was plotted, as shown in Figure 8.

e  Analysis of the evolution and stability strategy of the leading heavily polluting enterprises

The profit of leading heavily polluting enterprises from choosing green technological
innovation was Up3, as shown in Equation (36).

Uzz = y323(Roz — c23 +py) +y3(1 —23) (Rpz — c23) + (1 — y3)23(Ro3

36
—c23+py) + (1 —23)(1 —y3)(Rpz — c23) =6

The profit of leading heavily polluting enterprises from choosing not to conduct green
technological innovation was Uyy, as shown in Equation (37).

Uy =0 (37)



Sustainability 2025, 17, 4053

19 of 30

Y3 =¥3 3 <3 Y3 >y3
(a) Trend chart of public strategy evolution meeting the (Rz; — c31 — R35 + ¢3,) > 0 condition

A
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Y3 =3 y3 <V3 Y3 >3
(b) Trend chart of public strategy evolution meeting the (R3; — ¢33 — Rz, + €35) < 0 condition

Figure 8. The evolutionary trend diagram of the public strategy.

The average income of leading heavily polluting enterprises was Us, as shown in
Equation (38).
Us = x3Uzs + (1 —x3)Uz4 (38)

The replication dynamic equation for the strategy selection of leading heavily polluting
enterprises is shown in Equation (39).

dX3

Fo1(x3) = G - x3(Uzs — Us) = (1 —x3)(Ry3 — 23 + z3p;) (39)

To analyze the equilibrium conditions for leading heavily polluting enterprises to
achieve a stable strategy from the perspective of a single game subject, the following
analysis was conducted. Make Fyy1(x3) = 0 to seek the stability of the selection strategy for
leading heavily polluting enterprises. Owing to the positive and negative uncertainty of
(Ry3 — 23 + z3py), the following was assumed:

When (Ry; — ¢23 +z3p;) =0, let 2 = — @, with the following situations:

Whenzz = 7}, then Fx1(Xx3) = 0, X3 was in an evolutionary stable state.

When z3 # 7}, and Fpi(x3) = 0, x3 = 0 and x3 = 1 are evolutionary stability points.

According to the stability theorem of the replication dynamic equation, the probability
that the public chooses supervision in a stable state must satisfy the two conditions of
Fa21(x3) = 0and szde(s)%) < 0. Therefore, by taking the derivative of Fy (x3), Equation (40)
was obtained.

dFa21 (x3)

o = (1-2x)(Rys — 23+ 23py) (40)
X3

When z3 < zé and x3 = 0, the two conditions for becoming a stable state were met,
and x3 = 0 was the evolutionary stability strategy of leading heavily polluting enterprises.
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When z3 > z} and x3 = 1, the two conditions for becoming a stable state were met,
and x3 = 1 was the evolutionary stability strategy of leading heavily polluting enterprises.
To demonstrate the above conclusion more intuitively, a strategy evolution trend map of
leading heavily polluting enterprises was plotted (Figure 9).

A A &
] ] !
e 3"3;/5—“—"—5”-; ™

73 = 73 73 > 73, 75 < 74

Figure 9. Strategy evolution trend diagram of leading heavy pollution enterprises.

e  Analysis of the evolution and stability strategy of heavily polluting small and medium-
sized enterprises

Based on the income matrix in Table 6, the benefit of green technology innovation for
heavily polluting SMEs was Uy;, which was expressed using Equation (41).

Uy = x323(Ryg — c41 +py) +x3(1 — 23) (Rag — ca1) + (1 — x3)z3(Ryg (1)
—cq1 +py) + (1 —23)(1 —x3)(Ra1 — c41)

The benefit of heavily polluting SMEs without green technological innovation was
Uy, which was expressed using Equation (42).

Uy = z3x3Rgp +x3(1 — z3)Ry2 (42)

The average income of heavily polluting SMEs was Ug, which was expressed using
Equation (43).
Us = y3Us + (1 —y3)Usp (43)

The replication dynamics for the selection strategy of heavily polluting SMEs are
expressed in Equation (44).

d
Fpi(y;) = % =y53(1 —y3)[Ra1 — ca1 + z3p; — x3Ryy) (44)

The following analysis was conducted to analyze the equilibrium conditions of heavily
polluting SMEs from the perspective of a single-game subject. Make Fg(y;) = 0 to find
the stability of the selection strategy for heavily polluting SMEs. Owing to the positive and
negative uncertainty of Ry — ¢4 + z3p, — X3Ryy, the following was assumed:

When Ry — ¢41 + z3p; — x3Ryp = 0, set xé = W, the following situations exist:

When x3 = xj, then Fg; (y;) = 0, y; was in an evolutionary stable state.

When x3 # x4, and Fyp1(y;) = 0, y; = 0 and y; = 1 were evolutionary stability points.

According to the stability theorem of the replication dynamic equation, the probability

of choosing a green innovation in a stable state must satisfy two conditions: Fg(y;) = 0
dFy1(y3)

and .~ <0.By taking the derivative of F41(y;), Equation (45) was obtained.
dFy1(y3)

3 = (1—2y3)[(Ryy — ca1 + Z3p; — X3Ryp) (45)
Y3
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When x3 < X} and y, = 1, the two conditions for becoming a stable state were met.
Here, y; = 1 was the stable evolution strategy of leading heavy pollution enterprises;

When x3 > xg, y; = 0, the two conditions for becoming a stable state were satisfied,
and y; = 0 was the evolutionarily stable strategy. To show the above conclusions more
intuitively, the strategy evolution trend of heavily polluting SMEs was plotted (Figure 10).

4 3 A
!w— i
(«L@ y:,‘fs ‘_«f, y>

X3 = X3 X3 > X5 X3 < X35
Figure 10. Strategy evolution phase diagram of heavily polluting SMEs.

3.3.2. Stability Analysis of Participant Subject Strategy Combination
The replication dynamic system was built according to Equations (34), (39) and (44).

D5 — x3(1 — x3) [Ro3 — €23 + 23p5]

d
% =y53(1 —y3)[(Ra1 — ca1 + z3p; — X3Ryp]

% = 23(1 — 73)[R31 — c31 — Raz + C32)

s —p
dt
It was assumed that % = 0, and eight three-population strategy equilibrium points
9z _
were obtained: E31 (O, 0, 0), E32 (O, O, 1), E33 (O, 1, O), E34(O, 1, 1), E35 (1, O, 0), E36 (1, 1, 0), E37(1, O, 1),

and E38(1, 1, 1).
By constructing a Jacobian matrix,

9(Fa1(x3)) a(anzl(XS)) 9((Fpo1(x3))

X3 y. 023

MFinlys) Fanlys)  (Fazn(ys))
aX3 ay3 823

0(Fs31(z3))  9(Fasi(zs))  9(Faz1(z3))
X3 dy3 9z3

(1-2x3)[Ro3 — 3 +23p7] 0 0
- ( —y3(1-y3)Rgp )((1*2%)[“41 —c41 +23p7 *X3R4z])( y3(1-y3)p7
0 0 (1-223)[R3y — 31 —Rgp +c37]

Using Lyyanov’s first method to analyze the stability of the replication dynamic system,
the eight pure strategy equilibrium points obtained were substituted into the Jacobian
matrix to find the eigenvalues of each equilibrium point, as shown in Table 8.

The binding force of public supervision on enterprises was small; therefore, the income
from public supervision R3; was considered as a small positive number that cannot affect
the positive and negative feature values. The cost of government non-supervision of
enterprise ¢y1, the cost of public non-supervision c3;, and income Rz, were all close to 0.
When R31 — ¢31 — Rsp + 32 < 0, only E31(0,0,0),E33(0,1,0), and Es6(1,1,0) were analyzed.
From Table 7, we concluded that:

When Rp3 — cp3 < 0 and R4y — c41 < 0, the net income of green technology innovation
by leading heavily polluting enterprises was <0. The net profit of heavily polluting SMEs
from green technology innovation was <0. E3;(0,0,0) was the stability point of system evo-
lution. For a stable evolution strategy, the evolution trend of the system is that the leading
heavy pollution enterprises do not implement green technology innovation, and heavily
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polluting small and medium-sized enterprises do not make green technology innovations.
The state of public neglect is not an ideal state of society; that is, the leading heavy pollution
enterprises and small and medium-sized enterprises have not adopted green technology
innovation. At the same time, the public lacks the necessary environmental supervision.
The social state formed by the lack of green innovation impetus and public supervision
not only aggravates the severity of environmental problems but also reflects the collective
action dilemma of society in promoting sustainable development.

Table 8. Analysis of equilibrium point stability in the third layer game.

Equation Eigenvalue A Stability
Ros —¢23
E31(0,0,0) Ry —cy1 Possible steady point
R31 —c31 —Ryp 4¢3
Ro3 —c3 +py
E3(0,0,1) Ryt —cy1 +py Instability
—(Rg; —c31 —Ryp +c32)
Rp3 —c3
E33(0,1,0) —(Ryy —cq1) Possible steady point
2(R3; — 31 — Rap +¢32)
Roz — 3 +py
E34(0,1,1) —(Ryg —ca1 +py) Instability
—2(R3; — 31 —R3p +¢32)
—(Ry3 — c23)
E35(1,0,0) Ryp —csp —Rap Unclear
0
c23 — Ros
E36(1,1,0) —(Ry — cs1—Ryp) Possible steady point

R31 — 31 —Rsp + ¢z
—(Ry3 — 23+ p7)

E37(1,0,1) Ry —cu+p; —Rpp Unclear
0
—(Ryz —c23 +p7)
Es5(1,1,1) —(Ry —cy1 +p3 — Rap) Instability

—(Ra1 —c31 — Rao +¢3)

When Rp3 — cp3 < 0, and Rqy — c41 > 0, the net income of leading heavily polluting
enterprises implementing green technology innovation is negative, while that of heavily
polluting SMEs is positive. E33(0,1,0) was the stability point of system evolution. For the
stable evolution strategy, the evolution trend is characterized by heavy-polluting leading
enterprises not engaging in green technological innovation, while heavy-polluting small
and medium-sized enterprises engaged in green technological innovation, which the public
does not supervise. The evolution trend of the system presented a differentiation state.
On the one hand, leading enterprises of heavy pollution are not actively engaged in the
innovation and application of green technology because of various factors, such as cost
considerations, short-term profit pursuit, or a lack of understanding of green transformation.
This not only exacerbated the problem of environmental pollution but also limited the
sustainable development of the whole industry. On the other hand, some heavily polluting
SMEs are realizing the need for a green transformation, possibly because of more flexible
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operating mechanisms or higher sensitivity to market changes. They are attempting to
adopt green technology to gain advantages in future market competition. However, this
transition may be in its infancy, and its size and influence are relatively limited. In this trend,
the role of the public does not seem to be fully implemented; the necessary environmental
awareness and supervision strength lead to a lack of social pressure on enterprises, and it
is difficult to form sufficient external impetus to promote the green transformation of the
entire industry. Overall, this situation reflects the unbalanced distribution of environmental
responsibility and the imperfect social supervision mechanism. A more balanced and
comprehensive development by raising public awareness and strengthening corporate
responsibility is urgently required.

When Rp3 — ¢p3 > 0, and Ryqg — c41 — Ryp > 0, the leading heavy pollution enterprises
for green technology innovation net income is greater than 0, heavy pollution of small
and medium-sized enterprises net income is less than 0. Ej4(1,1,0) was the stability
point of system evolution. The evolution trend of the system was characterized by heavy-
polluting leading enterprises engaging in green technological innovation, heavy-polluting
small and medium-sized enterprises engaging in green technological innovation, and
the state of the public not supervising. The evolution trend of the system shows that
the leading enterprises in heavily polluting industries have begun to actively participate
in the innovation of green technology. They have more resources and capabilities to
manage the requirements of environmental regulations or improve their corporate image
and market competitiveness. Leading enterprises strive to reduce pollution emissions
during the production process through research and development and the adoption of
cleaner production technologies, causing a transition to sustainable development. Many
heavily polluting SMEs are gradually following suit. Although they may face capital
and technology restrictions, these enterprises explore green innovation paths suitable
for their own conditions for survival and development. Despite the positive trend in
green innovation at the enterprise and industry levels, the role of public participation and
supervision is not fully understood. In this state, the public lacks sufficient understanding
and attention to the green actions of enterprises, which may lead them to slow the pace of
green transformation or take only superficial measures to address the public and regulations
without external pressure. Owing to the lack of public supervision, there may still be
information asymmetry in the market, and it is difficult for consumers to accurately judge
whether the green innovation of enterprises is real and effective, which may also affect the
market recognition of green products and consumers’ green consumption choices.

In summary, when heavily polluting enterprises lack motivation for green techno-
logical innovation and lack public supervision, a collective action dilemma of aggravated
environmental problems and sustainable social development may occur. Even if some
heavily polluting enterprises pursue green technology innovation, if public supervision
and participation are insufficient, it may limit the depth and breadth of the green transfor-
mation of the entire industry. The public must improve their awareness of environmental
protection and corporate social responsibility to promote balanced development.

4. Numerical Simulation Analysis
4.1. First-Layer Game Simulation Analysis

By analyzing four different situations, this study systematically evaluated the choice
of carbon emission reduction strategies for heavily polluting enterprises under different
government supervision, punishment mechanisms, and public participation. Case 1 ex-
amined the impact of public supervision on the carbon emission reduction strategies of
heavily polluting enterprises. For parameters Rj; = 100,c17 = 200,Ry; = 100, cp1 = §,
R31 = 80, R32 = 7, C31 = 90, C3p = 3, R22 = 60, Cyp = 50, R12 = 3, Clp = 5, P = 50,
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P, = 5p; =5, the simulation results are shown in Figure 11a. Case 2 evaluated the
influence of government supervision intensity on the emission reduction probability of
heavily polluting enterprises and assigned x; as 0.2, 0.4, 0.6, or 0.8. The three-dimensional
results are shown in Figure 11b,c. Case 3 evaluated the influence of the government punish-
ment mechanism on the emission reduction behavior of heavily polluting enterprises and
assigned p; as 5, 25, 60, or 80 for simulation analysis. The results are shown in Figure 11d.
Case 4 evaluated the impact of the joint supervision of the government and the public
on the carbon emission reduction strategy of heavily polluting enterprises. A simulation
analysis was conducted at p, =5, 10, 15, or 20. The results are shown in Figure 11e.
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Figure 11. First-layer 1 game simulation results diagram.

As shown in Figure 11a, in the absence of direct government supervision, public super-
vision of heavily polluting enterprises alone can significantly affect their carbon emission
reduction strategies and promote the adoption of more environmentally friendly produc-
tion methods. With the promotion of the carbon emissions reduction policy, government
supervision and punishment can promote the emissions reduction from heavily polluting
enterprises (Figure 11b—d. Heavy-polluting enterprises face unprecedented pressure owing
to the current severe environmental background, forcing them to implement effective
strategies to reduce emissions. Greater government oversight prevents these companies
from ignoring their environmental responsibility, and they must follow stricter emission
standards. From Figure 1le, it can be seen that an increase in government and public
supervision and an increase in fines effectively promote the implementation and evolution
of emission reduction measures for heavily polluting enterprise groups.

In summary, strengthening the supervision of the government and public can sig-
nificantly promote the green transformation of heavy-polluting enterprises and promote
social progress in the direction of sustainable development. The active participation in
public supervision and the improvement in confidence form a positive interaction with
the continuous strengthening of government supervision and jointly accelerate the pace of
social green development.
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4.2. Second Layer of Game Simulation Analysis

By analyzing four different situations, this study evaluated how to formulate car-
bon emission reduction strategies for heavily polluting enterprises under the influence
of different regulatory environments and internal preferences. Situation 1 evaluated the
impact of strict environmental regulations on the strategic choice of heavily polluting
enterprises. The following parameters were assigned: Rjs = 120,c14 = 80,Ry5 = 120,
C5 = 90, R31 = 8, R32 = 20, C31 = 10, C3p = 5, R25 = 1000, Cyy — 500, Cy5 = 0,
Ry = 80,py = 30,p5 = 50,pg = 20,E = 100. The simulation results are shown in
Figure 12a. Situation 2 evaluated the influence of the government’s strict environmental
regulation on the strategic selection of heavily polluting enterprises and assigned x; as
0.2,0.4, 0.6, or 0.8. The simulation results are shown in Figure 12b,c. Case 3 evaluated the
influence of government subsidy on the strategic choice of heavily polluting enterprises,
assigning E = 50, E= 100, E= 150, and E = 200. The results are shown in Figure 12d. Situa-
tion 4 evaluated how the preferences of heavily polluting enterprises affect their strategic
decisions, assigning Ry as 5, 19, 15, or 20. The simulation results are shown in Figure 12e.
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Figure 12. Layer A2 game simulation results diagram.

As seen in Figure 12a, even if the lack of public oversight weakened external pressures,
when the government implemented strict environmental regulations, heavy polluters still
improved their environmental performance to avoid legal risks and maintain market com-
petitive advantages. Figure 12b shows that the intensity of government environmental
regulation accelerated the green transformation of heavily polluting enterprises and encour-
aged enterprises to actively improve their environmental performance to meet compliance
requirements. This not only reduced the risk of non-compliance by enterprises but also
created opportunities to obtain policy incentives such as green subsidies. This confirmed
the role of environmental regulatory tools as leverage in balancing ecological protection
and industrial development. Figure 12c shows that public restraint on firms increased
the importance of firms on environmental performance. As seen in Figure 12d—e, the
government’s green subsidies and environmental regulatory policies were the key factors
in promoting the green transformation of heavily polluting enterprises, and the increase
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in green subsidies and external incentives accelerated the probability of heavily polluting
enterprises preferring environmental performance, providing policy support and incentives
for sustainable development.

4.3. Third-Layer Game Simulation Analysis

This study examined the influence of green innovation by heavily polluting enterprises
on the stability of the system stability strategy using four different situations. Situation 1
evaluated the influence of green technology innovation by SMEs on the system stability
strategy: R3; = 300,c31 = 200,R3; = 500,c3, = 50,Ry; = 550,Rgp = 250,¢c414 = 150,
3 = 50,Ry3 = 400, and p, = 100. The simulation results are shown in Figure 13a.

Situation 2 evaluated the influence of the probability of green technological innovation
from leading heavily polluting enterprises on the system stability strategy and x3 was
assigned as 0.2, 0.4, 0.6, and 0.8 to obtain the simulation results shown in Figure 13b,c.
Situation 3 evaluated the influence of the benefits of green technological innovation on
the system stability strategy. R4; was assigned as 750, 650, 550, or 450, and the results
are shown in Figure 13d. Situation 4 evaluated the influence of the spillover benefit of
technological innovation in heavy-pollution-leading enterprises on the system stability
strategy and assigned Ry, values of 50, 150, 250, or 350 for simulation analysis. The results

are shown in Figure 13e.
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Figure 13. Simulation results of the third layer game.

As can be seen from Figure 13a, when leading heavily polluting enterprises and
SMEs promote green technological innovation, society as a whole enters a positive cycle.
Even in the absence of public supervision, this type of innovation drive can facilitate a
green transition for the entire society. Leading heavily polluting enterprises’ promotion
of green technology innovation will accelerate the promotion of SMEs’ green technology
innovation (Figure 13b,c). This is because the former typically have a large market share
and influence, and their positive green technological innovation actions can produce a
strong demonstration effect. With the deepening of green technological innovation in
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leading enterprises, market demand for green products will gradually increase, which will
further encourage SMEs to accelerate the pace of technological innovation. The market
mechanism will play an important role in this process, promoting SMEs to implement
green technological innovation through price signals and changes to adapt to market
demand and improve their competitiveness. The active participation of SMEs in green
technological innovation has positively impacted the promotion of green technological
innovation in leading enterprises (Figure 13d). When leading heavily polluting enterprises
implement green technological innovation, their spillover benefits encourage SMEs to
obtain technological achievements through imitation to accelerate the green transformation
of the entire industry (Figure 13e). SMEs will be more motivated to accelerate their own
pace of green technological innovation, and continuous innovation and technological
iteration will eventually promote a greener and more intelligent industry and contribute to
the sustainable development of the entire society and environment.

In summary, the synergistic effect of heavily polluting leading enterprises and SMEs
in green technological innovation promotes the progress of their respective technologies
and drives the green transformation of the entire industry. The technological innovation
of leading enterprises increases the demand for green products in the entire market and
encourages SMEs to accelerate their technological innovation to adapt to market changes.
Meanwhile, the active participation of SMEs promotes the innovation pace of leading
enterprises. This two-way interaction forms a positive cycle, which promotes the green
transformation of the entire industry through the price signal and demand changes in the
market mechanism and provides an impetus for the sustainable development of society.

5. Conclusions and Discussions
5.1. Conclusions

From an evolutionary games perspective, this study systematically revealed the dy-
namic evolution law and mechanism of the green transformation of heavily polluting enter-
prises. The research findings were as follows: (1) The collaborative governance mechanism
of government environmental regulation and public supervision significantly increased
the cost of environmental violations for enterprises through the dual pressure of legal con-
straints and social reputation. Enterprises were forced to incorporate green transformation
into their strategic decision-making framework. (2) With the tightening of environmental
regulations and an increase in market access thresholds, heavily polluting enterprises,
driven by the dual pressure of policy compliance and the risk of competitive elimination,
gradually formed a transformation path centered on environmental performance improve-
ment. (3) Leading enterprises in the industry gained a first-mover advantage through
green technological research and development. Their innovative achievements formed
a transmission chain of ‘research and development—demonstration—spillover” through
the technology diffusion network, driving SMEs to transition from passive compliance to
active innovation, ultimately achieving a green upgrade of the entire industrial chain.

To effectively promote the green transformation of heavily polluting enterprises, the
following suggestions are proposed: (1) The government should build an open information
platform to enhance the interaction between public and environmental protection data.
Moreover, the government should promote NGO and community organization participa-
tion in environmental supervision through incentive measures and resource allocation.
(2) The government should regularly assess green subsidy policies to ensure precise support
for enterprises undergoing green transformation and strengthen the enforcement of envi-
ronmental regulations. Enterprises should be encouraged to comply with environmental
protection norms through reward and punishment mechanisms, while cross-departmental
collaboration is necessary to ensure policy consistency. (3) The government should ac-
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celerate the innovation and popularisation of green technologies through fiscal incentive
mechanisms, such as establishing a green technology innovation fund. This will support
the research and development investment of leading enterprises in the environmental pro-
tection technology field and promote their cooperation with academic institutions. (4) The
government should encourage leading enterprises to share their successful experiences
of green transformation. Through industry exchanges and case sharing, this will inspire
other enterprises in the sector to emulate these practices and collaboratively advance the
transformation of the broader socio-economic system toward sustainable development.

5.2. Discussions

This study provides a novel theoretical framework for the driving mechanism of the
green transformation of heavily polluting enterprises from a multi-agent game perspective.
The research conclusion indicated that the joint supervision of the government and the
public constructed a dual-driven mechanism of “policy constraints—social reputation”. In-
creasing the economic cost to enterprises for environmental violations effectively promoted
them to incorporate green transformation into their core strategy. These results expanded
previous studies which emphasized the role of a single policy tool. Furthermore, the
“research and development—spillover” effect of green technology from leading enterprises
verified the feasibility of collaborative innovation in the industrial chain. The transmission
pathway from “policy-driven” to “leading enterprises pioneering and SMEs replicating”
was revealed, representing a relative to the existing research paradigm that focuses on the
behavior of individual enterprises.

Although this study provides valuable insights, few limitations exist. First, although
the numerical simulation method provided the basic framework for subsequent research,
owing to the privacy protection requirements of environmental protection data in enter-
prises, the scope and depth of the current data collection were limited. Future studies
should mine available data to explore the behavioral patterns of enterprise-level envi-
ronments comprehensively. Second, the parameter settings of the existing models focus
on the common characteristics of the entire industry and do not fully incorporate dif-
ferentiated variables, such as the heterogeneity of enterprise scale and the diversity of
technological reserves. Future research must construct an analysis system that integrates
multi-dimensional heterogeneous parameters to enhance the model’s explanatory power
for micro-level subjects.
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