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Abstract

The key to achieving sustainable economic development and mitigating climate change
lies in effective green transition governance. This study, based on evolutionary game
theory, constructs a game model involving three subjects: heavily polluting enterprises, the
government, and environmental information disclosure regulatory authorities, aiming to
analyze the clean production decision-making mechanism under multi-subject interaction.
It empirically examines the relationship among the three by combining panel data of listed
companies in heavily polluting industries on China’s A-share market. The research find-
ings indicate the following: (1) Excessively high environmental technology upgrade and
information disclosure costs will hinder enterprises’ clean production. (2) The intensity
of regulation is influenced by the government’s benefits and costs. (3) Effective environ-
mental policies require multi-dimensional coordination. (4) Environmental regulations
can effectively enhance enterprises’ environmental performance, and by improving the
transparency and quality of environmental information disclosure, significantly improve
their environmental performance.

Keywords: environmental regulation; environmental information disclosure; clean
production; three-party evolutionary game

1. Introduction

Against the backdrop of intensifying global climate change, the Chinese government
has been constantly improving its environmental governance system. The 20th National
Congress of the Communist Party of China incorporated “coordinating carbon reduction,
pollution control, green transformation and economic growth” into the overall layout of
ecological civilization construction. The “Regulations on the Disclosure of Environmental
Information by Enterprises” promulgated by the Ministry of Ecology and Environment
in 2022 marks the establishment of a comprehensive mandatory information disclosure
system. The government work report of the Two Sessions pointed out that by 2025, China
will “accelerate the building of a green and low-carbon economy” and “form a green
and low-carbon mode of production”. Meanwhile, the EU has set an ambitious goal of
achieving carbon neutrality by 2050 through the “European Green Deal”, established a
multi-level policy framework, and emphasized a systematic green transformation. In the
United States, beyond the federal level, a multi-level, market-driven emission reduction
system has been formed, represented by the Regional Greenhouse Gas Initiative (RGGI) and
the Chicago Climate Exchange. Existing research on promoting clean production in heavily
polluting enterprises has accumulated rich knowledge around various external driving
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factors. Specifically, these can be sorted from core dimensions such as regulation [1,2],
green finance [3,4], and digital technology [5,6]. At the regulatory level, there are both
direct constraints from command-and-control policies and indirect guidance from market-
based mechanisms. For instance, Gao et al. (2024) found that there is a “political resource
curse” effect among heavily polluting enterprises with political connections in China,
and environmental regulation can alleviate the suppression of enterprise innovation by
strengthening market competition and curbing excessive investment [7]. The empirical
analysis by Xu et al. (2025) on heavily polluting enterprises in China’s A-share market
from 2012 to 2021 indicates that flawed environmental subsidy designs can suppress
green innovation, but stricter environmental law enforcement can reverse this impact [8];
Wang et al. (2024) further confirmed that enhancing environmental regulatory standards
can significantly boost enterprises’ R&D investment and promote green transformation
through technology absorption and emission reduction [9]. In terms of the application
of market-oriented tools, the roles of the carbon market and green finance policies show
differentiated characteristics: Gan et al. (2024) proposed that the carbon market, as a
market-based environmental tool, can achieve a coordinated reduction in pollution and
carbon emissions by optimizing the energy structure and deploying green technologies [10],
and Zhang et al. (2024) found through the comparison of policy tools that Market-based
carbon policies outperform command-based methods in tolerating data errors, suppressing
fraud, controlling total emissions and enhancing social welfare [11]; However, green
finance policies have an industry asymmetry impact. Xiao et al. (2024) adopted the
method of differences among differences to reveal how green finance policies promote
clean production by enhancing energy efficiency and reducing emission intensity [12].
Gong et al. (2024) pointed out that although such policies can promote the transformation
of non-heavily polluting enterprises by enhancing their financing capabilities, due to the
failure to address financing constraints, they inhibit the transformation of heavily polluting
enterprises, resulting in an inter-industry spillover effect that is beneficial to non-heavily
polluting enterprises but detrimental to heavily polluting ones [13]. In terms of digital
technology empowerment, industrial intelligent technology has become a key driving force
for clean production. Relevant research [14-17] indicates that under regulatory pressure,
industrial intelligent technology can reduce the cost of clean production and optimize end-
of-pipe treatment through real-time data feedback and dynamic process optimization. Xu
et al. (2023) also confirmed that they could drive green transformation through technology
spillover and resource optimization [18]. However, Zhang et al. (2025) observed the
contradiction of “environmental benefit deficiency” in digital transformation—although
it could significantly improve the financial performance of enterprises by enhancing the
efficiency of resource allocation, it did not generate obvious environmental benefits [19].
From the perspective of traditional functions, government supervision has always
been the primary external pressure compelling enterprises to carry out clean production.
Specifically, it encompasses two core mechanisms: The first is the command-and-control
type of environmental regulation, which directly restricts enterprises” pollutant discharge
behavior by formulating clear pollution discharge standards, production technology re-
quirements and other hard rules. If enterprises fail to meet the standards, they will face
penalties such as fines and production suspension. The second type is market-incentivized
environmental regulations such as environmental taxes and pollution discharge fees. By
internalizing environmental costs, they guide enterprises to proactively reduce pollution
emissions to lower costs. However, there has always been controversy in the academic
circle over the effectiveness of government supervision: One view holds that strict supervi-
sion would impose a heavy cost burden on enterprises, such as the large amount of capital
investment required for purchasing pollution control equipment and adjusting production
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processes, squeezing research and development and production funds, and significantly
affecting the profit margins of heavily polluting enterprises due to environmental protec-
tion investment, leading to increased operational pressure. The other side of the view puts
forward the “Porter Hypothesis”, which holds that reasonable regulatory pressure can
force enterprises to innovate. For instance, by developing cleaner production technologies
and optimizing energy utilization methods, they can form new competitive advantages
while meeting environmental protection requirements, ultimately achieving a “win-win
situation for environmental protection and benefits”.

In the innovation of regulatory tools, the environmental information disclosure system
(EID), as an important tool combining marketization and public participation, has gradually
drawn attention to its mechanism of action and practical predicaments. The core value
of EID lies in enhancing the transparency of enterprises’ environmental behaviors by
requiring them to disclose information such as environmental pollutant discharge data,
pollution control measures, and environmental protection investments. On the one hand,
transparent information enables enterprises to be under multiple supervision from the
public and stakeholders—investors can assess enterprise risks and adjust investment
decisions based on environmental information. Consumers tend to choose products with
better environmental performance, creating market pressure. The media can strengthen
social supervision by exposing environmental violation information. On the other hand,
this multi-dimensional supervision can provide enterprises with incentives to improve
their environmental performance and encourage them to proactively optimize their clean
production processes. However, in terms of the Chinese market, the implementation effect
of EID is still limited by the actual conditions: The quality of information disclosure in
most heavily polluting enterprises is generally low, with problems such as inaccurate data
and incomplete content. Moreover, the disclosure behavior is mostly voluntary in nature
and lacks mandatory constraints, which leads to the actual promoting effect of EID on the
clean production of enterprises not being fully exerted. Its effectiveness still needs more
empirical research for verification.

Although existing research has covered the impact of single dimensions such as regu-
lation, green finance, and digital technology on the clean production of heavily polluting
enterprises, there are still two key deficiencies: (1) The comprehensive pressures faced
by enterprises have not been fully integrated and analyzed. In actual operation, heavily
polluting enterprises often simultaneously bear policy pressure from regulatory authorities,
market pressure from consumers, and financial pressure from investors. However, existing
research mostly focuses on a single source of pressure and fails to clearly explain the syner-
gistic or conflicting impact of the superposition of multiple pressures on enterprises’ clean
production decisions. (2) There is insufficient exploration of the interaction among multiple
stakeholders, especially a lack of in-depth discussion on the core issue of “under what
conditions can these interactions go beyond the scope of simple supervision and transition
to a collaborative model guided by regulatory authorities, participated by consumers,
and supported by investors”. Based on this, this study raises the core research question:
From a multi-regulatory perspective, how do the multiple external pressures faced by
heavily polluting enterprises interact with each other, and under what conditions can they
drive stakeholders to shift from “supervision” to “collaborative cooperation”, ultimately
promoting clean production and green transformation of enterprises? While existing stud-
ies have focused on individual regulatory mechanisms, critical gaps remain, specifically
in two aspects: (1)They fail to fully integrate and analyze the comprehensive pressures
faced by enterprises. Enterprises often confront pressures from three parties—regulatory
authorities, consumers, and investors—simultaneously, yet existing studies have not clearly
elaborated on how enterprises are actually affected by such multiple pressures. (2) Current
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exploration into the interactions among multiple stakeholders (i.e., regulatory authorities,
consumers, investors, etc.) remains insufficient. In particular, there is a lack of in-depth
research on the core question of “under what conditions these interactions can move be-
yond the scope of mere supervision and transition to genuine cooperation.” This study
therefore investigates the cleaner production and green transformation of heavy-polluting
enterprises through a multi-regulatory lens. Marginal contributions of this work include:
First, we transcend traditional enterprise-government dyads by incorporating third-party
environmental disclosure regulators into an evolutionary game framework, revealing strate-
gic interaction mechanisms under multi-stakeholder governance. Second, we pioneer a
dual-verification methodology combining evolutionary game theory with econometric
regression, establishing a closed-loop analysis of policy transmission mechanisms and
implementation efficacy.

2. Construction and Simulation of Evolutionary Game Model

Some scholars analyze the selection of clean production strategies for heavily polluting
enterprises through evolutionary game models. Wang Lijuan et al. (2024) constructed
a dynamic game model between the government and heavily polluting enterprises and
found that strengthening environmental regulations can significantly drive the green and
innovative development of enterprises [20]. Xu, R et al. (2019) discovered through the
tripartite evolutionary game model of the government, environmental service companies
and polluting enterprises that the “public—private partnership” model is the key to envi-
ronmental governance [21]. Pan Feng et al. (2023) found through a tripartite environmental
regulation evolution game model involving the central government, local governments and
enterprises that environmental protection policies introducing public participation (such
as reporting reward mechanisms) can effectively promote the improvement of pollution
control effects, accelerate the realization of systematic balance and enhance governance
efficiency [22]. To sum up, although the tripartite evolutionary game model in the existing
studies covers the interactions among the government, enterprises and the public [23-25],
its game subjects are limited to the one-way transmission of government regulatory pres-
sure and enterprises’ passive responses, and environmental information disclosure is only
regarded as an exogenous parameter or static compliance indicator. The closed-loop mech-
anism of “dynamic adjustment of environmental regulations—optimization of enterprise
information disclosure strategies—feedback on clean production performance” has not
been formed.

This paper constructs a tripartite game model among enterprises, the government and
environmental information disclosure regulatory authorities. Taking the production mode
selection of heavily polluting enterprises as the entry point, it analyzes the dynamic game
relationship among the three parties under multiple factors such as environmental synergy
benefits, cooperative transaction costs, regulatory incentives and information disclosure.
Under the framework of collaborative governance, enterprises, as the main producers, their
choice of production mode directly affects the coordination of the upstream ecosystem. The
environmental information disclosure regulatory department is responsible for supervising
the timeliness and quality of enterprises’ information disclosure. The government depart-
ments supervise and verify the production models of enterprises, encourage enterprises
to choose production methods with low environmental damage and punish enterprises
with serious pollution. The two departments build a dual regulatory network covering pro-
duction behavior and information disclosure through information sharing and functional
complementarity. The evolution mechanism of the three parties is shown in Figure 1a.
Figure 1b presents the process: After the government formulates regulatory strategies,
enterprises make production (clean/traditional) and information disclosure (true/false)
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decisions. The environmental department checks the authenticity of the information. If it is
true, the enterprise will receive government incentives; if it is false, it will be punished by
the government. Then, the benefits are calculated and the strategies are updated to form
a cycle.
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Figure 1. Three-way evolution mechanism diagram.

2.1. Model Assumptions

Before constructing the three-party game model between the government, heavy-
polluting enterprises, and environmental information disclosure regulatory authorities,
we made the following assumptions and provided detailed descriptions of the variables
involved in the model, as shown in Table 1 below.

Table 1. Parameter Explanation of the Game between the Government, Environmental Information
Disclosure Regulatory Authorities and Enterprises.

Parameters or Variables Explain

ca(a=1i,ed, ge gd)

Enterprises disclose environmental information according to regulations,
upgrade technologies and equipment for environmentally friendly
production, the regulatory departments supervise environmental information
disclosure, the government checks whether enterprises are producing cleanly,
and the government verifies whether the regulatory departments are
managing according to the law.

The company failed to disclose environmental information according to
regulations, the company’s pollution production has been verified, and the
fines paid for the verified pollution production as well as the environmental
protection tax (pollution discharge fee).

The profits obtained by the regulatory authorities during legal supervision
(such as government rating income) and the losses incurred by the regulatory
authorities when not supervising legally (such as downgrade losses)

The social benefits that the government can obtain from environmentally

ba (a = g1) friendly production by enterprises, and the social benefits lost by the
government from pollution-producing enterprises.
The social benefits obtained by the government when the regulatory
da (@ = authorities conduct oversight in accordance with the law, and the social
.(a =

benefits lost by the government when the regulatory authorities fail to
conduct oversight in accordance with the law.
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Table 1. Cont.

Parameters or Variables

Explain

h

The social benefits gained from companies disclosing environmental
information according to regulations.

The company did not disclose the negative impact it has brought on itself
according to regulations.

The economic benefits produced by enterprises under normal circumstances.

The company’s environmentally friendly production has been verified and
received subsidies.

The efficiency of regulatory authorities in conducting supervision.

Note 1: Heavily polluting enterprise implementing clean production are required to disclose environmental
information in accordance with regulations, while others are not. Note 2: The government’s verification of
enterprises incorporates the verification by the environmental information regulatory authorities.

Assumption 1. The three participants in the evolutionary game are the heavy-polluting enterprises
(A), the environmental information disclosure regulatory authorities (B), and the local government
(C). All three are rational individuals with limited capabilities. The strategic choice space for
the heavy-polluting enterprises is (clean production, non-clean production). The strategic choice
space for the environmental information disclosure regulatory authorities is (legal regulation, non-
legal requlation), and the strategic choice space for the local government is (strict regulation,
loose regqulation).

Assumption 2. The probability that the heavy pollution enterprises choose clean production is x,
and the probability of choosing non-clean production is 1 —x The probability that the environmental
information disclosure regulatory authorities choose legal regulation is y, and the probability of
choosing non-legal requlation is 1—y. The probability that the local government chooses strict
requlation is z, and the probability of choosing loose regulation is 1—z.

2.2. Dynamic Game Analysis

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

Table 2. Profit Matrix.

Government

Environmental Information
Disclosure Regulatory
Authorities

Heavy Polluting Enterprise

Clean Production (x) Non-Clean Production (1-x)

e—¢; + ph—ce +s
—Cq + edy

e— ptg—pl—tg —te

Regulation in accordance with
ptqa —cq + eqy

the law (y)

Keep under strict supervision bg — cge —cga—s + dg ty + te —Cge —Cgg — by + dg
(2) e—C —Co+s e—tg —te
Unregulated by law (1 —y) —€4n —edn
bg — Cge — ng—s—dl tg + te Cge ng bl — d1
Regulation in accordance with €a +C‘Ph7Ce € (;t Pty z ¢l
—d d — &d
the law (y) by + dg d; — by
Loose regulation (1 — z)
e—¢j — Ce e
Unregulated by law (1 —y) 0 0
bg —d —d;—b
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2.2.1. Replicate the Construction of Dynamic Equations
e  Heavily Polluting Enterprises

Based on the revenue matrix in Table 2, the expected revenue of clean production for
heavily polluting enterprises is E{1, as shown in Formula (1) [26].

Ein=yz(le—¢ + ph—ce +s) + y(l—2z)(e—c + ¢h—ce) +
z(1-y)e—ci—ce +s) + (1—-y)(1—2z)(e—ci—ce)

The expected return for heavily polluting enterprises choosing non-clean production
is E1p, as shown in Formula (2) [26].

)

Ep :yz(e—q)td—q)l—tg—te) + y(1—2z)(e— oty — ¢l) + 2
z(1—y)le—tg—te) + (1—y)(1—2)e

The average expected revenue of heavily polluting enterprises is E{, as shown in
Formula (3) [26].
E1 = XE11 + (1 - X)E12 (3)

The replication dynamic equation (the replication dynamic equation is actually a
dynamic differential equation that describes the frequency of a particular strategy adopted
by a species in a population [27] is as shown in Equation (4).

F(x) = i

x(Eyp —B1) = =x(x=1)(z(s + te + tg) = (ci + ce) + ¢y(l + h + tg)) ()

e  Environmental Regulatory Authorities

The expected revenue from the supervision of the environmental information regula-
tory department in accordance with the law is E1, as shown in Formula (5) [26].

Ex = xz(—ca + eay) + x(1-2)(=ca) + z(1=x)(gta—ca + eqy) + A=X)(1-2)(pta—ca)) )

The expected returns from illegal supervision by environmental information regulatory
authorities are Epj, as shown in Formula (6) [26].

By = xz(—eqn) + 2z(1 —x)(—€dn) (6)

The expected revenue of the environmental information regulatory department is Ep,
as shown in Formula (7) [26].

Ey =yExn + (1—-y)Ex )

The replication dynamic equation of the policy selection of the environmental infor-
mation disclosure regulatory authority is shown in Equation (8) [27].

F(y) =%= y(E2 — E2) = —y(y = 1)(pta(1 —x)—cq + z(ean + eqy)) (8)

° Government

The expected return under strict government regulation is E3;, as shown in Formula (9) [26].

E3 :xy(bg—cge—cgd—s + dg> + x(l—y)(bg—cge—cgd—s—dl> +
y(1=x)(tg + te — cge —ga b1 + dg) + (1=x)(1—y) ©)
(tg + te—Cge—ng—bl—dl)
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The expected benefit of the government’s lenient regulation is Ezy, as shown in
Formula (10) [26].

Esp =xy(bg + dg) + x(1—y)(bg —di) + y(1—x)(dg —by) + (1 =x)(1—y)(=di=by) (10)
The expected revenue of the government is E3, as shown in Formula (11) [26].
E; = zE;31 + (1 — Z)E32 (11)

The replication dynamic equation for government policy selection is shown in
Equation (12) [27].

— =2(E31 —E3) = 2(z—1)(cgq + cge — (te + tg) + X(s + te + t5)) (12)

2.2.2. Strategy Stability Analysis

According to the stability theorem of the dynamic equation of replication, for a single
game player to be in a stable state, two conditions must be met. (1) Copy the dynamic
equation to 0. (2) Copy the first derivative of the dynamic equation to be less than 0. The
stability analysis of the three game players is shown in Table 3.

Table 3. Analysis of the Stability of Game Players.

Game Subject The Conditions to Be Met

Heavily Polluting Enterprises F(x) = —x(x = 1)(z(s + te + tg) — (i + ce) + @yl + h+t4))=0,
vi uti i
Y & p BEO) — (1-2x)(2(s + te + tg) — (¢ + ce) + @y(l + h + t3)) < 0,
F =— — D)(otg(1 — x) —cq + z(egn, + € =0
Environmental Regulatory Authorities d(F}Z})’) _ Z(yz o i( )~ ca (€an ay)) 0
D) — (1 2y)(pta(1 %) — cq + zlean + eay)) <
Covernment F(z) =2z(z — 1)(cgq + cge — (te + tg) + X(s+ te + tg)) =0
) — (22— 1)(cgq + cge— (te + tg) + X(5 + te + tg)) < 0

e  Heavily Polluting Enterprises

In order to analyze the equilibrium conditions for a government subject to achieve a stable
strategy from the perspective of a single game subject, the following analysis is conducted. Let
F(x) = 0 find the stability of the strategies chosen by heavily polluting enterprises. Since the
positive and negative values of z(s + te + t5) — (¢ + ce) + @y(l + h + t4) are uncertain,
the following discussion is held:

When (z(s+ te +t5) — (i +c) + ¢y(l+h+ty)) = 0, suppose

, o+ ce)—z(s + te + tg)

q)(l +h + td))
When y =y, then F(x) = 0, and thus all x are in an evolutionary steady state, that is,

, the following was true:

the ratio does not change over time regardless of the initial ratio of “cleaner production”
and “non-cleaner production” chosen by heavy polluting enterprises.

When y # y’, letting F(x) = 0, we can obtain two possible evolutionary stability points
asx=0,x=1.

Wheny <y, x = 1is the evolutionary and stable strategy of heavy polluting enterprises.

Wheny >y’, x = 0 is the evolutionary and stable strategy of heavy polluting enter-
prises. To present the above conclusion more intuitively, this paper draws the strategy
evolution trend chart of heavily polluting enterprises as shown in Figure 2.
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Figure 2. The evolutionary trend of the heavy pollution enterprises’ strategies.

e  Environmental Regulatory Authorities

To analyze the equilibrium conditions required for the government to implement a
stability strategy from the perspective of a single game player, we conduct the following
research. Let F(y) = 0 to determine the stability of the selected strategy for environmental
information supervision. Due to the uncertainty of the positive and negative values of
(¢ta(1—x) —cq + z(ean + edy) ), the following discussion is carried out:

When (@tq(1 —x) —cqg + z(eqn + edqy)) = 0, suppose z’ 2%, the following
was true:

When z = z' F(y) = 0, it means all y values remain in evolutionary stability.

When z # 7/, letting F(y) = 0, we can obtain two possible evolutionary stability points
asy=0,y=1

When z < z/, y = 0 is the evolution and stability strategy of the environmental
information disclosure regulatory authorities.

When z > z’, y = 1is the evolution and stability strategy of the environmental informa-
tion disclosure regulatory authorities. To present the above conclusion more intuitively, this
paper draws the strategy evolution trend chart of environmental information regulatory

authorities as shown in Figure 3.

A
. .
RN S
y> .““...W.._yp. y>
h *:k/ A/*
V' V'
z=1 z>7 z<7z7

Figure 3. Phase diagram of the environmental regulatory department.

e Government

To analyze the equilibrium conditions required for the government to imple-
ment a stability strategy from the perspective of a single game player, we conduct
the following research. Let F(z)=0 to determine the stability of the strategy chosen
by the government. Due to the uncertainty of the positive and negative values of
(cga + cge—(te + tg) + X(s + te + tg)), the following discussion is carried out:

(te + tg)—(cgd + cge)
(S + te + tg)

When (cgq + cge—(te + tg) + X(s+ te + tg))=0, suppose X' =
the following was true:
When x = x’, F(z) = 0, so all x are in an evolutionarily stable state

4
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When x # X/, letting F(z) = 0, two possible evolutionary stability points can be
obtained asx = 0,x = 1.

When x < X', z = 0 is the evolutionary and stable strategy of heavy polluting enterprises.

When x > x’, z = 1 is the evolutionary and stable strategy of heavy polluting enter-
prises. To present the above conclusion more intuitively, this paper draws a government
strategy evolution trend chart as shown in Figure 4.

S S S
@ I
y» !—y» iy>

7 r

X=X X > X x<X

Figure 4. Government phase map.

2.2.3. Stability Analysis of Equilibrium Points

Construct a replication dynamic system according to Equations (4), (9) and (12),

F(x) = —x(x = 1)(2(s + te + tg) — (ci + ce) + @y(l + h + tg))
F(y) = y(y = D) (pta1 = %) —ca + z(ean + eqy))
F(z) =z(z—1)(cgd + cge — (te + tg) + x(s + te + tg))

This allows F(x) = 0,F(y) = 0,F(z) = 0 to obtain that there are 8 pure strategic
Nash equilibrium points in the game process of heavy polluting enterprises, environmental
information disclosure regulatory authorities and governments, namely (0,0,0), (0,0,1),
0,1,0), (1,0,0), (1,1,0), (1,0,1), (0,1,1), (1,1,1). Therefore, this section will draw on existing
studies to solve the eigenvalues by constructing the Jacobian matrix to judge the asymptotic
stability of the equilibrium point. The Jacobian matrix looks like this:

dF(x)/ox 0F(x)/dy 0F(x)/dz Jiu T2 Jis
J=|[0F(y)/ox dF(y)/dy 0F(y)/oz| = |Ju Jn Jxn
dF(z)/0x 0F(z)/dy 0F(z)/oz Ja1 Jao Js3
Calculated:

Jiui=(1 = 2x)(z(s + te + tg) —ci —ce + @y(1+h + t4)) (13)

Jiz = —x(x = 1)e(I + h+ tq) (14)

Ji3 = —x(x = 1)(s + te + tg) (15)

Jn=y(y = Dot (16)

J2= (1 = 2y)(pta(1 — x)—cq + z(eqn + eqy)) (17)

Jos = —y(y — 1)(ean + eqy) (18)

Ja=2z(z — 1)(s + te + tg) (19)

J2=0 (20)

Js3= (22 — 1)(Cgq + Cge — (te + tg) + X(s+ te + tg)) (21)
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According to Lyapunov’s first method, when the eigenvalues are negative, the equi-
librium point is the stable point; when the eigenvalues are positive, the equilibrium point
is the unstable point; when the eigenvalue is positive and negative, it is the saddle point.
Table 4 presents the stability analysis of eight equilibrium points.

Table 4. Eigenvalues and evolutionary stability of equilibrium points.

Equilibrium Point Eigenvalue Stability
)\1 = —Cj — Ce

(0,0,0) A2 = @tg —cq If ptq <cg, (te + tg) <(cga + Cge) is established, it is an evolutionary stability point.

As= (te + tg) — (Coa + Cge)

A= te + tg) — i —
©,0,1) 7\21 :(;t+_ec++gl C_;_ eCe Ifs+te + tg <G 4 Co, Pta + €dn + €dy <Cd,Cgd + Cge < (te + tg) is established, it is an

o 4 dn dy evolutionary stability point.

A3 =cgd + Cge — (te + tg)
©,1,0) M= _)\C; ;Ci (-;—)tf(—l :;)h +ta) Ifo(l + h+ tg) <ci + Ce, Pta >cq, (te + tg) <(cga + Cge) is established, it is an evolutionary

A= (6 + tg) - (ng 4 Cge) stability point.

Al =¢ + ce
(1,0,0) A2 = —¢g Unstable point
P
Az = —(cgq + cge +5)

A =¢ + Ce—q)(l+h+ td)

1,1,0 A2 =c¢q Unstable point
p
A3 = —(cgd + Cge +5)

AM=c +C— (st te + tg)

(1,0,1) A2 = —Cq + €dan + €qy Unstable point

A= (s+ te + tg) —ci —ce + (1 + h+ tq)
0,1,1) A2 =—(pta—cq + eqn + eay)
Az =cgd + Cge — (te + tg)

1,11

Ce+ (te + tg) + (1 + h+ tq))
A2 = _(_Cd + ean + edy)

7\3:ng + Cge +5

Ifs + (te + tg) + @(1 + h+ tq) < + Ce, Pta + €dn + €dy >Cd,Cd + Cge < (te + tg) is
established, it is an evolutionary stability point.

Al = —(8 — ¢ —
Unstable point

A3 =Cgq + Cge +8

According to the analysis of the asymptotic stability conditions of the equilibrium
point in Table 3, it can be seen that (1, 0, 0), (1, 1, 0), (1, 0, 1), (1, 0, 1) and (1, 1, 1) have
positive eigenvalues, so it cannot be an evolutionary stability strategy, and four evolutionary
stability points and their conditions are obtained, namely (0, 0, 0), (0, 0, 1), (0, 1, 0), (0, 1, 0),
and (0, 1, 1). The stability of these four equilibrium points can be discussed in the following
four situations:

Scenario 1: If gtq < cq and (te + tg) <(cga + cge), only the eigenvalues correspond-
ing to the equilibrium point (0, 0, 0) are negative, so (0, 0, 0) is the evolutionary stability
point of the system, and its corresponding evolutionary stability strategy is (non-cleaner
production, non-legal supervision, loose supervision). When the environmental infor-
mation disclosure regulatory department conducts inefficient supervision and the fine
imposed by heavy polluting enterprises for failing to disclose environmental information
in accordance with regulations is small, and the benefits obtained by the environmental
information disclosure regulatory department are less than their regulatory costs, then
the environmental information disclosure regulatory department has no motivation to
supervise according to law, and will adopt the strategy of non-legal supervision. When
the government collects fines less than its cost of verifying enterprises, the government
will choose the strategy of loose regulation; when the government is loose supervision and
the environmental supervision department is not supervised in accordance with the law,
the binding force on the enterprise is reduced, and the enterprise will not be afraid of the
penalty received during non-cleaner production, and the enterprise will choose the strategy
of non-cleaner production.

Scenario 2: When's + te + tg <¢j + Ce,@tq + €dn + €dy <Cd,Cgd + Cge < (te + tg),
only the eigenvalues corresponding to the equilibrium point (0, 0, 1) are negative, so (0, 0, 1)
is the evolutionary stability point of the system, and its corresponding evolutionary stability
strategy is (non-cleaner production, non-legal supervision, strict supervision). When the
fines imposed on the polluted production of heavy polluting enterprises are verified and
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the environmental protection tax (pollutant discharge fee) paid by the polluted production
of the enterprise is small, the subsidy for the environmental protection

If the production of the enterprise is verified, and the cost of upgrading the technology
and equipment of the enterprise’s environmental protection production is higher than
the cost of information disclosure by the enterprise according to regulations, then the
heavy polluting enterprise will choose the strategy of non-cleaner production. When the
income obtained by the regulatory authorities when supervising in accordance with the
law and the losses suffered by the regulatory authorities when the regulatory authorities
do not supervise in accordance with the law are lower than the supervision costs of the
environmental information disclosure regulatory authorities, the environmental regulatory
authorities will choose non-legal supervision; When heavy polluting enterprises are not
cleaner production and environmental supervision departments are not supervised in
accordance with the law, it will not only cause serious environmental pollution, but also
seriously damage the general environment of local environmental governance, which is not
conducive to the development of local environmental governance, so the local government
will tend to increase the fines imposed on enterprises for verifying polluted production and
the environmental protection tax (pollutant discharge fee) paid by enterprises for verifying
polluted production, so as to promote enterprises to change to cleaner production. At this
time the government will choose a stable strategy of strict supervision.

Scenario 3: When ¢(1 + h + tq) <¢ + ce, @tq > g, (te + tg) < (cga + Cge), only
the eigenvalues corresponding to the equilibrium point (0, 1, 0) are negative, so (0, 1, 0) is
the evolutionary stability point of the system, and its corresponding evolutionary stability
strategy is (non-cleaner production, supervision according to law, loose supervision). At
this time, environmental protection subsidies failed to promote the cleaner production
of heavy polluting enterprises, but the local government’s rating measures and reward
and punishment system for environmental regulatory authorities effectively regulated the
behavior of environmental regulatory departments, enabling environmental regulatory
authorities to supervise in accordance with the law, thus ensuring that the non-cleaner
production of heavy polluting enterprises can be restrained under legal supervision.

Scenario 4: When s +te + tg + @(1 + h+ tg) <c¢ + ce,ptq + eqn + egy > cq,
Cod + Cge < (te + tg) , only the eigenvalues corresponding to the equilibrium point (0, 1, 1)
are negative, so (0, 1, 1) is the evolutionary stability point of the system, and its correspond-
ing evolutionary stability strategy is (non-cleaner production, supervision according to
law, strict supervision). When the fines and negative impact of pollution on non-clean
production of heavy polluting enterprises are low, and the cost of upgrading technology
and equipment for environmental protection production is higher than the cost of infor-
mation disclosure by enterprises in accordance with regulations, then heavy polluting
enterprises will choose the strategy of non-clean production. However, at this time, the
government’s strict supervision of the environmental regulatory authorities ensures that
the regulatory authorities supervise heavy polluting enterprises in accordance with the law.
Further restraint on heavy polluting enterprises.

2.3. Simulation Analysis

In this section, the four pure policy equilibrium points analyzed earlier were simulated
and verified using the R2021a version of Matlab R2023a software, as shown in Figure 5.
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Figure 5. Evolutionary path diagram.

The pure strategy equilibrium point (0,0,0) corresponds to Scenario 1: When assuming
s =40, ¢ =08,¢cq =80, tg = 12,1 = 8, h = 10, eqn = 23,eqy = 55, te = 14,t5 = 16,
Cgd = 28, Cge = 32, ¢; =70, ce = 80, the conditions ¢ty < cq, (’ce + tg) < (ng + cge),
are satisfied. This results in a stable state of (0,0,0), indicating “non-compliant produc-
tion, non-compliant regulation, and lax supervision.” The 50 time-evolved outcomes of
different initial strategies are shown in Figure 5a. When @ty < cq, it suggests that environ-
mental information disclosure regulators” expected benefits from oversight significantly
outweigh their regulatory costs, leading them to rationally choose “non-compliant regu-
lation.” Conversely, when (te + tg) < (ng + cge), it indicates that the combined cost
of government-imposed environmental taxes and fines for enterprises falls below the cost
of conducting dual inspections by the government itself, resulting in a preference for lax
supervision. These new stable states reveal critical flaws in the current policy framework:
excessively low penalties coupled with prohibitively high regulatory costs have trapped
the system in a “low-level equilibrium” state.

The Pure Strategy Equilibrium point (0, 0, 1) Scenario 2: Given parameters s = 40,
s=40,¢9 = 08,¢cq =80, tg = 12,1 =8, h = 10, eqn = 12,4y = 25, te = 28, tz =32,
Cgd = 14,cge = 16,¢; =70, ce = 80, the system satisfies the conditions: s + te + tg < ¢; + Ce,
¢ty + edn + edy < CdCgd + Cge < (te + tg), The stable equilibrium is (0, 0, 1),
indicating a scenario of “non-clean production, non-compliant regulation, and strict super-
vision”. Figure 5b displays 50 time-evolved results across different initial strategies. When
s + te + tg < ¢ + ce, enterprises find that the combined subsidies from eco-friendly
production and avoided fines remain below total costs, resulting in insufficient motivation
for transformation. When ¢ty + egqn + eqy < cq, regulatory authorities ‘expected benefits
from oversight fail to cover costs, reducing their supervisory incentives. Finally, when
Ced T Cge < (te + tg), the government’s strict supervision strategy becomes economically
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viable as the cost of enforcement outweighs potential revenue from penalties. Although
the policy system reflected in this stability situation can encourage the government to
strictly supervise, it fails to effectively guide the behavior of enterprises and regulatory
departments to comply with the law, and the overall governance efficiency is still low.

The pure strategy equilibrium point (0, 1, 0) corresponds to Scenario 3: Given parame-
terss =40, 9 =08,cq =1,t4 =12,1 =8, h = 10, eq, = 12, edy = 25,te = 14, tg = 16,
Cgd = 28, cge = 32, ¢;=70, ce = 80, the conditions ¢(1 + h + t3) < ¢ + Ce
Pty > cd,(’ce + tg) < <cgd + cge) are satisfied. The stable equilibrium is (0, 1, 0),
indicating “non-clean production with legal compliance and lenient regulation”. Figure 5c
displays 50 time-evolved results from different initial strategies. These findings demon-
strate that a rational incentive mechanism can theoretically encourage environmental
regulators to enforce compliance. When ¢(1 + 7 + tq) < ¢ + ce, enterprises ‘total bene-
fits from cleaner production remain below their costs, reducing transformation incentives.
When ¢tq > cq, regulatory authorities” expected gains (penalty revenue) exceed monitoring
costs, incentivizing “legal compliance”. Conversely, when (te + tz) < (ng + Cge),strict
government enforcement becomes more costly than penalty revenue, leading to “lenient
regulation”. This stabilization scenario enhances regulatory incentives by reducing compli-
ance costs, yet fails to resolve the economic viability of cleaner production in enterprises,
highlighting the limitations of policy tool homogeneity.

The pure strategy equilibrium point (0,0,1) corresponds to Scenario 4: Given pa-
rameters s = 40, ¢ = 08, ¢cg = 1, t3 = 12,1 = 8§ h = 10, egqy = 12, eqy = 25,
te = 28, tg = 32, cgq = 14, cge = 16, ¢ = 70, ce = 80, satisfies the condition:
s+ te+tg + (1 + h + tq) < ¢ + Ce, Pty + €dqn + €qy > €4, Coq + Cge < (te + tg).
The resulting stable state is (0, 1, 1), indicating “non-cleaner production with strict reg-
ulatory enforcement”. The 50 time-evolved results under different initial strategies are
illustrated in Figure 5d. When the sum of s + te + tg + ¢(1 + h + tq) < ¢ + ceis
less than c i + c e, it indicates that the total benefits from implementing cleaner produc-
tion remain lower than the total costs, leaving enterprises with insufficient motivation for
transformation. When gty + eqn + eqy > cq, it suggests that the expected regulatory
benefits (including penalty commissions and reputational gains) surpass the regulatory
costs, incentivizing “law-based regulation”. If Cgd + Cge < (te + tg), it demonstrates that
the benefits of strict government supervision outweigh the costs, motivating authorities to
enhance oversight. These equilibrium conditions reveal that optimizing regulatory costs
enhances enforcement incentives for governments and regulators, yet fail to resolve the
fundamental issue of economic viability in corporate cleaner production.

In conclusion, the steady-state equilibrium behavior of each participating entity is
determined by the costs and benefits of each participant. However, different values of
parameters will have different influences on the convergence speed. Therefore, based on the
relevant conditions in Situation 3, analyze the impact of the enterprise’s clean production
cost (c; + ce), environmental information disclosure violation fines (t4), the expected
benefits of the regulatory authorities” supervision in accordance with the law (eqn + eqy),
the efficiency of the regulatory authorities” supervision (¢), the pollution production fines
and environmental protection taxes paid by heavily polluting enterprises (te + tg), and the
government’s verification cost (cgq + Cge) on the evolutionary game process and results.
The specific results are shown in Figure 6.
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Figure 6. Tripartite evolution trajectory under different conditions.

From the analysis of the evolution trajectory in Figure 6, it can be seen that the

values of each key parameter in the system will significantly affect the evolution path and

convergence speed of the strategies of the government, heavily polluting enterprises, and

environmental information regulatory departments. The specific impacts are shown in

Table 5.

Table 5. Stability Analysis Table.

Parameter Convergence Rate Specific Explanation
As the parameter increased from 80 to 150 The cost of cleaner production will hinder the
the probability of heavy polluting enterprises evolut19n speed O.f cleaner'productl'on. The
(ci + ce) reason is that the increase in cost will

upward trend.

choosing non-clean production showed an

compress the profit space of enterprises, and
then hit the motivation of cleaner production.
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Table 5. Cont.

Parameter Convergence Rate Specific Explanation
When the parameter is 12, the policy
trajectory shows a linear convergence feature
When the parameter is increased to 30, the
evolution trajectory of the system gradually ~ The increase in environmental information
forms a closed ring structure and the disclosure violation penalty can restrain the
amplitude expands with the increase in the tendency of enterprises to pollute, accelerate
tq parameter. the steady state convergence process of the
.. tem, and t t ises t h th
When the parameter is increased to 60, the Systerh, and promoze elierprises to teach te
s : ! Pareto optimal equilibrium of clean
probability of heavy polluting enterprises roduction in a shorter fime
choosing non-clean production shows a p '
monotonically decreasing trend, and the
evolution speed of their clean production
strategies increases significantly.
When the parameters are initial values, the
strategy selection tends to be (0,1,0) o
— The expected return of regulatory authorities
When the parameter is increased to 70, the to regulate according to law will affect the
(edn + edy) ?,trategy evolution shows a slow convergence  oy1ution speed of the system, and the larger
ma splra.l shape and tends t9 aPProaCh the the value is, the more likely the government
stable point after several oscillations. is to strictly regulate.
When the parameter is increased to 100, the
government tends to be more stringent.
. . . In the process of system evolution to the
As the supervision efficiency increases from - .
. steady state, the efficiency of supervision by
@ 0.4 to 0.8, the evolution speed of the system . ;
regulators will affect the evolution speed of
decreases.
the system.
It shows that when the pollution production
When the parameter is increased to 80, the fines and environ mental protection taxes palfi
. . by heavy polluting enterprises are too high, it
evolution rate of the system increases, but 1 s . .
; : will hinder the production and operation of
(te + tg) when the parameter is further increased to .
. enterprises to some extent. Unreasonably
100, the evolution rate of the system shows a e .
high fines will lead to the phenomenon that
downward trend. . . .
enterprises will not clean up even if they are
fined.
When the parameter is increased from 60 to ~ When the cost of strict government regulation
100, the evolution rate of the system increases, is too high, it will cause difficulties in
(c ed + Cge) but when the parameter is further increased = government supervision, which is not

to 150, the evolution of the system will no
longer approach (0,1,0).

conducive to effective government
supervision.

"

Note: In matlab software, “@

3. Empirical Analysis
3.1. Theoretical Hypotheses

cannot be input. Therefore, in the figure, let ¢ = A.

Environmental regulations are a key measure to promote clean production in heavily

polluting enterprises and a crucial approach to achieving their green transformation. In

terms of the impact of environmental regulations on the clean environment performance

of heavily polluting enterprises, the specific analysis is as follows: Strict command-and-

control environmental regulations directly force enterprises to increase investment in

environmental protection facilities and upgrade pollution control technologies by rais-

ing the environmental governance costs and compliance pressure of enterprises, thereby

enhancing performance in the dimensions of environmental treatment (ET) and environ-
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mental governance performance (EG). Meanwhile, market-incentivized environmental
regulations guide enterprises to internalize environmental costs through economic means,
encouraging them to optimize production processes through green technological inno-
vation, reduce pollutant emissions, enhance resource utilization efficiency, and thereby
improve environmental management capabilities (EM) and overall environmental perfor-
mance. Liu, H (2024) et al. found that environmental regulations can significantly improve
the environmental performance of heavily polluting enterprises [28]. Researchers Deng,
X et al. (2020) analyzed the data of Chinese listed companies from 2008 to 2018 [29]. The
results showed that government environmental regulations could significantly improve the
environmental performance (CEP) of enterprises [29]. Based on this, this paper proposes
Hypothesis 1:

H1. Environmental regulations have a significant positive impact on enterprises’ clean environ-
mental performance.

In the analysis of the transmission mechanism based on environmental information
disclosure, environmental regulations act on enterprises’ clean environmental performance
through mandatory disclosure requirements: As a command-and-control type of envi-
ronmental regulation, the mandatory environmental information disclosure system im-
plemented by the government first places enterprises’ environmental behaviors under
government supervision and public oversight by setting clear disclosure obligations, thus
creating external pressure. This pressure prompts enterprises to proactively adjust their
internal strategies in order to maintain their legitimacy and reputation, thereby transform-
ing external regulatory pressure into the driving force for internal resource reconstruction.
Furthermore, high-quality environmental information disclosure behavior itself will convey
a positive “green” signal to the market, which helps enterprises win the favor of green
investors, alleviate financing constraints, enhance brand image, and ultimately form a virtu-
ous cycle through market incentive mechanisms. It also promotes the overall improvement
of enterprises’ clean environmental performance in dimensions such as environmental
treatment (ET), environmental management capacity (EM), and environmental governance
performance (EG). Qing L. (2022) et al.’s research confirmed that environmental infor-
mation disclosure has a significant positive impact on the environmental performance
of Chinese enterprises [30]. The research results of researchers such as Ren S show that
although mandatory environmental information disclosure can improve the environmental
performance of enterprises by increasing environmental management activities and costs,
it will have a long-term positive impact on the economic performance of enterprises. Re-
searchers Ye Y (2023) et al. analyzed the data of A-share listed companies in China [31].
The results showed that this environmental regulation policy could significantly improve
the environmental performance of enterprises [31].

Based on this, this paper proposes Hypothesis:

H2. The intensity of environmental regulations further positively affects the clean environmental
performance of significant enterprises by influencing environmental information disclosure.

3.2. Sample Selection and Data Source

Based on the “Catalogue of Industry Classification Management for Environmental
Protection Verification of Listed Companies” issued by the Ministry of Ecology and En-
vironment, this study selected 570 heavily polluting listed companies from 2014 to 2022
as research objects by matching annual report information, covering 16 highly polluting
industries such as thermal power, steel, and chemical engineering. This sample covers
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the most comprehensive group of A-share listed companies in specific heavily polluting
industries, ensuring that these enterprises can continuously and completely disclose data
during the research period, thereby obtaining high-quality balanced panel data. Moreover,
the sample size far exceeds the requirements of conventional econometric methodology,
providing sufficient statistical power guarantee for subsequent robust econometric analysis.

During the data organization stage, three operations are carried out: (1) Eliminate
ST/*ST enterprises to avoid interference from abnormal transactions; (2) Delete the samples
with missing key data, and fill in the missing variables with linear interpolation. (3) All
continuous variables should be truncated by 1% to eliminate the influence of extreme
values. This study adopted the linear interpolation method when dealing with a small
amount of missing data. We have noticed that this method assumes a linear variation
among data points, which may introduce deviations. However, given the low missing rate
of this dataset and the gentle trend of the variables within a short time window, the impact
of this bias on the overall analysis is limited.

3.3. Model Construction
3.3.1. Benchmark Regression Model

In order to test the impact of environmental regulation on the cleaning performance of
heavy polluting enterprises, the following model is established:

EPi = Bo + B1ERi + BoXit + 8¢ + &t (22)
Among them, i = 1,2...... 30 represents the stock code of the enterprise and
t=2014, 2015...... 2022 represents the year; The interpreted variable EP;; represents

the cleaning performance of the enterprise; The core explanatory variable ER;; represents
the government’s environmental regulation. Xj; is the set of control variables, including:
enterprise size b_size;;, asset-liability ratio g_ratio,,, enterprise Tobin g_value;,, total asset
turnover ratio t_asset;;, largest shareholder shareholding ratio s_ratio;;, and operating in-
come growth rate g_rate;. At the same time, the model controlled the fixed effect of the

year 8¢, and &;; was the random perturbation term.

3.3.2. Mediation Mechanism Model

In order to explore the role of environmental information disclosure in the process
of environmental regulation affecting the environmental performance of enterprises, this
paper constructs the intermediary mechanism model as follows.

EPjt = Bp + B1ERy + BoXi + O + & (23)
EIDI =By + B1ER; + BoXi + &t + &t (24)
EPit = Bo + B1ERj + BoEIDI + B3Xj + 6 + &t (25)

Among them, it represents the level of environmental information disclosure, and the
meaning of the other parameters is the same as that in the basic regression model.

3.3.3. Variable Definition

Environmental Regulation (ER). Xue Lian et al. used the proportion of completed
industrial pollution control investment in the secondary industry to represent the intensity
of environmental regulation. This study draws on this approach and uses the proportion of
completed industrial pollution control investment in the secondary industry to represent
environmental regulation [32].
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Environmental performance (EP) of heavily polluting enterprises in environmental
cleaning. The examination of an enterprise’s environmental performance based on rel-
evant literature mainly includes three dimensions: environmental treatment situation,
environmental management capacity and environmental governance performance. The
indicator system is shown in Table 6. The measurement of clean environment performance
(EP) of heavily polluting enterprises refers to the division of environmental performance
dimensions by Ding et al. (2022) and Li et al. (2025), and combines the environmental
information disclosure evaluation framework proposed by Wiseman (1982) [33-35]. This
article conducts a comprehensive examination of an enterprise’s clean environmental per-
formance from three dimensions: environmental treatment situation (ET), environmental
management capacity (EM), and environmental governance performance (EG) [35].

Table 6. Performance Index System for Clean Production of Heavily Polluting Enterprises.

Variable First-Level Indicator Secondary Indicators
Handling of environmental petition cases
Environmental treatment statusET The handling of environmental violations
handling of sudden environmental accidents
Environmental education and training
Environmental Environmental management Environmental honors or awards

performance of heavily
polluting enterprises EP

capacity EM
“Three simultaneous” system

Implementation of cleaner production

Solid waste utilization and disposal

Environmental governance

performance EG Exhaust gas emission reduction and treatment

Wastewater emission reduction and treatment

dust and soot control

The environmental information disclosure index of enterprises. This study, referring to
relevant literature and combining the characteristics of environmental information disclo-
sure and clean production of heavily polluting enterprises, constructed the environmental
information disclosure index and clean production performance evaluation index system of
heavily polluting enterprises as shown in Table 7 [36]. It mainly includes the disclosure of
environment-related reports and the disclosure of environmental governance. The entropy
method is utilized to assign weights to each indicator in the evaluation index system,
and the environmental information disclosure index and clean production performance of
heavily polluting enterprises are comprehensively calculated.

Table 7. Environmental Information Disclosure Index System for Heavily Polluting Enterprises.

Variable First-Level Indicator Secondary Indicators
Whether it is S09001 certified
Envi.ronmental Information Environmental regulatory certification Whether it is certified by S014001
Disclosure Index EIDI ESC

Whether pollutant emissions meet the standards
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Table 7. Cont.

Variable

First-Level Indicator Secondary Indicators

Environmental protection information disclosure
in the annual report

Environmental related reporting

disclosure status ERR Social responsibility report on environmental

protection information disclosure

Disclosure of separate environmental reports

Whether it has an environmental protection
concept

Whether to set environmental goals

Whether the environmental protection

Environmental governance disclosure management system is complete

EPG

Whether the emergency response mechanism for
environmental incidents is sound

The development of special environmental
protection actions

3.3.4. Analysis of Regression Results

e  Descriptive Statistics

The descriptive statistical analysis results of each variable are shown in Table 8. In
terms of core variables, the average score of the comprehensive evaluation of environ-
mental performance (EP) is 0.090. The mean values of Environmental regulation (ER) and
Environmental Information Disclosure Index (EIDI) are 0.260 and 0.220, respectively, and
the standard deviations are relatively large, reflecting that there are significant differences
in policy pressure and information disclosure levels faced by different enterprises, provid-
ing a good variation basis for studying the relationship between variables. Among the
control variables, the mean (6594) and median (2950) of the enterprise size (b_size) differ
significantly, and the standard deviation (10,182) is relatively large, indicating that the
sample covers various types of enterprises from medium and small-sized to large, and the
distribution shows a right-skewed characteristic. The mean value of board independence
(g_ratio) is 0.410, close to the reasonable ratio recommended by theory; The average value
of Tobin Q (q_value) was 2.010 and the median was 1.570, indicating that the market valua-
tion of most enterprises was higher than their book value. Indicators such as asset structure
(t_asset), profitability (s_ratio), and growth (g_rate) are all within a reasonable fluctuation
range. Overall, the data of each variable have good variability and representativeness,
meeting the requirements of subsequent empirical analysis.

Table 8. Descriptive Statistics of Key Indicators.

. . . Standard Minimum Maximum
Variable Sample Size Mean Median Deviation Value Value
EP 4794 0.0900 0.0800 0.0800 0 0.330
ER 4794 0.260 0.210 0.210 0 0.880
EIDI 4794 0.220 0.170 0.210 0 0.930
b_size 4794 6594 2950 10,182 257 64,794
g_rate 4794 0.410 0.400 0.190 0.0500 0.860
q_value 4794 2.010 1.570 1.310 0.810 8.330
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Table 8. Cont.
. . . Standard Minimum Maximum
Variable Sample Size Mean Median Deviation Value Value
t_asset 4794 0.650 0.570 0.410 0.0900 2.470
s_ratio 4794 34.33 32.27 14.88 9.080 74.57
g_ratio 4794 0.130 0.0700 0.390 —0.650 2.160

Note: EP represents the environmental cleanliness performance of heavily polluting enterprises, ER represents
the level of environmental regulation, b_size represents the enterprise scale, g_rate represents the asset-liability
ratio, g_value represents the Tobin q value of the enterprise, t_asset represents the total asset turnover rate,
s_ratio represents the shareholding ratio of the largest shareholder, and g_rate represents the growth rate of
operating income.

e  Benchmark regression results

Table 9 shows the benchmark regression results. It can be concluded that there is a
significant positive correlation between the level of environmental regulation (ER) and the
environmental performance of enterprises (EP) at the 5% level, indicating that strengthen-
ing environmental regulation by the government can effectively improve the environmental
performance of enterprises. Thus, Hypothesis 1 is verified. The main reason might lie
in the fact that strict environmental regulations, by raising the marginal cost of pollution
emissions, exert a direct reverse pressure on enterprises, prompting them to proactively
explore and implement green innovation behaviors. Enterprise innovation helps them
meet environmental compliance requirements. At the same time, through technological
improvements, production process optimization and other paths, it gives rise to an “in-
novation compensation” effect, enabling enterprises to gain competitive advantages in
improving resource allocation efficiency and comprehensive cost control, thereby offsetting
or even exceeding the cost pressure caused by environmental regulations. On the other
hand, market-incentivized environmental regulations provide economic compensation
for enterprises’ environmental protection investments. As the intensity of regulation in-
creases, the reputation and legal risk exposure faced by enterprises’ polluting behaviors
are significantly magnified, driving enterprises to incorporate environmental performance
into strategic considerations and proactively build environmental management systems to
respond to regulatory pressure and social expectations, regarding environmental manage-
ment capabilities as key strategic resources.

Table 9. Benchmark regression results.

Variable @ 2) 3) (CY] (5) (6) 7
Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients
0.015 ** 0.019 *** 0.020 *** 0.018 *** 0.017 *** 0.018 *** 0.017 ***
ER T-statistic T-statistic T-statistic T-statistic T-statistic T-statistic T-statistic
(2.47) (3.44) (3.53) (3.18) (2.99) (3.16) (3.06)
Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients
) 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 *** 0.000 ***
b-size T-statistic T-statistic T-statistic T-statistic T-statistic T-statistic
(21.75) (19.81) (19.22) (18.26) (16.80) (16.55)
Coefficients Coefficients Coefficients Coefficients Coefficients
o ratio 0.028 *** 0.016 ** 0.011* 0.011* 0.011*
T-statistic T-statistic T-statistic T-statistic T-statistic

(4.67) (2.57) (1.72) (1.71) (1.79)
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Table 9. Cont.
Variable 1) 2) 3) @ (5) 6) (7)
Coefficients Coefficients Coefficients Coefficients
(—0.005 *** —0.005 *** —0.005 *** —0.005 ***
g_value
T-statistic T-statistic T-statistic T-statistic
(—4.94) (—5.56) (—5.50) (—5.48)
Coefficients Coefficients Coefficients
0.023 *** 0.022 *** 0.022 ***
t_asset
T-statistic T-statistic T-statistic
(8.43) (8.17) (7.90)
Coefficients Coefficients
) 0.000 ** 0.000 **
s_ratio
T-statistic T-statistic
(2.35) (2.34)
Coefficients
—0.005 *
g_rate
T-statistic
(—1.78)
Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients Coefficients
0.075 *** 0.060 *** 0.049 *** 0.063 *** 0.051 *** 0.045 *** 0.046 ***
Constant
T-statistic T-statistic T-statistic T-statistic T-statistic T-statistic T-statistic
(20.31) (16.52) (11.39) (12.04) (9.60) (7.54) (7.69)
R? 0.0164 0.1053 0.1090 0.1135 0.1265 0.1275 0.1280
Observations 4860 4859 4859 4793 4793 4793 4791

Note: EP represents the environmental cleanliness performance of heavily polluting enterprises, ER represents
the level of environmental regulation, b_size represents the enterprise scale, g_rate represents the asset-liability
ratio, g_value represents the Tobin q value of the enterprise, t_asset represents the total asset turnover rate, s_ratio
represents the shareholding ratio of the largest shareholder, and g_rate represents the growth rate of operating
income. *** p <0.01, ** p < 0.05, * p < 0.10.

This conclusion is highly consistent with the discussions in the international academic
community. For instance, the Porter Hypothesis suggests that well-designed environmental
regulations can stimulate enterprise innovation, thereby partially or completely offsetting
compliance costs and even enhancing enterprise competitiveness. This provides a classic
theoretical support for the “innovation compensation” effect. In developed economies such
as the European Union, the strict emissions Trading system (EU ETS) has been confirmed by
a large number of studies to effectively promote enterprises (especially the manufacturing
industry) to carry out green technological innovation to reduce carbon emissions. Com-
pared with the traditional “command-and-control” type of regulation, market incentive
tools often demonstrate higher cost-effectiveness in international practice because they
provide enterprises with more flexible options to achieve emission reduction targets. Fur-
thermore, research from Japan’s manufacturing industry also indicates that environmental
regulations can help enhance the energy utilization efficiency and technological innovation
level of enterprises. International frameworks such as the ecological efficiency measure-
ment guidelines promoted by the World Business Council for Sustainable Development
(WBCSD) also emphasize the importance of integrating environmental performance with
enterprise value creation.
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e  Mediation effect analysis

Table 10 shows the regression results of the mediation mechanism model. Column (1)
examines whether the level of environmental regulation can have a significant impact on the
environmental performance of enterprises. Columns (2)—(3): To examine whether the level
of environmental regulation can have a significant impact on the level of environmental
information disclosure, a mediating variable. The regression results show that in column
(2), the environmental regulation (ER) coefficient is -0.039, which is significant at the 5%
level. This preliminarily indicates that environmental regulation has a significant effect on
the level of environmental information disclosure, a mediating variable. After introducing
the level of Environmental Information disclosure (EIDI) in Column (3), its coefficient is
0.217, which is significant at the 1% level. Meanwhile, the coefficient of environmental
regulation (ER) becomes 0.023 and remains significant. Combined with Column (2), it can
be judged that environmental regulation can affect the level of environmental information
disclosure, and this level plays a mediating and transmitting role in the relationship
between environmental regulation and enterprise environmental performance. That is,
environmental regulations can affect the environmental performance of enterprises by
acting on the level of environmental information disclosure. Thus, Hypothesis 2 has
been verified.

Table 10. Regression results of mediating effects.

. ® ) 3)
Variables
EP EP EP
Coefficients Coefficients Coefficients
0.017 *** —0.039 ** 0.023 ***
ER
T-statistic T-statistic T-statistic
(3.06) (—2.54) (5.15)
Coefficients Coefficients Coefficients
0.000 *** 0.000 *** 0.000 ***
b_size — " —
T-statistic T-statistic T-statistic
(16.55) (5.46) (8.10)
Coefficients Coefficients Coefficients
) 0.011 * 0.074 *** —0.000
g_ratio
T-statistic T-statistic T-statistic
(1.79) (4.40) (—0.07)
Coefficients Coefficients Coefficients
—0.005 *** —0.005 * —0.005 ***
q_value . . .
T-statistic T-statistic T-statistic
(—5.48) (—1.94) (=7.21)
Coefficients Coefficients Coefficients
0.022 *** 0.015* 0.010 ***
t_asset
T-statistic T-statistic T-statistic
(7.90) (1.95) (4.42)




Sustainability 2025, 17, 9586 24 of 29
Table 10. Cont.
. 1) (2 (3)
Variables
EP EP EP
Coefficients Coefficients Coefficients
) 0.000 ** 0.001 *** 0.000
s_ratio
T-statistic T-statistic T-statistic
(2.34) (5.01) (0.80)
Coefficients Coefficients Coefficients
—0.005 * 0.025 *** —0.001
g_rate
T-statistic T-statistic T-statistic
(—1.78) (3.02) (—0.54)
Coefficients
0.217 ***
EIDI .
T-statistic
(48.70)
Coefficients Coefficients Coefficients
0.046 *** 0.144 *** 0.038 ***
Constant . . .
T-statistic T-statistic T-statistic
(7.69) (10.64) (9.14)
Observations 4791 4719 4791
R? 0.001 0.073 0.001

Note: EP represents the environmental cleanliness performance of heavily polluting enterprises, ER represents
the level of environmental regulation, b_size represents the enterprise scale, g_rate represents the asset-liability
ratio, q_value represents the Tobin q value of the enterprise, t_asset represents the total asset turnover rate, s_ratio
represents the shareholding ratio of the largest shareholder, and g_rate represents the growth rate of operating
income. *** p < 0.01, ** p < 0.05, * p < 0.10.

It echoes the research conclusions of the international academic community on environ-
mental regulations, information disclosure and the performance chain, but also highlights
the particularity in the Chinese context. From the perspective of the direction of action, the
positive impact of environmental regulations on information disclosure differs from that
of some international studies. For instance, in regions such as the European Union and
the United States where disclosure systems are relatively mature, mandatory environmen-
tal regulations often directly prompt enterprises to enhance the comprehensiveness and
accuracy of information disclosure. In China, the environmental information disclosure
of many heavily polluting enterprises is still mainly voluntary, and the overall quality is
relatively low. When confronted with short-term compliance pressure, enterprises may
tend to simplify or delay disclosure to evade regulatory attention, leading to a tempo-
rary inhibitory effect of environmental regulations on information disclosure. However,
after introducing information disclosure as a mediating variable, its significant positive
coefficient (0.217) indicates that high-quality disclosure behavior itself remains a key path
to promoting the improvement of environmental performance. This discovery is in line
with the ecological efficiency framework advocated by the World Business Council for
Sustainable Development (WBCSD), which states that transparent disclosure can promote
substantial improvements in corporate environmental governance by reducing information
asymmetry, strengthening social supervision and optimizing resource allocation.
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4. Conclusions and Recommendations
4.1. Conclusions

In the research on the role of environmental regulations in the environmental perfor-
mance of enterprises, the positive impacts verified by the empirical results are in line with
the “Porter Hypothesis”, and this conclusion also echoes international experience—for in-
stance, the European Union promotes green innovation in manufacturing through a carbon
emissions trading system, and Japan relies on environmental regulations to enhance energy
efficiency. All of them reflect the positive promoting effect of environmental regulations
on the environmental performance of enterprises. It is worth noting that the “command
and control” style of supervision adopted by China can also effectively force enterprises
to transform. The realization of this effect is attributed to the continuous strengthening of
environmental protection law enforcement in recent years.

In terms of the mechanism of environmental information disclosure, it shows a medi-
ating effect feature of “short-term inhibition-long-term promotion”, which is different from
the model of “direct positive correlation between regulation and disclosure” under the
mandatory disclosure system in Europe and the United States. In China, the environmental
information disclosure of heavily polluting enterprises is mainly voluntary. In the short
term, affected by compliance pressure, some enterprises will simplify the content of infor-
mation disclosure. However, in the long term, high-quality environmental information
disclosure can contribute to the improvement of enterprises’” environmental performance
by reducing information asymmetry and strengthening social supervision. This mechanism
is also in line with the ecological efficiency framework of the World Business Council for
Sustainable Development.

From the perspective of evolutionary game theory, the equilibrium point of this system
tends to be “enterprise non-clean production”. The core problem lies in that the total cost
of clean production is higher than the benefits it brings, which is consistent with the “cost-
benefit” logic in international governance. This also highlights the importance of enhancing
regulatory efficiency and designing reasonable fine and subsidy mechanisms. This is in
sharp contrast to the practical experience of the US Regional Greenhouse Gas Initiative in
improving regulatory efficiency and the EU in stabilizing carbon prices, further confirming
the necessity of optimizing regulatory and incentive mechanisms.

Based on the above background, this paper constructs A three-party game model
among heavily polluting enterprises, the government and environmental information
disclosure regulatory authorities on the basis of evolutionary game theory, and combines
the panel data of 570 listed companies in heavily polluting industries in China’s A-share
market from 2014 to 2022. Systematically explore the decision-making mechanism and
influencing factors of enterprise clean production in multi-agent interaction scenarios, and
ultimately draw the following core conclusions:

First, at the evolutionary game level, the strategic choices of the three parties are
all dominated by the cost-benefit relationship. Among them, the willingness of heavily
polluting enterprises to implement clean production depends on the balance among the
costs of environmental protection technology upgrades, information disclosure, subsidies
and fines—the relative level of cost and benefit directly determines whether the enterprise
is inclined to carry out clean production.

Secondly, when the cost of clean production for enterprises is too high and the relevant
incentive and restraint mechanisms are insufficient, enterprises will be more inclined to
choose non-clean production strategies. From the perspective of regulatory authorities,
environmental information disclosure regulatory departments will only choose to strictly
supervise in accordance with the law when the regulatory benefits exceed the regulatory
costs. The government will only take strict regulatory measures when the verification cost
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is lower than the fines and confiscation of gains. Overall, the core bottleneck for heavily
polluting enterprises in their strategic choices has always been that the total cost of clean
production is higher than its comprehensive benefits.

Thirdly, at the empirical level, environmental regulations have a significant positive
impact on enterprises’ clean environmental performance. This result validates Hypothesis
H1, indicating that reasonable environmental regulations can enhance environmental per-
formance by increasing the marginal cost of pollution emissions, compelling enterprises
to increase their investment in green innovation. Meanwhile, environmental information
disclosure plays a mediating role in the relationship between environmental regulations
and corporate environmental performance: although environmental laws and regulations
may have an inhibitory effect on corporate environmental performance due to compliance
pressure in the short term, in the long run, high-quality environmental information disclo-
sure can significantly promote the improvement of corporate environmental performance
by reducing information asymmetry and strengthening social supervision. Furthermore,
the empirical results also show that the scale of enterprises and the total asset turnover
rate have a positive impact on environmental performance, while the Tobin Q value has
a negative impact. This phenomenon reflects that short-term environmental protection
investment will temporarily squeeze the market valuation of enterprises.

4.2. Recommendations

Based on the above conclusions and research findings, the following policy recom-
mendations are proposed:

(1) The core task in the short term is to build a policy framework and incentive
mechanisms for cleaner production, focusing on alleviating cost pressures on enterprises,
especially small and medium-sized enterprises (SMEs). The government should establish a
special subsidy fund for cleaner production, provide progressive tax reductions for SMEs
that actively upgrade their environmental technologies, and reduce compliance costs by
simplifying environmental information disclosure procedures and developing a unified
digital reporting platform. Meanwhile, pilot programs for cleaner production audits should
be launched in key industries such as metallurgy and chemical engineering, as well as
in industrial parks, promoting a “subsidized audits and voluntary agreements” model.
Enterprises that proactively disclose environmental data should be rewarded with credit
rating bonuses or one-time incentives to initially establish a motivation mechanism for
voluntary participation. Furthermore, the applicability of environmental taxes and fines
across different industries should be dynamically assessed, implementing differentiated
penalties for highly polluting enterprises to avoid excessive burdens on businesses caused
by a “one-size-fits-all” approach.

(2) In the medium term, the focus should be on expanding the coverage of cleaner
production and strengthening inter-departmental coordination. On one hand, cleaner pro-
duction practices should be extended from the industrial sector to agriculture, construction,
and services, establishing a comprehensive industrial evaluation indicator system and
promoting innovation in green financial instruments. On the other hand, a “heterogeneous
enterprise classification and governance mechanism” should be constructed: large enter-
prises should be mandatorily required to formulate mid-to-long-term environmental gover-
nance roadmaps, linking emission reduction targets with ESG ratings; for enterprises with
high market valuation, the disclosure of environmental risks should be strengthened and
linked to refinancing qualifications. Simultaneously, a regional collaborative mechanism
for cleaner production should be established to unify standards and jointly promote tech-
nologies, achieving cross-regional joint prevention and control of pollution. The long-term
goal is to foster endogenous motivation for green and low-carbon development through
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legislative improvement and societal co-governance. Supporting regulations should be
revised to incorporate requirements for carbon emission reduction and resource recycling
into the legal framework. A dynamic evaluation and remediation mechanism for corporate
environmental credit should be established, rewarding enterprises that demonstrate contin-
uous performance improvement. The development of a green consumer market should
be promoted, and public participation in supervision should be encouraged by regularly
disclosing corporate environmental data and government regulatory reports, forming a
positive feedback loop of “disclosure-improvement-incentive.” Cleaner production should
be deeply integrated into the national “Dual Carbon” strategy, leading the industrialization
of cleaner production technologies and equipment through scientific and technological
innovation, and ultimately building a sustainable development pattern supported by the
collaboration of government, enterprises, and society.

4.3. Research Limitations and Future Research Directions

This study combines evolutionary game theory with econometrics to explore the
impact of environmental regulations on clean production in heavily polluting enterprises.
In terms of theoretical contributions, this study provides a formal framework, demonstrat-
ing that the stability of the tripartite regulatory system is highly sensitive to the relative
cost-benefit structure of the relevant parties. Theoretically, it has been established that
environmental information disclosure is an important intermediary mechanism for super-
vision to influence the environmental performance of enterprises. In terms of practical
contributions, the research results provide policymakers with feasible insights. The effec-
tiveness of environmental regulations depends on the severity of penalties and also on a
carefully calibrated system that can both reduce compliance costs and ensure reliable law
enforcement. It is emphasized that the government needs to formulate precise and targeted
policies rather than adopt a one-size-fits-all approach.

Although this study provides valuable insights, there is still room for improvement.
Firstly, although the current model incorporates the tripartite interaction among the govern-
ment, enterprises and regulatory authorities, it fails to adequately depict the heterogeneity
of the degree of limited rationality of each subject. Secondly, the empirical aspect is mainly
based on data from heavily polluting industries. In the future, it can be expanded to the
analysis of light-pollution industries.
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