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Abstract

As major sources of pollution and carbon emissions, energy enterprises have long faced
challenges in their technological transformation due to the industry’s characteristics of high
investment costs and strong lock-in effects. While formal mechanisms such as government
subsidies can impose short-term constraints, they fail to stimulate the sector’s intrinsic
motivation. Can the reputation incentive mechanism be the key to breaking the deadlock?
This paper constructs a three-party evolutionary game model involving energy enterprises,
the public, and the government from the perspective of informal institutions. For the
first time, it incorporates the dual effects of reputation gains and losses into a unified
framework. The results show that reputation incentives are not merely a “cherry on top,”
but rather independently drive transformation by moderating enterprises’ cost-benefit
structures. The evolution of the three-party strategies exhibits dynamic synergy, and the
system equilibrium depends on the threshold matching of key parameters. Subsidy poli-
cies are effective in the short term, but may crowd out the role of reputation in the long
term. This paper reveals the underlying logic by which the integration of informal insti-
tutions and formal regulations drives profound transformation, offering new theoretical
perspectives and practical guidance for designing incentive-compatible multi-stakeholder
governance frameworks.

Keywords: energy enterprises; carbon emission reduction; technological transformation;
reputation incentive mechanism; evolutionary game

1. Introduction

Currently, environmental pollution and excessive carbon emissions are the primary
obstacles to global ecological security and economic and social sustainability. Not only have
they triggered a series of ecological crises, such as frequent extreme weather events and a
sharp decline in biodiversity [1], but they also pose a serious threat to the very foundations
of human production and daily life [2]. It is urgent to advance coordinated pollution and
carbon emission reduction. Energy-related activities in China account for more than 85%
of total carbon dioxide emissions. While energy enterprises—such as those in the power,
petroleum, and chemical industries—form the backbone of the national economy, they are
also the primary sources of pollution and carbon emissions. The high levels of pollution and
carbon emissions resulting from traditional energy production and consumption patterns
fail to meet the demands of high-quality development in today’s era. Energy enterprises
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must urgently overcome development bottlenecks through technological transformation to
promote synergies in pollution reduction and carbon emission reduction [3]. Energy enter-
prises’ technology transformation can drive the implementation of low-carbon technologies,
thereby achieving coordinated pollution and carbon reduction management [4]. Currently,
energy enterprises are navigating the most challenging phase of their transformation from
traditional fossil fuels to clean, low-carbon energy sources. Unlike other sectors, such
as manufacturing, the energy sector’s transition is characterized by significantly higher
costs, longer timelines, and greater risks. For instance, at the Ningxia Power Company of
the State Energy Group, SO, emissions amount to approximately 1455.32 tons per year,
and NOx emissions to approximately 2079.00 tons per year. The company has invested
approximately 10.7085 billion yuan in environmental protection funds for technological
upgrades. However, due to insufficient technological maturity, high operating costs, and
an underdeveloped market mechanism, the direct economic returns from these upgrades
have been insufficient to cover the costs. Consequently, the enterprise’s pollution reduction
and carbon emission reduction achievements have failed to translate into market reputa-
tion and financing advantages, creating a transformation dilemma characterized by “high
investment, low returns, and weak reputation.” This instance reflects the deep-seated con-
tradictions underlying the transformation of energy enterprises: simple policy constraints
and economic incentives are no longer sufficient to support the long-term development of
these companies [5]. As a soft governance tool, the reputation-based incentive mechanism
offers new logic and pathways for enterprises to make decisions on pollution and carbon
emissions reduction.

As an informal institution, the reputation incentive mechanism transforms social eval-
uations and market signals into core enterprise assets, thereby guiding energy companies
to optimize their energy mix and invest in low-carbon technology R&D [6]. Compared to
other industries, the energy sector faces greater pressure from public scrutiny. Feedback
from the public and the government significantly influences corporate decision-making,
and reputational incentives have a unique ability to drive change. By leveraging the strong
reputation built through technological transformation, enterprises can enhance their market
competitiveness, reduce financing costs, and secure preferential policies. Together, these fac-
tors create a stable external foundation and internal momentum for implementing pollution
and carbon reduction initiatives [7]. At the same time, the spillover effects of reputational
incentives will also encourage the government to optimize its green governance models
and enhance the effectiveness of policy implementation. In turn, this will further strengthen
the synergistic effects of technological transformation and pollution and carbon reduction.
Combining formal regulations with informal reputational incentives can encourage energy
enterprises to shift from passive compliance to proactive innovation [8], ensuring that the
outcomes of technological transformation are fully translated into tangible reductions in
pollution and carbon emissions, thereby achieving synergistic benefits.

Unlike existing research on evolutionary games in environmental governance, the
innovations of this paper are primarily reflected in the following three aspects: (1) Overcom-
ing the limitation that existing research has largely focused on formal institutions—such as
government subsidies—which struggle to impose sustained behavioral constraints, this pa-
per pioneers the incorporation of the reputation incentive mechanism as a core variable into
a three-party evolutionary game model involving “energy enterprises, the public, and the
government.” We systematically investigate the pathways through which this mechanism
influences energy enterprises’ technological transformation and decisions on pollution
and carbon emissions reduction. (2) Through numerical simulation, systematically in-
vestigate the independent mechanisms and boundary conditions by which reputation
gains and losses influence firms’ technological transformation decisions. Also identify the
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threshold effects of key parameters—such as costs and subsidies—on system convergence.
(3) By focusing on the synergistic relationship between reputational incentives and formal
policy instruments, this paper reveals the underlying logic by which the integration of
informal institutions and formal regulations drives the deep decarbonization of energy
enterprises. These findings offer a novel theoretical framework for improving the green
governance system.

2. Literature Review

2.1. Research on the Technological Transformation and Pollution Reduction—Carbon Emission
Mitigation of Energy Enterprises

The technological transformation of energy enterprises and the reduction of pollution
and carbon emissions are the key paths for promoting the green development of the indus-
try. Acheampong and Wang pointed out that the low-carbon transformation of enterprises
not only enables them to reduce pollution emissions, promote internal technological inno-
vation, but also enhances the enterprise value and improves the overall productivity [9].
Additionally, Zeng and He added that synergies between pollution reduction and carbon
emission reduction can ease China’s dual pressures in improving environmental quality
and reducing greenhouse gas emissions [10].

The synergistic benefits of pollution reduction, carbon emission reduction, and green
transformation in energy enterprises require feasible technical pathways to achieve. Ex-
isting research consistently indicates that technological transformation, exemplified by
digitalization and artificial intelligence (Al), serves as the core driving force enabling energy
enterprises to meet their pollution reduction and carbon emission reduction objectives.
Chen et al. revealed a U-shaped relationship between artificial intelligence computing
power and the green transformation of energy enterprises in their research, highlighting the
importance of technological maturity [11]. Zhao and Li focused on how Al can mitigate the
negative effects of public pressure, thereby driving green innovation and transformation
in energy enterprises [12]. Wang found that digital transformation significantly promotes
low-carbon transition [13]. Liu et al., focusing on manufacturing enterprises, found that
digitalization promotes green innovation through two channels: increasing investment
in innovation resources and reducing debt costs [14]. Ran et al. [15] and Sun et al. [16]
further emphasized the critical role of digitalization in mitigating information asymmetry.
Digitalization is regarded as a key mechanism for effectively reducing information asymme-
try between governments and enterprises and promoting corporate green transformation.
While the above studies have identified the drivers of technological transformation, they
largely treat it as either the outcome of corporate green innovation or an intermediate
variable, rather than a core strategy in corporate decision-making. Consequently, they have
failed to incorporate it into a multi-agent game theory framework for analysis.

However, the effects of the technological transformation are not isolated. The gov-
ernment, as a key driver, plays multiple roles in this process. Firstly, as environmental
regulators, the government directly imposes external constraints through command-and-
control policies. However, as Soderholm and Sundstrom pointed out, such regulation may
stimulate the adoption of green technologies by enterprises, but it may not necessarily drive
their overall transformation [17]. To enhance internal motivation, the government then acts
as an incentive provider and offers support through economic means such as subsidies.
Guo et al. found that this not only alleviates financial pressure but also conveys positive
signals to the market, stimulating enterprises to take the initiative in transformation [18].
Based on this, the government further assumes the role of a market builder. The carbon
trading mechanism has been demonstrated by Chen et al. [19] and Zhang et al. [20] to
effectively promote the low-carbon transformation of high-energy-consuming enterprises
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and generate significant synergistic effects in reducing pollution and carbon emissions.
At the governance system level, as the designer of the system, the government’s policy
intensity has an impact on the effectiveness of the transformation. Zhou and Han pointed
out that command-and-control policies need to reach a certain intensity to be effective [21].
However, formal institutions are often characterized by external coercion or short-term
incentives, struggling to internalize as a driving force for long-term strategic choices within
firms, and failing to fully capture the heterogeneous differences in environmental per-
formance across firms. This paper introduces the institutional mechanism of reputation
incentives into research on technological transformation and pollution and carbon reduction
in energy enterprises, thereby compensating for the aforementioned shortcomings.

2.2. Related Research on Multi-Agent Decision-Making Under Reputation Incentive Mechanisms

Reputation incentive mechanisms, as a typical medium-to-long-term incentive ap-
proach [22], fundamentally leverage individuals’ self-preservation instincts regarding their
public image to generate self-regulatory forces and actions under conditions of informa-
tion asymmetry. This mechanism enables cost-effective and self-disciplined regulation of
organizational behavior, serving dual roles of motivation and constraint [23].

For enterprises, embedding reputation incentive mechanisms into regulatory frame-
works can guide corporate decision-making. Guo et al. demonstrated through an evolu-
tionary game model that the risk of reputational damage serves as a significant motivator
for enterprises to opt for genuine green transitions [24]. Bal-Domariska et al. specifi-
cally addressed this point, noting that reputation is a key determinant in the adoption of
eco-innovation for enterprises of all sizes. For large enterprises in particular, reputation
holds equal importance alongside legal requirements and incentive mechanisms [25]. Fur-
thermore, Ji et al. [26] and Cao et al. [27] focused on the strategic interactions between
governments and energy enterprises. Both teams emphasized that government-imposed
subsidies and penalties must be integrated with enterprises’ reputational considerations to
more effectively incentivize green innovation or compliance-driven emissions reductions.
Wang and Zhang revealed from the perspective of manufacturing capacity sharing that,
based on blockchain technology ensuring trustworthy information, an increase in the repu-
tation gain coefficient can effectively promote active cooperation among enterprises [28].
This supports the “reputation incentive” path proposed by Shahab et al., which states
that social trust, when transformed into an enterprise’s reputation capital, can motivate
it to consciously regulate its environmental behavior [29]. Therefore, the technological
transformation and pollution reduction—carbon emission reduction decisions of enterprises
essentially represent strategic choices made after weighing the short-term costs and the
long-term market advantages and social recognition brought about by reputation capital.
Most of the existing research treats reputation as a covariate of subsidies or penalties,
lacking a systematic theoretical framework that accounts for both the positive and negative
effects of reputation. Furthermore, it fails to clarify the independent mechanisms through
which these two effects influence enterprises’ technology transformation decisions, nor
does it address their relative importance.

As a key stakeholder in environmental governance, the public’s decision-making
behavior is also influenced by reputation incentive mechanisms [30]. Jordan proposed a
“pull and push” theoretical framework, suggesting that the public, acting as “evaluators”,
may be drawn toward cooperation by the reciprocated benefits signaled by reputable
actors or compelled to engage through social normative pressure [31]. This framework
provides a theoretical foundation for understanding public sensitivity to reputation. On
the behavioral level, Yao and Li further revealed through an evolutionary game model
that reputation can guide individuals to imitate those with high reputation, thereby act-
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ing as a “social amplifier” to promote cooperation and stabilize social order [32]. At the
same time, combining reputation incentives with other approaches can effectively guide
public decision-making. For instance, studies by Guo et al. [33] and Han et al. [34] re-
spectively confirmed that in carbon credit programs and rural waste sorting initiatives,
“economic-reputation” composite incentives most effectively enhance public willingness to
participate and behavioral engagement. Moreover, digital technologies have amplified the
public’s capacity for reputation oversight. The online reputation assessment framework
developed by Zhong et al. demonstrated that public sentiment can be transformed into
systematic, visualizable reputation signals, thereby exerting more direct influence on cor-
porate and governmental behavior [35]. However, much of the existing literature focuses
on the public’s role as “recipients of incentives,” while lacking an in-depth analysis of the
underlying mechanisms through which the public, as “reputation evaluators,” can drive
corporate transformation through consumer choices and social oversight. In particular, few
studies have incorporated public perceptions of reputation into a three-party cooperative
game framework.

2.3. Shortcomings and Implications of Existing Research

Existing research provides important insights and directions for this paper: First,
unlike prior studies that primarily rely on formal institutions, such as government subsidies,
to incentivize firms, this paper employs the informal institution of reputational incentives
to encourage energy enterprises to shift from passive compliance to active innovation.
Second, unlike existing studies that treat reputation as a covariate of subsidies or penalties,
this paper develops a theoretical model that captures both the positive and negative effects
of reputation. The model reveals the underlying mechanism by which reputation incentives
drive corporate transformation independently of formal policy instruments. Third, through
simulation analysis, we aim to identify the threshold values at which variables such
as reputational gains and losses influence corporate transformation choices and public
consumption decisions. Simultaneously, we will quantify the synergistic and conflicting
effects of subsidies and reputational incentives to enhance the practical applicability of
this research.

However, the existing literature has the following shortcomings: Firstly, the existing
literature does not integrate the reputation incentive mechanism with the technological
transformation and pollution reduction and carbon emission reduction of energy enter-
prises for analysis, and lacks an analysis of how reputation interacts with formal policy
tools to drive the transformation of energy enterprises. Secondly, the existing research fails
to clearly define the specific thresholds of the key variables such as reputation gains and
losses in relation to enterprises’ transformation choices and public consumption decisions.
The explanation of the endogenous driving force of transformation is not comprehensive
enough and cannot be directly applied to guide the specific decisions of enterprises and the
public. Finally, the existing research fails to adequately explore the new issues arising from
the accelerated dissemination of reputation information in technological environments
such as social media and blockchain, including the increased risk of “green whitening” and
the potential loss of focus in public opinion supervision.

3. Problem Description and Model Assumptions
3.1. Problem Description

Under the dual pressures of global climate change and environmental pollution, pro-
moting technological transformation in the energy enterprise sector and achieving both
pollution reduction and carbon emission reduction has become a strategic priority for
national sustainable development. However, transformation decisions by energy enter-

https://doi.org/10.3390/su18083899


https://doi.org/10.3390/su18083899

Sustainability 2026, 18, 3899

6 of 19

prises have long been constrained by the industry’s characteristics of “high investment,
long implementation cycles, and strong lock-in effects.” While relying solely on formal
mechanisms such as government subsidies, carbon trading, and environmental regulations
can create short-term constraints and incentives, it fails to fundamentally resolve the deep-
seated contradiction of insufficient motivation for corporate transformation. Against this
backdrop, the reputation incentive mechanism, as an informal institutional arrangement,
can transform a company’s environmental performance into market advantages, such as
financing convenience, brand premium, and policy inclination through soft constraints like
social evaluation, public supervision and market signals. Thus, it can compensate for the
deficiencies of formal institutions by stimulating endogenous motivation and promoting
collaborative governance among multiple stakeholders. In the process of transformation
and pollution and carbon reduction, energy enterprises, the public, and the government, as
key stakeholders, play a crucial role. As the designer of institutions and the regulator, the
government plays a role in regulating and guiding the economy through policy measures
and economic incentives. As market drivers and social monitors, the public generates
social pressure and signals of choice through their preference for green consumption and
environmental discourse. As key implementers and the primary agents of transformation,
energy enterprises make strategic decisions on whether to pursue a deep low-carbon tech-
nology transformation after weighing the costs and benefits. The three parties influence
one another in a dynamic interplay, forming a complex system of co-evolution, with their
fundamental relationships shown in Figure 1.
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Figure 1. Tripartite Logical Relationship Diagram.

Specifically, the reputation incentive mechanism, as an informal institutional arrange-
ment, provides a new pathway for behavioral interactions among enterprises, the public,
and the government through soft constraints such as social evaluation, public oversight,
and market signals. Under the influence of reputation incentive mechanisms, public
consumption preferences, perceptions of environmental welfare, and social oversight col-
lectively form market demand signals. Government-designated reward and punishment
mechanisms, refined regulatory frameworks, and the enabling power of reputation in-
centive mechanisms collectively establish institutional constraints. Meanwhile, energy
enterprises” environmental information disclosure and reputation management trigger
reputation signals. These signals and constraints collectively drive energy enterprises to
optimize their energy structures, upgrade production processes, and advance low-carbon
technology R&D, ultimately achieving technological transformation and reducing pollution
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and carbon emissions. Thus, energy enterprises, the public, and the government form a
dynamic, interactive, and strategically interdependent evolutionary game system, with its
game mechanism pathway shown in Figure 2.
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Figure 2. Energy Enterprise Technology Transformation and Pollution and Carbon Reduction Mecha-

nism Diagram.

3.2. Model Assumptions

Based on the behavioral logic among energy enterprises, the public, and the govern-
ment, this paper proposes the following assumptions:

Assumption 1. The game involves three players—energy enterprises, the public, and the
government—all operating with bounded rationality and limited information. Each seeks to maxi-
mize its own interests or utility. Through continuous learning, imitation, and strategy adjustment
during the game, they strive to achieve their respective goals of maximizing self-interest or utility.

Assumption 2. In reputation-driven synergistic governance for pollution reduction and carbon
emission reduction, energy enterprises adopt the strategy {low-carbon transformation reputation
disclosure, traditional production reputation concealment}. The probability of choosing the low-
carbon transformation reputation disclosure strategy is x, while the probability of choosing the
traditional production reputation concealment strategy is 1 — x(0 < x < 1). The public’s strategic
choices are {preference for green energy products, reliance on traditional products}. The probability
of choosing the green product preference strategy is y, and the probability of choosing the indifference
consumption strategy is 1 — y(0 < y < 1). The government’s strategy choice is {reputation-driven
supervision, uniform supervision}. The probability of choosing the reputation-driven supervision
strategy is z, and the probability of choosing the uniform supervision strategy is 1 — z(0 < z < 1).

Assumption 3. The cost of proactive transformation for enerqy enterprises is C,1, while the cost of
passively maintaining the status quo is Cop(Cep < Cp1). If energy enterprises proactively transform
and exceed pollution reduction and carbon emission reduction targets, they gain reputation premium
benefits of R, and carbon emission rights sale revenue of T. Passively maintaining the status quo,
however, leads to excess carbon emissions, resulting in reputation damage losses of L. and carbon
emission rights purchase costs of Cis.

Assumption 4. When consumers opt for green energy products, they bear a higher purchase
cost Cp. Simultaneously, they gain reputational benefits R, for supporting the green transition.
If consumers choose indifference consumption—that is, not distinguishing the green attributes of
energy products—they may save some consumption costs in the short term but risk reputational
loss L1, such as facing social pressure.
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Assumption 5. The government actively implements a reputation incentive mechanism, incurring
requlatory costs of Cq1. To incentivize energy enterprises to proactively transition, the government
provides subsidies of S. Enterprises that refuse to transition or passively maintain the status quo
are fined F, and their environmental performance is publicly disclosed. If the government adopts a
non-differentiated regulatory strategy, the regulatory costs amount to Cgr(Cgp < Cg1).

Assumption 6. When energy enterprises proactively implement low-carbon transformation, the
government gains environmental benefits Eg, including improved air quality, ecosystem restoration,
and enhanced green image, while the public receives environmental welfare Ep, such as improved
health conditions and enhanced quality of life. Conversely, if enterprises passively maintain tradi-
tional production methods, the government will bear environmental losses Lg, including pollution
control costs and international pressure to reduce emissions, while the public will incur health
losses Ly, such as increased medical expenses due to pollution and diminished quality of life.

3.3. Payment Matrix

Based on the model assumptions and parameter settings, this paper constructs a
three-party entity evolution game payment matrix as shown in Table 1. This matrix
systematically integrates all the parameters and game strategies set in the previous text, and
completely depicts the eight strategy combinations formed when energy enterprises choose
“low-carbon transformation reputation disclosure” or “traditional production reputation
concealment”, and when the public chooses “preference for green energy products” or
“reliance on traditional products”, under the two government strategies of “ reputation-
driven supervision “ and “uniform supervision”. This payment matrix serves as the basis
for subsequent analysis of the interaction of various strategies, solving the replicative
dynamic equation, and studying the evolutionary equilibrium of the system.

Table 1. Payment Matrix of the Evolutionary Game among the Three Parties.

Energy Enterprises
low-carbon transformation reputation traditional production reputation concealment
disclosure (x) (1-x)
Players Public Public
preference for reliance on . o
green energy traditional preference for green  reliance on traditional
products () products (1 — y) energy products (y) products (1 —y)
reputation-driven Re=Ca+T+S —Cq+Re+T+S —Cop—L—-Cs—F —F—Cp—L,—Ce3
putation R, —Cy+E Ly +E —~Lypy—Cp+R Ly — Ly
supervision (z) E” C”’ S”’ P S PE p I—F L P p F PL
Government § 8l B L I —CatF—L
: —Cea +Re+T —Ce1 +Re+T —Ce2—Le—Ces —Ce2 —Le—Ces
uniform E,—C,+R —Ly+E R, —Cp— Ly Ly — Ly
supervision (1 — z) 4 p P p P P P 2 p P
—Cpp+Eg —Cpp+Eg —Ceo —Lg —Cop — L

3.4. Evolutionary Game Replicator Dynamic Equation

Construct the replicating dynamic equations for the three entities. Let Ej; denote
the expected return for energy enterprises choosing to disclose low-carbon transition
reputations, E1, denote the expected return for choosing to conceal traditional production
reputations, and E; denote the average expected return, as shown in Equations (1)—(3).

E;gj =yz(Re—Ca +T+S)+ (1 —y)z(—=Ceg + Re + T+ S)+

y(1—2)(~Ca + Re+T) + (1— y)(1— 2)(~Ca1 + Re + T) @
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Ep=yz(—Cpp—L¢e—Ce3—F)+ (1 —y)z(—=F —Cep — L, — Ce3)+ 7
y(1=2)(=Cep = Le = Ce3) + (1 = y)(1 = 2)(—Cep — Le — Ce3)

E; = xE;1 + (1 - x)Epp 3)

The replicating dynamic equation F(x) for energy enterprises’ strategic choices is
shown in Equation (4).

F(x) = % = x(E;; — E1) = x(1— x)(Eqy — Epp) )
=—x(x—1)(Cep —Ce1 +Ce3+ Le + R + T + Fz + Sz)

F'(x) = (Cop = Cey + Ce3 + Le + Re + T+ Fz + Sz)(—2x + 1) (5)

According to the principle of stability in differential equations, the strategic choices of
energy enterprises must satisfy F(x) = 0 and F(x) < 0 to remain in a stable state.

Let the expected utility of choosing green energy products be denoted as Ej;, and the
expected utility of choosing traditional products be denoted as Ey. The average expected
utility is denoted as Ej,, as shown in Equations (6)—(8).

Ey = xz(Ry — Cp+Ep) + (1 —x)z(=Lpo — Cp + Rp) +

x(l—z)(Ep—Cp—i—Rp)—f—(l—x)(l—z)(Rp—CP—LPZ) ©)

Ey = xz(—Lp +Ep) + (1 = x)z(—Lp1 — Lp2)+
x(l - Z)(_Lpl + Ep) + (1 - x) (1 - Z)(_Lpl - LpZ)
Ey =yEn + (1 -y)Ex (8)

The replicating dynamic equation F(y) for public strategy selection is shown in

(7)

Equation (9).
F(y) = = y(En — E2) = y(1 —y) (En — En) ©)
=—y(y—1 (Lpl—Cp—i-Rp)
F'(y) = (Lyp — Cp + Rp)(—2y + 1) (10)

According to the principle of stability in differential equations, the public’s strategy
selection must satisfy F(y) = 0 and F(y) < 0 for the equilibrium to be stable.

Let the expected return of choosing reputation-based regulation be E3;, and the ex-
pected return of choosing indiscriminate regulation be Ez;, with the average expected
return being Ej3, as shown in Equations (11)-(13).

E3p = xy(Eg — Co1 —S) + (1 = x)y(—Cq1 + F — Lg)+

x(1— y)(—Ca1 — S+ Eg) + (1 - x) (1 — y) (—Cor + F — Ly) (1
E3y = xy(—Cg2 + Eg) + (1 = x)y(—Cg2 — Lg)+ (12)
x(1=y)(=Cg2 + Eg) + (1 —x)(1 —y)(—Cg2 — Lg)

E3 =zE3 + (1 -2)Es (13)

The replicating dynamic equation F(z) for government strategy selection is shown in
Equation (14).
F(z) = % = z(Es1 — E3) = 2(1 — 2)(Es1 — E3n)

14
=2(z—1)(Cq1 — Cg2 — F + Fx + Sx) (14)

F'(z) = (Cq1 — Cp — F+ Fx + Sx)(2z — 1) (15)

According to the principle of stability in differential equations, for the government’s
strategy selection to be in a stable state, it must satisfy F(z) = 0 and F(z) < 0.
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4. Evolutionary Stable Strategy Analysis

Setting F(x) = F(y) = F(z) = 0, eight equilibrium points can be obtained, namely
(0,0,0), (0,1,0), (0,0,1), (0,1,1), (1,0,0), (1,1,0), (1,0,1), (1,1,1). By combining with the replicator
dynamic equation of the game entities, the Jacobian matrix J can be calculated. The
equilibrium points and their corresponding eigenvalues are shown in Table 2.

Table 2. Characteristic Values of System Equilibrium Points and Stability Judgments.

Equll’l;:a;tlum Eigenvalue Symbol Stability
(0,0,0) Co—Cop+C3+Le+Re+T Ly —Cp+Rp Cep—Co1+F  (NNN) Asymptotic stability
(0,1,0) Co—Co1+C3+Le+Re+T Cp—Lpn—Rp Cop—Cq+F (NNN) Asymptotic stability
0,0,1) Co—Ca+C3+F+Let+Re+S+T Ly—Cp+Ryp Ce1—Cep—F (NNN) Asymptotic stability
0,1,1) Co—Ca+Cs+F+Let+Re+S+T Cp—Lp—Rp Ca—Cep—F (NNN) Asymptotic stability
(1,0,0) Cq—Cp—Ce3—Le—R,—T Lyt —Cp+Rp Cep—Ce1 =S (N,N,-) Asymptotic stability
(1,1,0) Cqp—Cp—Cs—Le—R,—T Cp—Lp—Ryp Cep—Co1—S§ (N,N,-) Asymptotic stability
(1,0,1) C1—Co—C3—F—Le—Re—S-T Lp—Cp+Ryp Co—Cep+S  (NN,+) Unstable
(1,1,1) Ca1—Co—C3—F—Le—Re—=S—-T Cp—Lpy—Ryp Ca—Ce2+S (NN Unstable

Situation 1: When C; —Ce1 +C3 + F+Le+ Re+ S+ T < 0,and C, — L1 — Ry <0,
Cp < Lp1 + Ry, the game system reaches a stable state at the equilibrium point E4(0,1,1).
That is, the strategy choices of the game subjects converge to a balanced state of “energy en-
terprises concealing their traditional production reputation, the public having a preference
for green energy products, and the government enabling regulatory reputation”.

At this point, C,1 > Cpp + C3 + F + Lo + Re + S + T, indicating that despite facing
multiple pressures such as fines, carbon allowance purchases, and reputational damage,
and despite enjoying incentives like subsidies, reputational gains, and carbon trading, the
total cost of voluntary transformation for enterprises still exceeds the sum of all external
incentives and avoidance costs. The reason lies in the prohibitively high costs of green
technologies or initial investments. Consequently, even under a scenario combining govern-
ment penalties and market incentives, energy enterprises find transformation uneconomical.
Thus, they opt for “traditional production reputation concealment”. Cg1 < Cgp + F indicates
that when the additional cost borne by the public for purchasing green energy products is
less than the sum of the potential loss of social reputation from choosing traditional energy
products and the personal reputation gains from supporting green consumption, opting
for green consumption becomes more advantageous in terms of individual utility. This
mechanism reveals that in a socially conscious environment, green preferences in consump-
tion behavior are driven not only by environmental benefits but also by strong influences
from social norms and personal reputation. Cg1 < Cgp + F indicates that when enterprises
are reluctant to transform while the public demands greener solutions, the government
adopts a “reputation-driven supervision” strategy. Although this approach entails higher
regulatory costs, the fines imposed on non-compliant enterprises and the potential reduc-
tion in environmental damage (or increased environmental benefits) from strengthened
oversight sufficiently cover and exceed these additional costs. The government plays a
pivotal role in correcting market failures and responding to public expectations. Through
mandatory penalties and information disclosure, it seeks to exert pressure on enterprises
while safeguarding public environmental rights.

Situation 2: When Cp; —Cep — Ce3 —Le —Re — T < 0and C, — L1 — Rp < 0, the game
system reaches a stable equilibrium at the point E6(1,1,0). This means the players’ strategy
choices converge to a balanced state characterized by: “energy enterprises disclosing their
low-carbon transition reputation, the public preferring green energy products, and the
government implementing non-discriminatory regulation”.
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At this point, R, + T > C,; — Cp — C3 — L., indicating that when the sum of the
reputation premium gains and carbon trading revenues obtained by enterprises through
transformation exceeds the net costs (including penalties, carbon credit purchase costs, etc.)
incurred compared to maintaining the status quo, the expected net benefit of transforma-
tion is positive. Under this mechanism, market incentives are sufficiently strong to cover
transformation costs, driving energy enterprises to voluntarily adopt a “low-carbon trans-
formation reputation disclosure” strategy even without direct government intervention
through additional subsidies or penalties. C, < Lj1 + Ry, identical to Situation 1. This
indicates that the public’s motivation for green consumption primarily stems from a robust
social reputation mechanism, with their behavioral choices relatively independent of the
actual pace of corporate transformation. Even when enterprises have not transformed, the
public tends to choose green products to gain reputational benefits, avoid reputational
losses, or obtain environmental welfare. This may reflect consumer choices under infor-
mation asymmetry (where enterprises “conceal their reputation”) or indicate that public
demand for green products possesses a degree of rigidity or ethical attributes.

5. Simulation Analysis
5.1. Initial Assignment

The effectiveness of the evolutionary game model involving energy enterprises, the
public, and the government is validated through numerical simulation. Specifically, MAT-
LAB 2016 simulation software is employed to model the influence patterns of key parame-
ters on the system’s evolutionary stable strategies. In the parameter assignment section, this
paper conducts an in-depth analysis of the financial reports of leading energy companies
such as PetroChina and examines the annual intensity of investment in green technology
upgrades. We also study the combined effects of the brand premium achieved by green
products in the market and the resulting reduction in financing costs. By integrating
available data on government policy subsidies, tax breaks, and administrative penalties
during the transformation process of China’s energy enterprises, we estimate the relevant
parameters. In addition, this paper draws on the parameter assignment logic presented
by Cui B Q et al. [36] and Ning J et al. [37]. To ensure consistency in the conclusions, this
paper applies simplifications such as scaling to the parameters. The specific values do
not represent actual amounts but rather the relative magnitudes of the parameters. The
initial willingness of all three parties is set at 0.5, with specific values shown in Table 3.
Based on this, we conduct a parameter sensitivity analysis to validate the effectiveness
of the evolutionary stability analysis. The initial evolutionary simulation result is shown
in Figure 3.

Table 3. Initial Assignments.

Parameters Assignment Parameters Assignment Parameters Assignment Parameters Assignment
Ce1 10 Ces 2 S 3 Lg 3
Ce2 3 Gy 4 F 2 Lyo 3
R, 5 Ry 3 Ce2 2
T 3 Lyy 2 Eg 2
L. 3 Ca1 5 Ep 2
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Figure 3. Initial Evolution Simulation Results.

Under the initial assignment, the game system converges toward the E¢(1,1,0) sta-
ble point, as shown in Figure 3. This equilibrium corresponds to the following stable
strategy combination: energy enterprises opt for low-carbon transition reputation dis-
closure, the public chooses green energy product preference, and the government selects
non-discriminatory regulation. This equilibrium outcome reveals that, under the current pa-
rameter conditions, the reputation incentive mechanisms at both market and societal levels
have already formed effective self-governance, propelling the system toward autonomous
evolution toward a green and low-carbon direction.

5.2. Cost Sensitivity Analysis of All Parties

The rising costs of low-carbon transition for energy enterprises and public green
consumption exert a significant inhibitory effect on system evolution, as shown in Figure 4.
When the transition cost C,; < 12, enterprises tend to actively pursue transition. As costs
rise, their willingness to transition gradually diminishes. If costs become too high, such as
Ce1 > 18, enterprises revert to traditional production strategies, and the system shifts from
(1,1,0) to (0,1,0). As far as the public is concerned, when cost C,, < 4, they tend to opt for
green consumption. As costs rise, their willingness to consume decreases. When C, > 8,
the public switches to conventional consumption. If C,; > 18 and C,, > 8, the system will
fall into a low-level equilibrium at (0,0,0), meaning that enterprises will not transform, the
public will not consume, and the government will exercise weak regulation. Under such
circumstances, the reputation incentive mechanism tends to fail.
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Figure 4. Cost Sensitivity Analysis.

The fundamental cause of systems deviating from their ideal equilibrium due to rising
costs lies in the imbalance of incentive structures among key stakeholders. Transformational
costs consist directly of sunk costs and incremental investments associated with a shift from
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“traditional production” to “low-carbon transformation.” When these costs exceed the total
incentives derived from reputation premiums, carbon trading revenues, subsidies, and
the avoidance of fines, companies face a decision-making dilemma where transformation
becomes uneconomical. Even when facing the risk of reputational damage, they will still
choose to maintain the status quo. For the general public, consumption patterns shift when
the additional cost of purchasing a product exceeds the reputational and environmental
benefits gained from supporting environmental protection. When both enterprises and
the public face high costs, the marginal benefits of the government’s “reputation-based
regulation” as a third-party decline, because even with stricter regulation, it is difficult to
alter the cost-benefit structure for enterprises and the public in the short term, causing
the system to slide toward a low-level equilibrium. This mechanism demonstrates that
the government can substantially reduce the initial costs of corporate transition through
measures such as subsidies for green technology R&D, tax incentives, and carbon rev-
enue rebates. By implementing initiatives such as consumer subsidies, green credits, and
carbon benefits, the government can lower the actual costs borne by the public, while
simultaneously strengthening environmental awareness campaigns to enhance the public’s
perception of the reputational benefits.

5.3. Benefit Sensitivity Analysis for All Parties

The magnitude of reputation gains significantly influences the strategic evolution
of various agents, as shown in Figure 5. When enterprises’ reputation return R, = 0,
their willingness to transform converges at the slowest rate. When R, > 5, the pace of
transformation accelerates significantly. Public behavior is equally sensitive to reputational
gains. When R, < 1, the public tends to choose traditional products. When R, > 3, the
public’s willingness to choose green products increases significantly and converges more
rapidly. When government environmental revenue E varies between 0 and 6, there is no
significant change in the convergence trend of government regulatory strategies. This
indicates that regulatory behavior is driven primarily by cost structure.
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Figure 5. Profit Sensitivity Analysis.

Reputational gains can effectively influence the strategic choices of enterprises and
the public because reputational signals, through social evaluation and market feedback,
directly increase the net benefits of adopting green behaviors. For enterprises, reputational
gains reflect the market’s premium on green products and, more importantly, indicate
the level of recognition the market and consumers have for the enterprise. When these
gains are sufficient to cover the marginal costs of transition, the enterprise’s strategic
focus shifts from being “compliance-driven” to “value-driven,” thereby accelerating the
convergence toward a transition strategy. For the general public, reputation gains reflect
the positive reinforcement that social norms provide for green consumption behaviors.
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In a social environment with strong environmental awareness, choosing green products
not only yields environmental benefits but also signals an individual’s commitment to
environmental responsibility and social identity. The value of this signal translates into
psychological utility and social capital for the individual. When this benefit exceeds the
additional costs of green consumption, the public will develop a stable preference for
green choices. Therefore, policies could further strengthen the transparent disclosure of
corporate environmental information and establish a system of personal carbon credits and
social recognition linked to consumer behavior. This would systematically enhance the
efficiency of reputation value transmission and the intensity of incentives. Ultimately, it
would encourage enterprises and the public to develop stable green behavioral patterns
within a shorter timeframe.

5.4. Sensitivity Analysis of Energy Enterprise and Public Reputation Losses

The magnitude of reputational losses significantly influences the strategic evolution
paths of energy enterprises and the public, as shown in Figure 6. When there is no
reputational loss—that is, when L, = 0 and Ly = 0—the public lacks incentives to
purchase green products, and enterprises” willingness to transition converges more slowly.
When reputational damage reaches a certain level—that is, when L, > 3 and L,; > 2—the
public, under reputational pressure, shifts toward green consumption, and the rate of
convergence accelerates. Consequently, the willingness of enterprises to transform also
converges at an accelerated pace.
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Figure 6. Reputation Loss Sensitivity Analysis.

Reputational loss effectively alters the cost—benefit structure of actors’ behavior by
creating social pressure and market constraints. For the public, reputational loss manifests
as social pressure resulting from choosing non-green products. When this loss is significant
enough, the public will opt for green consumption out of a desire to “avoid loss,” even
if green products are more expensive. The negative utility associated with the loss often
outweighs the positive utility derived from equivalent gains, making the driving force
of reputational loss on public behavior even stronger than that of reputational gains. For
enterprises, reputational losses reflect the market penalties they face as a result of poor
environmental performance, including consumer boycotts, investor divestment, and rising
financing costs. When these losses exceed the marginal cost of transitioning, enterprises
will incorporate reputational risk management into their strategic decision-making, thereby
accelerating the pace of transition. These findings indicate that social scrutiny and public
opinion can serve as significant drivers of the green transition. Therefore, policy design
should focus on establishing transparent and timely channels for environmental informa-
tion disclosure and public oversight, while appropriately increasing the social pressure
on high-emission and high-pollution enterprises. By leveraging the disincentive effect of
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reputational damage, we can simultaneously stimulate the motivation of energy enterprises
to transform and the public’s willingness to make green choices.

5.5. Subsidy Sensitivity Analysis for All Parties

Government subsidies have a significant impact on the low-carbon transformation
behavior of energy enterprises, as shown in Figure 7. In the absence of subsidies—that is,
when S = 0—enterprises may still choose to restructure, but their strategies converge more
slowly. When S > 3, enterprises” willingness to restructure increases significantly, and the
rate of convergence accelerates accordingly. When S > 6, the marginal improvement in
enterprise convergence slows, while the government’s willingness to adopt “reputation-
based regulation” gradually declines, and the rate of convergence accelerates as this strategy
is abandoned. This reflects the fact that high subsidies may exacerbate the government’s
fiscal and regulatory burdens and lead to enterprise subsidy dependency.
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Figure 7. Subsidy Sensitivity Analysis.

This phenomenon reveals the complex interplay between subsidy policies and reputa-
tional incentive mechanisms. From enterprises’ perspective, subsidies directly reduce the
net cost of transition and, to some extent, serve as a substitute for reputational incentives.
When subsidies are sufficiently high, enterprises will still choose to transition based on
economic rationality, even if the reputational benefits are limited. However, from the
government’s perspective, increasing subsidy amounts means higher fiscal expenditures.
Under budget constraints, large subsidies would divert resources away from regulatory
efforts aimed at enhancing the industry’s reputation. At the same time, when the govern-
ment relies too heavily on subsidies, it may encourage dependency or moral hazard among
enterprises. Enterprises may focus solely on obtaining subsidies while neglecting substan-
tive emissions reductions, thereby increasing the risk of “greenwashing.” Therefore, policy
design should focus on striking a balance between incentives and constraints, promote the
establishment of a subsidy mechanism that is dynamically adjusted and tied to specific
conditions, and reduce excessive reliance on direct subsidies. This will facilitate the coordi-
nated development of sustainable government regulation and enterprise transformation
driven by internal factors.

5.6. Discussion

The results of the sensitivity simulation analysis on government subsidies confirm
that moderate subsidies do indeed accelerate the convergence of enterprise transformation
strategies. However, when subsidies exceed a certain threshold, they can induce depen-
dency among enterprises. Furthermore, a sensitivity analysis of reputation gains and
losses confirms that these factors can independently moderate an enterprise’s cost-benefit
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structure—separate from formal regulatory instruments—thereby driving enterprises from
“passive compliance” toward “proactive innovation.” This finding aligns with the con-
clusions of Guo J et al. [24] regarding the constraining effects of reputation losses, while
extending the analysis to include the incentivizing effects of reputation gains. The findings
distinguish between the dual effects of reputational gains and losses, clarify the threshold
at which these factors influence decision-makers, and go beyond the qualitative conclusion
of “whether they are effective” [38]. Additionally, the study found that reputational losses
exert a stronger driving force on the public than reputational gains, thereby providing
empirical evidence for the application of “loss aversion” theory in environmental gov-
ernance [31]. Furthermore, simulation results indicate that government subsidies and
reputational incentives can complement and reinforce one another, thereby promoting
sustainable government regulation and endogenously driven enterprise transformation.

6. Conclusions and Implications
6.1. Conclusions

This paper constructs and solves an evolutionary game model involving energy
enterprises, the public, and the government, combined with numerical simulation analysis,
to draw the following core conclusions:

First, the reputation incentive mechanism significantly drives energy enterprises’
technological transformation decisions, influencing strategic choices through the dual
effects of reputation gains and losses. Reputation gains and losses effectively regulate
enterprises’ cost-benefit structures through market signals and social evaluations, thereby
serving as crucial complements to traditional administrative and economic tools.

Second, the strategic choices of all three parties exhibit characteristics of dynamic
interdependence and co-evolution. Whether the system reaches the ideal equilibrium
of “enterprises transformation, public participation, and government enabling” depends
on the relative magnitudes and coupling relationships among key parameters such as
transformation costs, subsidy levels, and reputational incentives.

Third, government subsidies provide short-term incentives for energy enterprises’
transformation but impose long-term constraints. While increasing subsidy levels can
accelerate the convergence of enterprise transformation strategies, it simultaneously weak-
ens the government’s willingness to implement “reputation-empowered regulation.” This
could increase fiscal burdens and trigger moral hazard issues among enterprises. Rely-
ing solely on subsidies is insufficient for achieving sustainable governance; synergistic
mechanisms such as reputation incentives must be integrated.

6.2. Implications
6.2.1. Theoretical Implications

The primary theoretical implications of this paper lie in expanding and deepening
our understanding of the mechanisms through which informal institutions function in
multi-stakeholder environmental governance. At the same time, by focusing on the context
of technological transformation in energy enterprises, the paper contributes to refining our
theoretical understanding of this phenomenon.

First, this paper demonstrates that reputational incentives can drive technological
transformation in energy enterprises by altering their cost-benefit structures. This mecha-
nism operates through the dual effects of reputational gains and losses, thereby addressing
the limitations of existing research, which has largely focused on policy regulations and
economic subsidies [39].

Second, through dynamic simulation, the paper identified the thresholds and condi-
tions under which key variables—such as reputation gains and losses—take effect. It also
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revealed the dynamic interdependence and co-evolutionary characteristics of the strategies
employed by the three parties, thereby advancing the field from qualitative descriptions
toward quantitative and scenario-based analysis [38].

Third, this paper reveals the dynamic transmission pathways of reputation incentives
within the complex “government-business—public” system. It deepens our theoretical un-
derstanding of the synergistic effects between informal institutions and formal regulations
from the perspectives of strategic interaction and equilibrium stability [40].

6.2.2. Practical Implications

Based on the research results and considering the mechanisms underlying reputation
incentives, this paper offers the following practical implications:

First, establish a reputation-based rating system focused on the effectiveness of cor-
porate transformation, classifying companies according to key indicators such as carbon
intensity and the proportion of renewable energy. Outstanding enterprises should be
granted preferential policies, such as tax breaks, in addition to existing subsidies. Enter-
prises failing to meet standards should have their eligibility for preferential policies revoked
and face increased inspection frequency. This approach will adjust the cost-benefit structure
of enterprises, making reputation incentives a long-term mechanism that independently
drives deep transformation.

Second, optimize the coordinated governance of subsidy and reputation mechanisms.
In the early stages of the transition, use subsidies to lower the barriers to entry. In the middle
and later stages, gradually shift to a governance model primarily based on reputation
incentives. Achieve “short-term coordination and long-term complementarity” between
these two types of policies, thereby avoiding excessive subsidies that undermine the
effectiveness of the reputation mechanism.

Third, implement targeted measures to reduce the costs of R&D and retrofitting for
low-carbon technologies in enterprises. Additionally, the government should streamline
channels for public oversight, lower the barriers to public participation, and strengthen the
deterrent effect of reputational damage. This will help the system converge steadily toward
a state of synergistic equilibrium characterized by “enterprises proactively transforming,
the public actively participating, and the government exercising appropriate oversight.”.

7. Research Limitations and Future Directions

This study theoretically reveals the intrinsic mechanism by which the reputation
incentive mechanism drives the technological transformation of energy enterprises and
provides an operational path design for the collaborative governance of multiple subjects
in practice. However, due to limitations in research conditions and model settings, this
study still has the following limitations: Firstly, some parameters (such as reputation gains
and losses) are difficult to quantify precisely, and their values are estimated indirectly
based on literature references and industry cases. Future research can calibrate them
with field survey data. Secondly, the static parameter setting fails to capture the dynamic
accumulation process of reputation effects. Future research can introduce a dynamic
reputation accumulation function to depict the establishment and dissipation process
of reputation capital. Thirdly, the simulation analysis is based on the assumption of
bounded rationality and does not consider the impact of extreme situations (such as
reputation collapse caused by sudden environmental incidents) on system evolution. Future
research can expand it by introducing random shock factors. Finally, this paper does not
specifically classify energy enterprises, and the scale of enterprises will have a significant
impact on their decisions. Future research can conduct comparative studies based on the
characteristics of heterogeneous subjects.
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