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Abstract

Against the backdrop of a technological revolution centered on green and low-carbon
development, the deep integration of digitalization and greening has become a core engine
for high-quality progress. Moving beyond linear perspectives of environmental gover-
nance, this study constructs tripartite evolutionary game models to dissect the strategic
interactions among government, enterprises, and consumers. Focusing on the institutional
context of e-commerce, we examine how platform-enabled transparency mechanisms (e.g.,
blockchain traceability and carbon labeling) shape these interactions through key parame-
ters: greenwashing detection (), premium loss coefficient (1), and information screening
cost (Cp). The analysis reveals that the long-term trajectory is fundamentally determined
by the intrinsic economic viability of corporate transformation. Government intervention
acts as an equilibrium selector, influencing the speed of convergence, while product value
(consumer utility and premium) and platform transparency determine the sustainability
of the equilibrium. Critically, the tripartite model shows that the optimal outcome—full
enterprise transformation and consumer adoption—can be achieved without sustained
government intervention when product fundamentals are sufficiently attractive. This
demonstrates the potential for market self-regulation to sustain digital-green synergy. The
study makes three contributions: it captures the full tripartite feedback loop, reveals the
saturation effect of policy intensity, and embeds platform transparency mechanisms into
an evolutionary framework. The findings reframe the government’s role as a temporary
enabler and position e-commerce platforms as key governance intermediaries, offering a
theoretical basis for adaptive governance strategies in digital commerce.

Keywords: digital-green synergy; e-commerce; evolutionary game; tripartite model; digital
platforms; sustainable consumption

1. Introduction
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The world is currently undergoing a technological revolution and an industrial trans-
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quality economic and social progress. Reflecting a global policy shift, governments are
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increasingly designing industrial policies to prioritize qualitative growth over quantitative
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policy measures; it depends on the co-evolution of strategic behaviors among government,
enterprises, and consumers, particularly in the increasingly digital marketplace.

In the digital era, e-commerce platforms have become central arenas where consumers
encounter green products and make sustainability-influenced purchasing decisions. Major
platforms such as Alibaba’s Tmall and JD.com in China increasingly incorporate digital
tools—including carbon labels, green certifications, and blockchain-based traceability—to
enhance product transparency and credibility [5]. These mechanisms reduce information
asymmetry, shape consumer trust, and generate real-time market feedback that actively
influences corporate strategies. Yet, existing studies have not formally modeled how such
platform-mediated transparency interacts with government policy and corporate behav-
ior. This study therefore analyzes digital-green synergy within a tripartite evolutionary
game framework, with particular attention to how platform-enabled transparency shapes
strategic interactions among government, enterprises, and consumers.

Digital-green synergy refers to the mutually reinforcing process in which digital tech-
nologies (e.g., blockchain traceability, carbon labeling, and platform governance) enhance
the credibility and transparency of environmental claims, while green practices (e.g., low-
carbon production and sustainable consumption) are amplified through digital platforms.
Unlike the concept of “sustainable digitalization,” which focuses primarily on reducing
the environmental footprint of digital infrastructure, digital-green synergy emphasizes the
instrumental role of digital tools in enabling, verifying, and accelerating green transitions. It
differs from “green innovation” in that it foregrounds the informational and trust-building
function of digital platforms, rather than solely technological or product innovation. Fur-
thermore, it extends “platform governance” by embedding it within a broader tripartite
system of government, enterprises, and consumers, where digital platforms serve as the
institutional infrastructure that shapes information flows and strategic behavior.

To better understand how this synergy can emerge, the present study constructs a tri-
partite evolutionary game model that captures the co-evolution of government, enterprise,
and consumer strategies. Platform transparency is embedded through key parameters
reflecting information asymmetry, trust, and greenwashing detection. Through analytical
and numerical analysis, the model explores the conditions under which digital-green
synergy can develop through market self-regulation.

2. Literature Review
2.1. Policy, Enterprise, and Consumer Interactions: A Tripartite Literature

Research on policy instruments has predominantly examined their effects in isolation.
A representative study by Li & Gao [6], for instance, specifically investigates the impact of
market-based environmental regulations on corporate green technology innovation. An
emerging strand of literature, however, has begun to emphasize the heterogeneity of policy
tools [7] and the mechanisms through which policy mixes shape corporate innovation [8,9].
Scholars widely acknowledge the government’s role as an “institutional supplier,” with
extensive evidence demonstrating the efficacy of fiscal subsidies [10-12], tax incentives [13],
green credit [14], and carbon trading mechanisms [15-17] in incentivizing corporate green
innovation and emission reduction. Nevertheless, a large part of this literature rests on an
implicit linear assumption of “government incentive—firm response,” paying insufficient
attention to how corporate strategic behaviors (e.g., “greenwashing”) may undermine
policy effectiveness.

At the enterprise level, studies have documented the complex strategic choices firms
make in response to policies and market conditions. Scholars note that, in contexts of
information asymmetry and regulatory gaps, companies frequently engage in oppor-
tunistic behaviors to capitalize on policy incentives—such as data fabrication in subsidy
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applications or symbolic compliance that meets formal requirements without substantive
transformation [18,19]. Further research has identified “symbolic compliance” [20], wherein
firms fulfill the letter, but not the spirit, of regulations. These analyses, however, often
rely on static case studies and describe firm behavior under given policy regimes without
modeling the evolutionary process through which firms learn and adapt over time.

At the consumer level, research has explored the formation of green consumption
preferences, highlighting that such decisions are not purely economic but are also shaped
by intrinsic environmental awareness [21] and the acceptance of green premiums [22].
Notably, recent work has started to focus on the enabling role of digitalization in shaping
these preferences. Technologies like blockchain traceability [23-25] and carbon labeling [26]
enhance information traceability, transparency, and credibility, thereby helping consumers
identify “greenwashing” and incentivizing sustainable consumption. Yet, a persistent
“intention-behavior gap” exists [27]; despite professing environmental support, consumers
often revert to conventional purchases due to price sensitivity [28], lack of convenience [29],
or persistent information asymmetry [30].

2.2. Evolutionary Game Approaches: From Dyadic Models to Tripartite Interactions

Evolutionary game theory offers a natural remedy to these limitations by modeling
how boundedly rational agents learn, adapt, and co-evolve over time. Prior applica-
tions have developed dyadic models of government—enterprise interactions [31,32], show-
ing how subsidies [33], fines, and regulatory intensity [34] affect corporate compliance.
Other studies have modeled enterprise-consumer dynamics [35], demonstrating how
consumer preferences can incentivize green innovation under conditions of information
transparency. These models have advanced our understanding of strategic adaptation in
sustainability contexts.

In recent years, tripartite evolutionary game models have been increasingly applied to
sustainability and governance contexts. Studies have examined government-enterprise—
consumer dynamics in environmental regulation [36,37], government-led digital trans-
formation involving third-party demonstration enterprises and small and medium-sized
enterprises [38], and government—environmental service company—polluting enterprise
interactions in third-party pollution governance [39]. These applications demonstrate the
value of capturing full feedback loops among multiple actors.

However, existing tripartite models—despite their diverse actor configurations—do
not address the specific context of digital-green synergy in e-commerce markets. They
typically treat “green” and “digital” attributes separately, if the latter is considered at all.
More importantly, they do not incorporate platform-mediated transparency mechanisms—
such as blockchain traceability, carbon labeling, and certification systems—as factors that
shape strategic interactions. The questions of how platform governance intensity affects
greenwashing detection, consumer information costs, and trust, and under what condi-
tions digitally mediated markets can achieve self-sustaining synergy without government
intervention, remain unexplored.

2.3. Positioning Within Platform Governance and Digital Markets Research

A growing body of literature examines how digital platforms govern market interac-
tions. Studies have explored how algorithmic recommendation systems shape consumer
choice [40,41], how blockchain traceability enhances supply chain transparency [42,43], and
how certification systems reduce information asymmetry [44,45]. However, this literature
has largely developed separately from evolutionary game models of sustainability tran-
sitions. As a result, the mechanisms through which platform governance interacts with
public policy and corporate strategy remain undertheorized.
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This study bridges these two literatures by embedding platform governance mecha-
nisms into the tripartite evolutionary game framework through key parameters that reflect
different dimensions of platform transparency.

3. Game-Theoretic Relationships and Strategic Choices

3.1. Government Advocacy and Regulation in Driving Corporate Digital-Green Synergy:
A Collaborative-Constraint Analysis

In the synergistic development of digitalization and greening, the interests and
objectives of governments and industrial firms exhibit both alignment and divergence.
Grounded in institutional economics [46], the government, as an institutional actor serving
public interests, employs policy tools to correct market failures, including environmental
externalities and barriers to technology diffusion. Enterprises, as micro-level decision-
makers, are primarily driven to minimize compliance costs while maximizing the benefits
derived from synergistic development. This interplay of interests constitutes a dynamic
game of “institutional incentives and corporate responses.”

On one hand, the government fosters collaborative relationships with enterprises
through incentive-based policies, aiming to lower the barriers to green transformation
and enhance corporate engagement. Instruments such as fiscal subsidies, tax incentives,
and green credit can effectively mitigate the high costs and risks enterprises face in the
early stages of dual transitions, thereby increasing their willingness to invest resources
and adopt new technologies. For instance, Wang et al. found that fiscal subsidies and tax
incentives positively promote enterprise digital transformation [47]. Similarly, in green
finance and digital infrastructure, government-led investments not only provide founda-
tional support but also, through a signaling effect, bolster market confidence, stimulating
enterprises to pursue structural adjustments and innovation. Research by D Chen et al.
confirms the positive influence of green finance on the green energy transition of industrial
enterprises [48].

On the other hand, the government plays a critical constraining role within the digital—-
green synergy mechanism. Through stringent institutional arrangements—such as envi-
ronmental regulations, energy efficiency standards, and emission caps—the government
establishes clear ecological compliance boundaries. This compels firms to integrate en-
vironmental responsibility with their pursuit of economic efficiency [25]. For example,
Chen found that low-carbon-driven environmental regulation can incentivize corporate
digital transformation, particularly among highly productive firms [49]. This indicates that
under tightening environmental rules, enterprises—especially those with greater efficiency
or technological adaptability—are more inclined to pursue green transformation through
digital means. Thus, seemingly “soft constraints” can generate powerful “hard incentives”
for action.

In summary, the government embodies a dual role as both an “enabler” and a “reg-
ulator” in the corporate digital-green transition. It utilizes collaborative incentives to
lower transformation barriers while employing institutional constraints to steer corpo-
rate behavior. Through ongoing interaction with enterprises, the government continu-
ously strives to balance multiple objectives, including efficiency, equity, development, and
ecological integrity.

3.2. Consumer Preferences and Corporate Digital-Green Synergistic Development:
A Demand-Driven Analysis

Consumer preferences, serving as the core vehicle of market demand, are emerging as
a pivotal driver for the synergistic development of corporate digitalization and greening.
This preference-driven synergy mechanism is essentially a process in which market demand
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signals, verified through digital means, guide the reallocation of corporate resources via
the price mechanism [50]. Against the dual backdrop of an increasingly transparent digital
consumption environment and strengthening green preferences, enterprises face growing
bottom-up pressure to adjust their production structures and technological pathways in
response to market incentives, thereby fostering transformative development. However, en-
vironmental information asymmetry between consumers and enterprises presents a central
obstacle to this synergistic pathway. According to the “lemons market” theory [51], when
product quality cannot be effectively discerned, the market deteriorates into an inefficient
equilibrium of adverse selection, where “bad products drive out good ones.” In the specific
context of digital-green synergy, when corporate green claims lack substantiation through
digital verification, some firms may engage in “greenwashing” or mislabeling to mislead
consumers. This practice erodes the effectiveness of the digital-green premium, distorts
resource allocation, and ultimately impedes overall synergistic efficiency.

Within this context, the efficacy of consumer preferences as a driver depends critically
on leveraging digital technologies to enhance the recognizability and credibility of green
attributes, thereby establishing a robust feedback mechanism between consumer signals
and corporate responses. On one hand, green consumption preferences, when reinforced
by digital verification, steer enterprises toward low-carbon and environmentally friendly
transformation. Studies show that green production labels [52] and carbon information
disclosure [53,54] significantly enhance consumers’ purchase intention. To gain competitive
advantage, firms are incentivized to increase their share of green products and strengthen
traceability and transparency through digital tools. On the other hand, empowered by
the digital environment, consumers are equipped with enhanced monitoring capabilities
over corporate green practices. By utilizing digital tools such as the Internet of Things, big
data, and blockchain, consumers can more readily access product lifecycle information
through digital traceability [55] and authentication signatures [56], enabling them to identify
genuinely responsible environmental practices. This forms a closed-loop mechanism of
“digital verification—-purchasing choice-reputation feedback” in consumer decision-making,
compelling enterprises to deepen the integration and innovation of digital technology with
green manufacturing.

3.3. The Government—Consumer Interaction Mechanism: A Two-Way Dynamic of Public
Governance and Social Feedback

In the process of corporate digital and green transformation, the government and
consumers do not operate in isolation but engage in direct and continuous interaction.
This relationship forms a bidirectionally driven system: the government guides and influ-
ences consumer awareness and choices through policymaking and platform development;
simultaneously, consumers are not merely passive recipients but actively test policy ef-
fectiveness, convey social preferences, and ultimately influence subsequent government
decisions through purchasing behavior, public discourse, and social participation. This in-
terplay collectively shapes the market environment and social foundation for the industrial
synergistic transition, serving as a key force propelling the evolution of the entire system.

As the public governance actor, the government proactively guides and shapes con-
sumer green preferences and digital consumption habits, thereby creating a market demand
foundation for industrial synergistic transformation. Its primary approach involves policy
guidance and green awareness cultivation [57]. Through top-level design, the government
promotes green consumption concepts and carbon neutrality knowledge, aiming to en-
hance societal environmental responsibility. For instance, the EU’s “Green Deal” [58,59] and
China’s “Dual Carbon” communications [60,61] have elevated green consumption from
individual preference to collective action and social trend through national-level advocacy.
Secondly, the government addresses information asymmetry by advancing digital platform
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development. The core obstacle for consumers lies in the inability to effectively identify
genuine green attributes of products. By establishing data standards, opening public data,
and encouraging certifications, the government guides and supports enterprises or industry
associations in investing in digital traceability platforms [62] and green product certification
systems [63]. For example, companies voluntarily disclose information to meet market
access requirements or obtain policy incentives [64]. This approach leverages the technical
expertise and operational efficiency of market entities while ensuring information credi-
bility through government endorsement and supervision, thereby significantly reducing
consumer identification costs and strengthening trust in green products.

Consumers are not passive policy recipients but active societal feedback providers who
influence the government through multiple channels, becoming a crucial driver for policy
optimization and iteration. In the digital era, consumer oversight is particularly potent.
Once corporate greenwashing or ineffective policy implementation is detected, they can
rapidly generate significant public pressure on social media [65,66]. This pressure compels
regulatory bodies to respond promptly and strengthen enforcement, thereby ensuring the
achievement of policy objectives.

More importantly, consumer purchasing behavior directly reflects market preferences.
Their choices generate crucial data for evaluating policy effectiveness, with vast consump-
tion records revealing which products hold greater market appeal and which subsidy
policies genuinely stimulate sales. Through systematic analysis of this real-world market
data, the government can objectively monitor and assess policy outcomes, enabling precise
adjustments such as optimizing subsidy catalogs or refining communication priorities. This
feedback-informed decision-making mechanism shifts the policy formulation process from
theoretical speculation toward evidence-based scientific governance.

4. Model Specification

This section develops three evolutionary game models to analyze the multi-agent
equilibrium pathways in the digitalization and greening transition. These include two
two-party models (government-enterprise and enterprise—consumer) and one tripartite
model (government—enterprise—consumer).

4.1. Evolutionary Game Model of Government Incentives, Regulation, and Enterprise
Digital-Green Synergy

To thoroughly investigate the behavioral strategies and systemic evolution of gov-
ernments and enterprises in the digital-green synergy process, this section constructs a
two-party evolutionary game model between the two actors. The model is built on the
following set of assumptions:

Assumption 1: The government and manufacturing enterprises are viewed as an
integrated system within a simplified “natural” environment, free from other external
constraints. Both parties are boundedly rational actors with learning capabilities, each
possessing distinct behavioral choices and decision-making authority.

Assumption 2: The strategy sets for the two agents are defined as follows: Government
(G): {Perform duty (G1), Not perform duty (G;)}, Enterprise (E): {Promote digital-green
synergy (E1), Maintain conventional (business-as-usual) operations (E;)}.

Assumption 3: Let x denote the probability of the government choosing strategy G1,
and y the probability of an enterprise choosing strategy E1, where x, y € [0, 1] and both
are functions of time t. Through learning, imitation, and strategic adjustment, the players
converge toward Evolutionary Stable Strategies (ESSs). The terms x* and y* represent the
government’s and enterprises’ strategy proportions within an ESS.
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Assumption 4: Government actions are classified into incentives and regulation.
Incentives consist of subsidies for digital-green synergy, while regulation involves imposing
fines for violations such as excessive pollution. Let 3 and y denote the intensity factors for
incentives and regulation, respectively, with associated costs 3B and yC. The government
also bears an environmental governance cost Cg.

Assumption 5: The government derives benefits from several sources. Firstly, when
enterprises adopt the digital-green synergistic path, they generate total social welfare
benefit E, of which a portion AE (where A € [0, 1]) is attributed to government performance.
Secondly, if an enterprise maintains its original operations and exceeds pollution emission
standards, the fine F it pays becomes government revenue. Finally, tax revenues from
enterprise operations also contribute to government income, amounting to T; under digital—-
green synergy and T, under the status quo.

Assumption 6: An enterprise choosing E, incurs a production cost Cy, yields profit Py,
but faces a potential fine F. An enterprise choosing E; incurs cost C1, earns additional profit
AP, receives a government subsidy 3B, and gains a share pE of the long-term environmental
benefits.

Based on the above assumptions, the payoff matrix for the two-party evolutionary
game between the government and enterprises is constructed and presented in Table 1.

Table 1. Payoff matrix of the two-party evolutionary game between government and enterprise.

Promotes Digital-Green Synergy = Maintain Conventional Operations

Players (Ey) (E,)
Perform duty T1 +AE - BB — 7C Tp+F—~9C—-Cg
(Gl) P0+AP*C1+ﬁB+}lE PQ*CQ*F
Not perform duty T1 +AE T, — Cg
(Gz) PO + AP — C1 + ]JE PQ — CO

The replicator dynamic equation for the government is:

F(x) = 5 = (1 0)[E—9C — y(F + B)] <1>

The replicator dynamic equation for the enterprise is:

F(y) = % — y(1 —y)[AP+ kE+ Co— Cy + x(BB+ F)] ©

According to Equation (1), if y = (F — yC)/(F + BB), then F(x) = 0, implying that
any value of x constitutes an ESS. If y # (F —C)/(F + BB), then x* =1 and x* = 0 are
the two ESS points. Specifically, when y > (F —yC)/(F + BB), x* = 0 is the ESS; when
y < (F—~vC)/(F+ BB), x* =1 is the ESS.

According to Equation (2), if x = (C; — Co — AP — uE)/(F + BB), then F(y) = 0,
meaning that any value of y is an ESS. If x # (C; — Co — AP — uE)/(F + BB), theny* =1
and y* = 0 are the two ESS points. Specifically, when x > (C; — Cy — AP — uE)/(F + BB),
y* = 11is the ESS; when x < (C; — Cy — AP — uE)/(F + BB), y* = 0 is the ESS.

Notably, the ESS of this game model depends on the relative magnitudes of F, yC, Cy,
Co, AP, and pE. This paper examines scenarios arising from different relative sizes of Cy, Cy,
AP, and pE under the conditions (F — yC)/(F+ pB) <0and 0 < (F—~C)/(F+pBB) < 1.

1. When (F—C)/(F+BB) <0

Since y € [0, 1], the inequality F — yC — y(F + BB) < 0 holds for any y. Consequently,
F(x) < 0forall x € [0, 1], making x* = 0 the ESS for the government.
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Case 1: If C; — Cyp — AP — uE < 0, then (C; — Cy — AP — uE)/(F + BB) < 0. For all
x € [0, 1], the expression AP 4+ uE + Cy — C; + x(F + BB) > 0 holds. In this case, y* = 1 is
the ESS for enterprises.

Case2: If C; —Cp — AP —pE >0and 0 < (C; — Cyp — AP — uE)/(F + BB) < 1, then
y* = 0 is the ESS for enterprises when x < (C; —Cy — AP — uE)/(F+ BB),and y* =11is
the ESS when x > (C; — Cy — AP — uE)/(F + BB).

Case3: If C; —Co — AP —uE > 0and 1 < (C; — Cop — AP — uE)/(F + BB), then for
any x € [0, 1], the inequality AP + uE + Cy — C; + x(F + BB) < 0 holds. Consequently,
y* = 0is the ESS for enterprises.

2. When0 < (F—~9C)/(F+pB) <1

For the government, x* = 0 is the ESS when (F — yC)/(F + BB) < y, and x* = 1 is the
ESS when y < (F —C)/(F + BB). For enterprises, the following three cases exist:

Case 1: If C; — Cy — AP — uE < 0, then (C; — Cyp — AP — uE)/(F + BB) < 0. Since
x € [0, 1], the inequality AP + uE + Cy — C; + x(F + BB) > 0 holds for any x. Therefore,
the replicator dynamic equation satisfies F(y) > 0 for y € [0, 1], and the system converges
toy*=1.

Case2: If0 < C; —Cyp— AP —puE,and 0 < (C; — Cyp — AP — uE)/(F + BB) < 1, then
when (C; —Cop— AP —uE)/(F+BB) < x,0 < AP+ uE + Cy — C; + x(F + BB) holds,
resulting in F(y) > 0 and the enterprise strategy converging to y* = 1. Conversely, when
x < (C; —Cyp— AP — uE)/(F + BB), y* = 0 is the ESS.

Case 3: If 0 < C; —Cyp — AP —pE,and 1 < (C; —Cy — AP — uE)/(F + BB), then
for any x e [0, 1], the inequality AP + uE + Cop — C; + x(F + BB) < 0 holds. Therefore,
F(y) < 0fory € [0, 1], and the enterprise strategy converges to y* = 0.

In summary, the construction and analysis of the government—enterprise evolution-
ary game model reveal a fundamental dynamic that transcends short-term governmental
cost-benefit calculations: the long-term evolutionary trajectory of the digital-green syner-
gistic transition is ultimately determined by the intrinsic economic viability of corporate
transformation—represented by the baseline economic expression AP + uE + Cy — C;. The
government’s role, in turn, shapes the specific mode through which equilibrium is realized.
Depending on this intrinsic viability, the system exhibits three archetypal scenarios:

(1) Market-Driven Scenario: When the baseline economic calculus is significantly
positive (0 < AP + uE + Cy — C1), indicating inherent profitability for firms, the system
converges to the ESS (0,1). This constitutes a market-driven equilibrium characterized
by “government non-intervention and full enterprise transition.” In this case, corporate
initiative alone is sufficient to drive the transition, rendering government intervention
potentially redundant.

(2) Policy-Driven Scenario: When the baseline economic calculus is negative but can be
effectively counterbalanced by government intervention 0 < (C; — Cy — AP — uE)/(F + BB)
< 1, the system exhibits coordination game dynamics. The resulting ESS hinges critically on
the initial strategic beliefs of both parties: it may converge to (1,1), representing a virtuous
cycle of “strong intervention-strong transition,” or to (0,0), a developmental trap of “weak
intervention-weak transition.” In this context, the government’s strategic conviction and
policy consistency become pivotal for breaking the deadlock and guiding the system toward
the high-level equilibrium.

(3) Dual-Failure Scenario: When the baseline economic calculus is negative and lies
beyond the compensatory capacity of government intervention 1 < (C; — Cy — AP — uE)/
(F + BB), the transition is rendered economically infeasible under prevailing techno-
economic conditions. The system converges to an ESS where enterprises resist transition
(y* =0), and the government’s strategy devolves into an isolated decision based solely on
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its own costs and benefits (i.e., F versus yC) This leads to a dual failure of both market and
policy mechanisms.

The government’s cost-benefit structure—specifically, the relationship between F and
vYC—does not alter the fundamental dynamic described above but influences the behavioral
pattern it adopts. When F < 9C, the government tends to be passive, primarily adopting
a free-riding strategy. When F > yC, the government becomes responsive, strategically
adjusting its level of intervention in reaction to the behavioral distribution observed in the
enterprise population.

Therefore, to effectively promote the digital-green synergistic transition, policymakers
should prioritize enhancing the intrinsic economic viability of corporate transformation.
This entails fundamentally improving the corporate cost-benefit structure through path-
ways such as technological innovation, new business model development, and ecosystem
building. Building on this foundation, and in accordance with its identified role (passive
or responsive), the government should implement precisely targeted governance mea-
sures: it should refrain from intervention in the Market-Driven Scenario; provide resolute
and consistent guidance in the Policy-Driven Scenario; and shift focus toward long-term,
fundamental capacity building—such as foundational research and infrastructure—in
the Dual-Failure Scenario. Such a differentiated approach enables effective and adaptive
governance throughout the transition process.

4.2. Evolutionary Game Model of Consumer Preferences and Enterprise Digital-Green Synergy

To analyze the behavioral strategies and systemic evolution of consumers and enter-
prises in the digital-green synergy process, this section develops a two-party evolutionary
game model between these two actors. The model is based on the following assumptions:

Assumption 1: Enterprises and consumers are conceptualized as an integrated system
operating in a simplified “natural” environment, abstracted from external constraints. Both
parties are boundedly rational agents with learning capabilities, whose behavioral choices
are driven by expected payoffs and continuously adjusted through learning and imitation.

Assumption 2: The two game participants are the consumer (making purchasing
decisions on an e-commerce platform) and the enterprise (selling products through the plat-
form). The consumer’s strategy set includes {“Actively choose digital-green products” (R;)}
and {“Maintain conventional consumption” (R;)}. The enterprise’s strategy set includes
{“Promote digital-green synergy” (E;)} and {“Maintain traditional development model”
(E2)}. On the platform, consumers can observe product information such as green certifica-
tions, carbon footprint labels, and blockchain-based traceability data, which influence their
utility and trust.

Assumption 3: Let y denote the probability of an enterprise choosing strategy E;, and z
the probability of a consumer choosing strategy R;, where y, z € [0, 1]. Through continuous
learning and imitation in the evolutionary game, each agent optimizes its strategy, and
the system tends toward a stable state. The corresponding Evolutionary Stable Strategies
(ESSs) are denoted as y* and z*.

Assumption 4: Consumers derive a baseline utility Uy from all products that satisfies
their basic needs, paying a benchmark price Py. When a consumer adopts R; and an
enterprise adopts E1, the consumer gains a comprehensive digital-green utility increase AU
while paying the corresponding digital-green premium AP. This AU reflects the value of
verifiable green and digital attributes—such as those communicated through carbon labels,
blockchain traceability, and certification systems on e-commerce platforms—where higher
platform transparency increases AU by reducing information uncertainty. Conversely, if
the enterprise chooses E; while the consumer maintains Ry, the consumer experiences a
utility reduction AU due to unmet expectations. When the consumer adopts R, while the
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enterprise implements Ej, the consumer free-rides, obtaining a reduced utility increase
AAU (where A € [0, 1]) while paying a reduced premium AAP. The parameter A captures the
degree of information asymmetry: when platform transparency is low, consumers cannot
fully verify green claims, resulting in a lower A. Finally, when both consumer and enterprise
choose their baseline strategies (R and E;), the consumer receives only the baseline utility
Uy while paying the benchmark price Py.

Assumption 5: An enterprise choosing E; incurs a transformation cost C;. In this case,
if the consumer chooses Rj, the enterprise obtains a comprehensive benefit G (including
the green premium and reputational gains), resulting in a profit of Py + AP + G — Cj. If the
consumer chooses Ry, the enterprise receives only the benchmark price Py and bears a loss
L; from underutilized capacity due to unrealized economies of scale, yielding a profit of
Py + AAP — C; — Ly. An enterprise choosing E, incurs a base cost Cy (where C; > Cy) and
earns Py. However, if the consumer chooses Ry, the enterprise forfeits potential revenue,
incurring a loss Ly, leading to a net profit of Py — Cy — L.

Based on the above assumptions, the payoff matrix for the two-party evolutionary
game between enterprises and consumers is constructed and presented in Table 2.

Table 2. Payoff matrix of the two-party evolutionary game between enterprise and consumer.

Promotes Digital-Green Maintain Traditional
Players Synergy Development Model
(E1) (E2)
p ®0) y Up + AU — Py — AP Uy — AU — P,
1
e
(sz Up + AAU — Py — AAP Up — Py

The replicator dynamic equation for the enterprise is:

Gy) =Y = y(1 - AP +Co—C— L +2(G+ (1= VAP + L+ 12)] (3

The replicator dynamic equation for the consumer is:

G() = % = (1~ 2)[y(AUR ~ 1) ~ AP(1 - 1)) — AU )

According to Equation (3), if z = (L1 + C; — Co — AAP)/[G+ (1 = A)AP + Ly + Lo,
then F(y) = 0, implying that all values of y represent an ESS. If z # (L, + C; — Cy — AAP)/
[G+ (1 —A)AP + Ly + Lp], then yx = 0 and y* = 1 are the two ESS points. Specifically,
when z > (L; +C; — Cy— AAP)/[G+ (1 —A)AP + Ly + L], yx = 1 is the ESS; when
z < (L1 +C; —Cop—AAP)/[G+ (1 —A)AP + Ly + L], yx = 0 is the ESS.

According to Equation (4), if y = AU/[(2 — A)AU — (1 — A)AP], then F(z) = 0, mean-
ing that all values of z are an ESS. If y # AU/[(2 — A)AU — (1 — A)AP], then F(z) = 0,
only when zx* = 0 or z* = 1, which constitute the two ESS points.

Based on the constructed enterprise-consumer evolutionary game model, the sys-
tem’s evolutionarily stable strategy depends on the relative positions of the consumer’s
critical threshold y. = AU/[(2 — A)AU — (1 — A)AP] and the enterprise’s critical thresh-
old zz = (L1+C; —Cy—AAP)/[G+ (1 —A)AP+ Ly + Lp]. Various scenarios may
emerge depending on parameter conditions. For conciseness, and because the condition
0 < AU/[(2—A)AU — (1 — A)AP] < 1 represents the most interactive and analytically
substantial scenario, this section focuses specifically on evolutionary equilibrium analysis
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under this condition, examining how the system evolves for different values of the en-
terprise’s critical threshold. The analysis of other scenarios follows a similar logic and is
therefore omitted.

When AU/[(2 — A)AU — (1 — A)AP] < 1, it follows that (2 — A)AU — (1 — A)AP > 0.
Under this premise: if y > AU/[(2 — A)AU — (1 — A)AP], then F(z) > 0 for z € [0, 1], and
the system converges to zx = 1; if y < AU/[(2—A)AU — (1 — A)AP], then F(z) < 0 for
z € [0, 1], and the system converges to z* = 0.

Case 1: When (L1 + C; — Cp — AAP)/[G + (1 — A)AP + L1 + Ly] < 0, and given that
z € [0, 1], the inequality AAP + Cy — C; — L1 +z[G+ (1 — A)AP + Ly + L] > 0 holds. If
G+ (1 —A)AP + Ly + L, > 0, enterprises always converge to y* = 1. Consequently, the
system converges to (1,1) when (L1 +C; — Cy — AAP)/[G+ (1 —A)AP+ L1+ L] < y,
and to (1,0) when y < (Ly +C; — Co — AAP)/[G+ (1 — A)AP + Ly + Lp]. Conversely, if
G+ (1 —-A)AP+ L1 + L, < 0, enterprises always converge to y* = 0, leading the system to
converge to (0,0).

Case 2: When 0 < (L1 +C; —Cy—AAP)/[G+ (1 —A)AP + Ly + L] < 1, the sys-
tem’s evolution depends on the mutual feedback between the enterprise strategy pro-
portion y and the consumer strategy proportion z. Enterprise behavior converges
to yx = 0 or y*x = 1 based on the comparison between z and the critical threshold
(L1 +C; — Cy — AAP)/[G + (1 — A)AP + Ly + Ly], similarly to consumer behavior. The
system may exhibit multiple equilibria, with the boundary points (0,0), (0,1), (1,0), and (1,1)
all being potential stable states.

Case 3: When1 < (L; +C; — Cp — AAP)/[G+ (1 — A)AP + Ly + Ly], the sign of G +
(1—-A)AP + Ly + L, may be positive or negative. If G+ (1 —A)AP + L1 + Ly > 0, the
system converges to (0,0). If G+ (1 —A)AP + L; + L, < 0, then the system converges
to (1,1) when (L1 +C; — Cy — AAP)/[G+ (1 — A)AP+ L1 + L] < y, and to (1,0) when
y < (Ll +Ci—C —/\AP)/[G—i— (1 —)\)AP—i—Ll +L2].

In summary, through the construction and analysis of the enterprise-consumer evolu-
tionary game model, this study reveals the underlying logic of digital-green synergistic
transformation in the market: the long-term evolutionary path of the system fundamentally
depends on the dynamic alignment between consumer preference intensity (reflected in
the relationship between AU and AP) and the net benefits of corporate transformation
(reflected in parameters such as G, Cy, Cy, L1, and L;). Based on the relative positions of
the consumer’s and enterprise’s critical thresholds, the system evolution manifests three
typical scenarios:

(1) Consumer-Driven Scenario: When consumer preference for digital-green products
is strong (AU is significantly higher than AP) and the net benefit of corporate transformation
is significantly positive, the system converges to a (1,1) equilibrium, forming a virtuous
market cycle of “full corporate transformation and active consumer choice.” In this scenario,
the market mechanism spontaneously drives synergistic transformation without requiring
external intervention.

(2) Coordination Game Scenario: When both consumer preference and the net benefit
of corporate transformation fall within an intermediate range, the system evolution exhibits
the characteristics of a coordination game, potentially converging to multiple equilibria
such as (1,1) or (0,0). In this scenario, initial consumer beliefs, pioneering demonstrations
by enterprises, or government guidance and awareness campaigns become crucial for
breaking the deadlock and steering the system toward a high-level equilibrium.

(3) Dual-Failure Scenario: When consumer preference is insufficient or corporate
transformation costs are prohibitively high, and the market mechanism cannot compensate
for this gap, the system becomes trapped in a (0,0) equilibrium—a state of dual failure
where “enterprises do not transform, and consumers do not choose.” Here, relying solely
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on market self-regulation is insufficient to initiate transformation, necessitating external
policies or technological breakthroughs to reconfigure the incentive mechanisms.

4.3. Evolutionary Game Model Among Government, Enterprise, and Consumer for
Digital-Green Synergy

Assumption 1: The government, manufacturing enterprises, and consumers form a
cohesive evolutionary game system operating under conditions of bounded rationality and
information asymmetry. As boundedly rational decision-makers with learning capabilities,
all three parties base their behavioral choices on expected payoffs. They continuously
adjust their strategies through a process of “imitation — selection — adaptation,” which
ultimately drives the system toward an Evolutionary Stable Strategy (ESS).

Assumption 2: The strategy sets for the three agents are defined as follows: Gov-
ernment (G): {Active intervention (Gp), Basic administration (G,)}. Strategy G; entails
implementing specific digital-green policies (e.g., subsidies, publicity, and regulation),
whereas G, involves maintaining only basic administrative functions without such targeted
interventions. Manufacturing Enterprise (E): {Synergistic transformation (E;), Business-as-
usual (Ep)}. Strategy E1 represents substantive investment in synergistic transformation,
whereas E2 denotes continuing high-energy consumption and high-pollution operations,
potentially involving “greenwashing” to secure policy benefits. Consumer (R): {Choose
digital-green products (R;), Choose conventionally (Ry)}. Strategy R1 reflects a preference
for integrated green and digital attributes (e.g., traceability) and a willingness to pay a
premium, whereas R; indicates decisions based solely on traditional factors like price and
basic functionality.

Assumption 3: The probability of the government choosing strategy G is denoted as
x(t), that of an enterprise choosing E; as y(t), and that of a consumer choosing R; as z(t),
where X, y, and z € [0, 1] are functions of time t. The corresponding equilibrium proportions,
when the system stabilizes, are denoted as x*, y*, and z*.

Assumption 4: The government’s revenue and cost structure are defined as follows.
When performing its duty (G;), the government incurs costs for publicity campaigns,
denoted as «A, and disbursed subsidies, denoted as 3B, where x and 3 represent policy
intensity coefficients. Government revenues originate from three primary sources: tax
income from enterprises, which amounts to Ty if an enterprise adopts E; and Tj if it adopts
E;, with Tq > Ty; collected from penalizing non-compliant enterprises; and environmental
performance benefits. The latter include S;, derived from environmental and efficiency
improvements achieved through authentic enterprise transformation, and S,, resulting
from the enhanced social environmental awareness reflected by consumers’ digital-green
consumption behavior.

Assumption 5: The payoff of a manufacturing enterprise is fundamentally determined
by its strategic choice. An enterprise opting for E; incurs a high transformation cost Cy,
which is partially offset by a government subsidy B and compensated by long-term
reputational and competitive gains W. The enterprise’s market revenue is influenced by
consumer behavior: it earns a base return P1, augmented by an additional premium Gp if
consumers choose Rj. Conversely, an enterprise choosing E; bears a lower conventional
operational cost C, (where C; < C1) but faces a fine F under government supervision. Its
market revenue is P; when consumers are indifferent (R,). However, when consumers
choose Ry, there exists a probability © (where 0 € [0, 1]) that the enterprise’s greenwashing
will be detected through digital means, resulting in a reduced revenue of (1—6)P,, where
P, < P;. This detection probability 6 reflects the effectiveness of platform governance
mechanisms, such as blockchain traceability, third party certification, and algorithmic
monitoring—higher platform transparency increases 6.
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Assumption 6: A consumer’s utility is jointly determined by the interaction between
their consumption choice and the enterprise’s production strategy, and is further modu-
lated by government action and e-commerce platform-mediated information transparency.
When a consumer chooses R; on an e-commerce platform, they observe product labels,
traceability information, and certification badges displayed on the product page. The credi-
bility of this information is influenced by government-backed certification and platform
reputation, which affects the utility U; and the premium Gp. If the enterprise chooses Ej,
the consumer attains a high utility level U; while paying the full price premium Gp. If
the enterprise chooses E;, the consumer receives a diminished utility U, (where U; > Uj),
incurs an information screening cost Cp, pays only a partial premium nGp (withn € [0, 1]
representing the premium loss coefficient) due to information asymmetry, and experiences
further utility reduction if greenwashing is detected via platform transparency mechanisms
(e.g., blockchain traceability). The coefficient n captures the degree to which consumers are
misled by greenwashing; it is directly influenced by the credibility of platform-endorsed
certifications, such as the “green label” or “certified sustainable” badges prominently
shown on e-commerce product pages. A higher 1 means consumers are less sensitive to de-
ceptive claims, reflecting lower platform transparency. Conversely, reducing n—achieved
through trustworthy certification systems and reliable traceability records—helps con-
sumers distinguish genuine green products. The screening cost Cp reflects the time and
effort consumers spend verifying product claims; e-commerce platforms can lower Cp
by standardizing green labels, providing one click access to product traceability histories,
and designing user friendly interfaces that consolidate certification information. Such
platform design choices reduce information asymmetry and facilitate informed purchasing
decisions. Government publicity under G; (xA) can partially mitigate negative experi-
ences by enhancing value perception. When the consumer chooses R;, they obtain a base
utility Uy (where Uy > U, > Up) regardless of the enterprise’s strategy. A limited “free
rider” utility gain D is obtained if the enterprise adopts E;, arising from positive spillover
effects. Government publicity under G; provides a weaker utility enhancement yoA
(with v € [0, 1] being the publicity attenuation coefficient) by raising general environmen-
tal awareness.

Based on these assumptions, this study constructs a payoff matrix for the tripartite
evolutionary game involving the government, enterprises, and consumers, as presented in
Table 3. The matrix systematically captures the payoff functions of all three parties under
different strategy combinations. Each cell contains the respective payoff values for the
government, manufacturing enterprise, and consumer under the corresponding strategy
profile, listed in sequence.

Table 3. Payoff matrix of the tripartite evolutionary game among government, enterprise,
and consumer.

Consumer Ry Consumer R,
z(t) 1— z(t)
T1+81+S2—O(A—BB; T1+81—O(A—BB,'
P1+Gp+pBB+W —Cy; P1+BB+W —Cy;

Players

Enterprise Eq
Government y(t)

G U; + 0A — Gp Up + D+’YOCA
1
. Tr+S, + F — aA; T +F — aA;
x(t) Enterprise E, a 2_ G)Iz’z — G, —F Pi -C,—F;
1=y® Up + A —nGp — Cp Up +yaA
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Table 3. Cont.

Plavers Consumer R Consumer R;
y z(t) 1— z(t)
. Tq; Ty;
Enterprise E; Py +Gp+W—Cy; Py +W — Cy;
Government y(t) U; — Gp Uy +D
G2 . To; To;
1 — x(t) Enterprise E; (1 — 8)Py — Cy; P; — Cy;
1=y® Uy —nGp — Cp Uo

Based on the payoff matrix shown in Table 3, the expected payoffs for the government,
enterprises, and consumers, as well as the average payoffs of their respective populations,
can be derived. This leads to the replication dynamic equations for the three parties

as follows: p
Uy (x) = d—f =x(1—-x)[S1y+ Sz + F(1 —y) —aA — BBy] (5)
d
Ux(y) = d%{ =y(1—y)[Pr—(1—-0)zP, — (1 —2z)P; —C; + Co + (BB + F)x +zGp + W] (6)
d
Us(z) = £ =z(1-2)[(U; = Uy — G, +1nGp +Cp — D)y + Up — nGp — Cp — Uy + aAx(1 — )] (7)

The analysis of ESS involves calculating the Jacobian matrix and evaluating its eigen-
values at the system’s equilibrium points. According to Friedman’s method [67], the
stability of an evolutionary game system can be determined by examining the local stability
of the corresponding Jacobian matrix. For this system, the Jacobian matrix J is defined as
the matrix formed by the first-order partial derivatives of the replicator dynamic equations
with respect to the variables x, y, and z, and is expressed as follows:

oty (x) olh(x) 9Uy(x)

ox ay 0z
] = al{az ng) Buaz(y) aug Z(y) (8)
alsz(z)  als(z) aUz(z)
ox E)y 0z

where the elements of the first row are:

ML) — (1 2%)[S1y + Saz + F(1 —y) — aA — BBy]
M) — x(1-x)(S; — F ~ pB) ©)
aualz(x) =x(1-x)S;

The elements of the second row are:
M) — y (1~ y)(F + BB)
(1 — Zy) [Pl — (1 — G)ZPZ — (1 — Z)P3 —C1+C+ (F + ﬁB)X +zGp + W] (10)
& =y(1—-y)[Gp— (1—06)P, + P3]

The elements of the third row are:

2= =z(1-z)aA(1—1)
M2 — 2(1—2)[Uy — Up + Cp — D — Gp(1 — )] (1)
M=) — (1 22)[(Uy — Uy — Gp 4+ 7Gp + Cp — D)y + Uy — Uy — 1Gp — Cp + aAx(1 — 7)]

The stability analysis for the eight boundary equilibrium points, obtained from the
eigenvalues of the Jacobian matrix, is presented in Table 4.
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Table 4. Stability analysis of equilibrium points.

Equilibrium Eigenvalues Stability
Point Gov.\ Ent. A\, Cons.A3
E1(0,0,0) — >0 <0 Saddle Point
E2(0,0,1) >0 >0 >0 Unstable Point
E3(0,1,0) — <0 >0 Saddle Point
E4(1,0,0) — >0 — Saddle Point
E5(1,0,1) <0 >0 — Saddle Point
E6(1,1,0) — <0 >0 Saddle Point
Stable Point if S1 + S2 < «A + B;
E7(0,1,1) T <0 <0 Otherwise, Saddle Point
ES(1,1,1) o <0 <0 Stable Point if S1 + S2 > «A + BB;

Otherwise, Saddle Point

The eigenvalue expressions and detailed stability analysis are provided in Appendix A.
The signs reported in Table 4 reflect the typical parameter regime used in the simulation,
under which the conditions for Theorem 1 are satisfied.

Based on the results presented in Table 4, the following theorem is established:

Theorem 1. The government—enterprise—consumer tripartite evolutionary game system possesses a
unique ESS. The specific form of this ESS depends on whether the net environmental performance
benefit covers the government’s cost of intervention:

1. If S1 + So < wA + BB, indicating that net benefits are insufficient to cover costs, the unique ESS
is (0,1,1). This corresponds to the strategy profile where the government does not perform its duty,
while enterprises promote digital-green synergy and consumers practice digital-green consumption.
2. If 51+ Sp > aA + BB, indicating that net benefits exceed costs, the unique ESS is (1,1,1).
This leads to the strategy profile where the government performs its duty, enterprises promote
digital-green synergy, and consumers practice digital-green consumption.

5. Numerical Simulation and Sensitivity Analysis
5.1. Parameter Calibration and Economic Interpretation

All simulations are conducted using Python 3.10. The time horizon is set to t € [0, 50]
with a step size of 0.001, resulting in 10,000 discrete time points. This step size is chosen to
ensure sufficient resolution for capturing the evolutionary dynamics while maintaining
computational efficiency. The initial strategy probabilities for the government, enterprises,
and consumers are uniformly set to X = yo = zg = 0.2, representing a neutral starting point
where no agent has a dominant initial inclination. The parameter values used in the baseline
scenario are those justified in the following subsections. Sensitivity analyses vary one or
more parameters as explicitly stated, while keeping the others at their baseline values.

For government-related parameters, the environmental performance benefits S; and
S, are set to 18 and 12 respectively, which together sum to 30. This value is intentionally
chosen to be less than the combined policy costs xA + 3B = 55.25 + 35.75 = 91, thereby
satisfying the condition S + S; < ®A + 3B under which the analytical model predicts that
the optimal equilibrium (0,1,1) can be achieved without sustained government intervention.
The specific magnitude of S1 and S; is not critical, what matters is their sum relative to
policy costs. If 51 + S; were larger—say 100—the condition would reverse, and the model
would predict (1,1,1) as the equilibrium, a scenario in which government intervention
remains necessary. Our choice of 30 thus represents a realistic scenario where policy costs
are substantial but not prohibitive, and market self-regulation has the potential to take over
once catalyzed.
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The fine F = 60 is set above the government’s publicity cost ccA = 55.25 to satisfy the
credibility condition F > oA, which ensures that regulation is not merely symbolic. The
difference of approximately 5 reflects a modest but meaningful deterrent effect. Setting
F substantially higher, say 100, would not change the qualitative equilibrium but would
accelerate convergence; setting F below «A would weaken regulatory credibility and delay
the transition. Our choice of 60 is therefore a conservative representation of a credible
regulatory regime.

For enterprise-related parameters, the transformation cost C; = 230 exceeds the con-
ventional cost C; = 185 by 45, reflecting the initial investment required for digital-green
transformation. The additional revenue when consumers choose green products is captured
by P; =420 versus P3 = 160 when consumers do not, a difference of 260 that represents the
premium and market share gains from successful transformation. The reputation gain W
=130 is set at a moderate level relative to these revenues. The key composite condition
P —P3 — C; + Cp + W =420 — 160 — 230 + 185 + 130 = 345 > 0 holds, ensuring that
transformation is economically viable when consumers respond—a necessary condition
for market-driven synergy. If this expression were negative, the model would predict that
enterprises never find it profitable to transform regardless of consumer behavior, a scenario
we do not wish to analyze.

For consumer-related parameters, utility levels U; = 190, U, = 95, and Uy = 65 are
set to satisfy Uy > Up > Up and to generate the key condition U; — Gp - D — Uy = 190
— 35-25 — 65 =65 > 0, meaning that consumers derive positive net utility from digital-
green products when supported by government publicity. The information screening cost
Cp = 18 and premium loss coefficient n = 0.45 are chosen to produce U, — nGp — Cp —
Up =95 — 15.75 — 18 — 65 = —3.75 < 0, capturing consumer disutility from greenwashing.
These signs are what matter for the qualitative dynamics; the exact magnitudes could vary
while preserving the same sign patterns.

Platform transparency is captured directly through three parameters: greenwashing
detection probability 8, premium loss coefficient 1, and information screening cost Cp. In
the baseline scenario, we set 6 = 0.75,n = 0.45, and Cp = 18, representing a moderate level
of platform governance.

In sum, the parameter values are not arbitrary; they are selected to satisfy the theoreti-
cal conditions derived in the stability analysis and to represent a realistic scenario in which
digital-green synergy is potentially achievable but requires appropriate policy and market
conditions. The sensitivity analyses reported in the following subsection confirm that the
qualitative results remain robust across a wide range of parameter values, provided the
core theoretical conditions are maintained.

5.2. Policy Catalysis: Single Parameter Sensitivity Analysis

Figure 1 presents the evolutionary trajectories of the government’s strategy x (proba-
bility of active intervention), enterprises’ strategy y (probability of digital-green transfor-
mation), and consumers’ strategy z (probability of choosing digital-green products) under
varying levels of government publicity intensity «, ranging from « = 0.1 to & = 0.9.

Figure 1 presents the evolutionary trajectories of government intervention x, enterprise
transformation y, and consumer adoption z for publicity intensity « ranging from 0.1 to
0.9. All scenarios converge to the optimal equilibrium (0,1,1) with the same convergence
time, indicating that once a baseline level of publicity is provided, further increases do not
accelerate the overall transition speed. However, the trajectories exhibit slight variations in
slope, especially during the early stages. Higher o tends to produce steeper initial rises
in consumer adoption z, but the system compensates with a later plateau, resulting in
identical crossing times. This pattern suggests that public awareness campaigns reliably
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catalyze the market, but their marginal effect on speed saturates quickly; the transient path
may differ, but the final relay timing is robust.

a=0.1
a=0.2
a=0.3

1.0

0.8

0.6

0.4

0.2

0

Figure 1. Evolutionary dynamics under varying levels of government publicity intensity o.

Figure 2 presents the evolutionary trajectories of government intervention X, enterprise
transformation y, and consumer adoption z under varying levels of government subsidy
intensity (3, ranging from 3 = 0.1 to 3 = 0.9. All scenarios eventually converge to the optimal
equilibrium (0,1,1), consistent with the theoretical condition S; + S; < A + 3B.

8=0.1
B=0.2
B=0.3

|
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Figure 2. Evolutionary dynamics under varying levels of government subsidy intensity (3.
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The trajectories differ in slope: higher 3 induces a more rapid initial increase in
enterprise transformation y, but this acceleration is later offset by a slightly slower consumer
adoption phase, leading to the same overall crossing time. This indicates that while
subsidies are effective in motivating enterprises, beyond a minimal level they do not
hasten the market relay. The finding underscores that policy makers can choose a low to
moderate subsidy level without sacrificing transition speed, thereby avoiding unnecessary
fiscal expenditure.

Figure 3 presents the evolutionary trajectories of government intervention x, enterprise
transformation y, and consumer adoption z under varying levels of government fines F,
ranging from F = 20 to F = 140. All scenarios eventually converge to the optimal equilibrium
(0,1,1), consistent with the theoretical condition S; + S, < A + 3B.

F=20
F=35
F=50

0

Figure 3. Evolutionary dynamics under varying levels of government fine F.

The slopes of the trajectories vary: higher F leads to a sharper initial decline in x
(government intervention) and a steeper rise in y (enterprise transformation), but the
overall timing of reaching the threshold remains unchanged. This suggests that once fines
exceed a credible threshold (F > «A), further increases do not accelerate the transition; the
credible deterrence already suffices to motivate timely transformation. The differences in
slope reflect transient responses, but the speed of the market relay is insensitive to the exact
fine level.

For each policy instrument (x, {3, F), all tested intensity levels lead to the same conver-
gence time, indicating that once a minimal effective level is reached, further increases do
not accelerate the transition. Nevertheless, the evolutionary trajectories exhibit variations
in slope, suggesting that the transient dynamics differ while the overall speed remains un-
changed. This finding highlights that policy interventions act as reliable catalysts, but their
marginal impact on transition speed saturates quickly; the design choice among different
intensity levels may affect the path but not the pace of market relay. Mathematically, this is
possible because the time to reach a threshold depends on the entire trajectory, not only
on initial slopes. Consequently, policy design should focus on achieving credible baseline
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levels rather than escalating intensity, which would only increase costs without accelerating
the desired outcome.

5.3. Market Relay: Multi Parameter Interaction Analysis
Policy Mix: Interaction Between Fines and Subsidies (F x 3)

Figure 4 presents the convergence times for nine policy combinations with fines F
(20, 60, and 120) and subsidy intensities $ (0.2, 0.5, and 0.8). All combinations con-
verge to the optimal equilibrium (0,1,1) with identical convergence time, indicating
that once a minimal credible level of either instrument is present, further increases in
policy intensity—whether in fines, subsidies, or their combination—do not accelerate
the transition.

lowF = 20,lowB = 0.2
lowF =20,mediumB = 0.5
) — -~ lowF =20,highB =0.8
1.0 mediumF = 60,lowp = 0.2
=== mediumF = 60,mediumB = 0.5

—-= mediumF = 60,highp = 0.8
highF = 120,lowB = 0.2
0.8 | === highF =120,mediumB = 0.5
1\ —-= highF =120,highf =0.8

0

Figure 4. Evolutionary dynamics under different policy mix scenarios (F x f).

This result reveals a saturation effect: policy interventions are effective at catalyzing
the market, but beyond a threshold, additional intensity yields no marginal gain in speed.
It also suggests that the specific mix of fines and subsidies is less critical than the presence
of a credible policy framework. The findings reinforce the core narrative that policy acts as
a catalyst rather than a persistent driver; once the initial conditions are set, the market relay
proceeds at a pace determined by product fundamentals and platform transparency, not by
the fine-tuning of policy intensity.

Product Value: Interaction Between Consumer Utility and Premium (U; x Gp)

Figure 5 presents the evolutionary trajectories under different combinations of con-
sumer utility U; and product premium Gp. The results reveal a critical threshold deter-
mined by net consumer value (U; — Gp).
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Figure 5. Evolutionary dynamics under different product value scenarios (U; x Gp).

When the net value is too low (e.g., low U; paired with high Gp), the system does
not achieve full market synergy. Instead, it converges to the equilibrium (0,1,0), where
enterprises successfully transform but consumers do not adopt digital-green products.
This outcome highlights a fundamental boundary condition for the “market relay”: even if
enterprises are willing to change, the market will not self-sustain unless consumers perceive
sufficient value.

For all other combinations, the system converges to the optimal equilibrium (0,1,1).
Among these, the convergence speed increases monotonically with net consumer value.
High-utility, low-premium scenarios exhibit the fastest transition, followed by high-utility,
high-premium and low-utility, low-premium scenarios, which converge at intermediate
speeds. The slowest convergence occurs when net value is positive but minimal.

These findings confirm that product value is the primary driver of market self-
regulation. When the net value perceived by consumers is sufficiently high, the market
can achieve full synergy (0,1,1) efficiently; when it falls below a critical threshold, even
enterprise transformation fails to generate consumer demand, and the market relay stalls.
This underscores the central role of product fundamentals in enabling a self-sustaining
market, which is the ultimate goal of the “policy catalysis — market relay” narrative. Once
product value is attractive, the market can take over without continued external support.

Platform Transparency: Interaction Between Product Value and Platform Dimensions
e  Greenwashing Detection (U; x Gp x 6)

Figure 6 presents the evolutionary trajectories under different combinations of con-
sumer utility U; (high = 210, low = 170), product premium Gp (low = 25, high = 45), and
greenwashing detection probability 0 (high = 0.8, low = 0.2). All scenarios converge to the
optimal equilibrium (0,1,1), consistent with the theoretical condition S; + S < A + 3B.
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Figure 6. Evolutionary dynamics under different combinations of U, Gp, and greenwashing detection
probability 6.

The convergence times show that 0 has a modest effect on transition speed, primarily
when product value is least favorable. For the high utility, low premium combination
(U; =210, Gp = 25), convergence times are identical (0.0490) under both 0 levels. For
the moderately favorable scenarios (U; = 210, Gp = 45 and U; = 170, Gp = 25), conver-
gence times are also identical (0.0610 and 0.0810, respectively). In the least favorable
product scenario (U; = 170, Gp = 45), a higher 0 yields a slightly faster convergence (0.1250
vs. 0.1260). These results indicate that greenwashing detection mechanisms can provide
a marginal acceleration when product value is very low, but their effect is otherwise
negligible. Nonetheless, the presence of any measurable difference confirms that 6 influ-
ences the dynamics, and higher detection probability is beneficial in the most challenging
market conditions.

These findings highlight that platform transparency, through improved detection of
deceptive claims, supports the market relay process, particularly when product funda-
mentals are weak. This complements the core narrative that platform governance plays a
supportive role alongside product value.

e  Premium Loss Coefficient (U; x Gp X 1)

Figure 7 presents the evolutionary trajectories under different combinations of con-
sumer utility U; (high = 210, low = 170), product premium Gp (low = 25, high = 45), and
premium loss coefficient n (high = 0.8, low = 0.2). All scenarios eventually converge to the
optimal equilibrium (0,1,1), consistent with the theoretical condition S; + S, < xA + 3B.
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Figure 7. Evolutionary dynamics under different combinations of U, G, and premium loss coeffi-
cient n.

The convergence times (the first time when both y and z exceed 0.95) show that 1
affects the transition speed. For the high utility, low premium combination (U; = 210,
Gp = 25), convergence times are identical (0.0490) under both 1 levels. For the moderately
favorable scenarios (U; =210, Gp =45 and Uy =170, Gp = 25), a higher 1 leads to slightly
longer convergence times (0.0620 vs. 0.0600, and 0.0820 vs. 0.0800). In the least favorable
product scenario (U; = 170, Gp = 45), a higher n also yields longer convergence times
(0.1270 vs. 0.1240). These results indicate that a higher n (consumers being less sensitive to
greenwashing) can marginally slow down the transition, because it weakens the market sig-
nal that rewards genuine transformation. Conversely, reducing n—which is a key objective
of platform transparency mechanisms (e.g., reliable certifications and traceability)—helps
accelerate the market relay by enabling consumers to better identify and reward authentic
digital-green products.
These findings reinforce the core narrative: platform governance that reduces infor-

mation asymmetry (lower 1) supports faster and more efficient market self-regulation,
complementing the role of product value.

e Information Screening Cost (U; x Gp x Cp)

Figure 8 presents the evolutionary trajectories under different combinations of con-
sumer utility Uy (high = 210, low = 170), product premium Gp (low = 25, high = 45), and
information screening cost Cp (low = 8, high = 30). All scenarios eventually converge to
the optimal equilibrium (0,1,1), consistent with the theoretical condition S; + S, < «A + BB.

https:/ /doi.org/10.3390/jtaer21040117


https://doi.org/10.3390/jtaer21040117

J. Theor. Appl. Electron. Commer. Res. 2026, 21, 117 23 of 28

U;=210Gp=25Cp=8

"""" Uy =210Gp=25Cp=30

U;=210Gp=45Cp=8

1.0 === Uy =210Gp=45Cp=30
A] U1=170Gp=25Cp=8
-== Uy =170Gp=25Cp =30
—— U1=170Gp=45Cp=8
08 === U;=170Gp=45Cp=30

0.6

0.4

0.0

0

Figure 8. Evolutionary dynamics under different combinations of Uy, Gp, and information screening
cost Cp.

The convergence times (the first time when both y and z exceed 0.95) demonstrate that
lower information screening cost (higher platform transparency) accelerates the transition.
For the high utility, low premium combination (U; = 210, Gp = 25), convergence is very
fast under both Cp levels (0.0480 vs. 0.0490). For the moderately favorable scenarios
(U; =210, Gp = 45 and U; = 170, Gp = 25), lower Cp yields faster convergence
(0.0600 vs. 0.0620, and 0.0800 vs. 0.0820). In the least favorable product scenario (U; = 170,
Gp =45), lower Cp also reduces convergence time (0.1240 vs. 0.1270). These results confirm
that reducing information screening costs—enabled by platform transparency mechanisms
such as standardized green labels and accessible traceability interfaces—meaningfully
supports the market relay process by allowing consumers to verify product claims more
easily, building trust faster, and thus accelerating adoption and enterprise transformation.

These findings highlight that platform governance, through lowering information
barriers, plays an active and constructive role in facilitating market self-regulation, comple-
menting product value to achieve a more efficient transition.

5.4. Robustness to Initial Conditions

To test whether the convergence to the optimal equilibrium (0,1,1) depends on the
initial strategy probabilities, we repeated the baseline simulation under seven different
initial points: (0.1,0.1,0.1), (0.2,0.2,0.2), (0.5,0.5,0.5), (0.8,0.2,0.2), (0.2,0.8,0.2), (0.2,0.2,0.8), and
(0.1,0.9,0.1). In all cases, the system converged to (0,1,1) with qualitatively similar dynamics.
Convergence times varied slightly (ranging from 0.07 to 0.09), with more optimistic initial
adoption rates leading to faster transitions, but the final equilibrium remained unchanged.
This confirms that the qualitative results are robust to initial conditions, and the system
exhibits a global attraction toward the market-driven equilibrium.

https:/ /doi.org/10.3390/jtaer21040117


https://doi.org/10.3390/jtaer21040117

J. Theor. Appl. Electron. Commer. Res. 2026, 21, 117 24 of 28

6. Conclusions
6.1. Main Findings and Contributions

This study moves beyond the traditional linear perspective of environmental gov-
ernance by constructing a series of evolutionary game models—from two-party to
tripartite—to dissect the strategic interactions among government, enterprises, and con-
sumers in the digital-green synergistic transition.

The analysis yields three main findings. In the government-enterprise dyad, the
long-term evolutionary trajectory is fundamentally determined by the intrinsic economic
viability of corporate transformation; government intervention acts as an equilibrium
selector rather than a definitive driver. In the enterprise-consumer dyad, the system’s
evolution hinges on the alignment between consumer preference intensity and the net
benefits of corporate transformation. Integrating these dynamics, the tripartite model
reveals that under conditions where the government’s net performance benefit is negative,
the system can still achieve the optimal outcome—full enterprise transformation and con-
sumer adoption—without sustained government intervention. This highlights the potential
for market self-regulation to sustain digital-green synergy once policy has catalyzed the
initial conditions.

These findings contribute to the literature in three ways. First, unlike prior dyadic
evolutionary game models, the tripartite framework captures the full feedback loop among
government, enterprises, and consumers, revealing that market self-regulation can achieve
the optimal equilibrium without continuous policy intervention. Second, whereas existing
studies treat policy intensity as static, this analysis demonstrates that government interven-
tion serves primarily as an equilibrium selector; its role is to catalyze rather than to drive
the transition. Third, by embedding platform-mediated transparency through parameters
0 (greenwashing detection), n (premium loss coefficient), and Cp (information screening
cost), the model provides a theoretical foundation for understanding how e-commerce
platforms can complement public policy. This extends evolutionary game theory beyond
traditional environmental governance contexts to digitally mediated markets.

6.2. Policy and Platform Implications

The results carry several implications for policymakers and e-commerce platform
operators.

For policymakers, the findings suggest that intervention should focus on establishing
a credible baseline (e.g., a non-negligible fine and a moderate subsidy) rather than on
optimizing the exact intensity of instruments, as the marginal gain from further increases
is limited. The “policy catalysis” role is most effective when it creates favorable initial
conditions; after that, the market can sustain itself.

For e-commerce platform operators, the model offers three specific, actionable insights.
First, reducing information screening costs (Cp) accelerates consumer adoption. Platforms
can achieve this by standardizing green labels, providing one click access to product trace-
ability histories (e.g., blockchain-based records), and consolidating certification information
into user friendly interfaces. Second, enhancing greenwashing detection (0) supports
market self-regulation, particularly when product value is low. Platforms can implement
mandatory third-party audits, blockchain-based traceability, or algorithmic monitoring to
detect deceptive claims and increase the credibility of green certifications. Third, lowering
the premium loss coefficient (1) helps consumers distinguish genuine green products. This
can be accomplished through reliable platform-endorsed certifications, such as “green
label” or “certified sustainable” badges, and by making these certifications prominently
visible during the purchase process.
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These implications should be interpreted as theoretical insights derived from the
model’s assumptions. Empirical validation in real-world e-commerce settings is needed be-
fore drawing definitive policy or platform conclusions. Nonetheless, the model provides a
structured framework for understanding how e-commerce platforms can act as governance
intermediaries in the sustainability transition.

6.3. Limitations and Future Research

This study has several limitations. First, the model parameters are assumed to be fixed,
whereas in reality they may evolve over time (e.g., transformation costs may decrease with
technological learning). Future research could incorporate dynamic parameter systems.
Second, the model treats enterprises and consumers as homogeneous groups; introducing
heterogeneity (e.g., large vs. small enterprises, environmentally sensitive vs. price sensitive
consumers) would yield richer insights. Third, the research focuses on a closed domestic
system; expanding the framework to an open economy context, considering international
competition and global supply chain pressures, could be a fruitful extension.
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Appendix A

Appendix A provides the eigenvalue expressions for the eight boundary equilibrium
points of the tripartite evolutionary game, along with the stability conditions used in the
main text.

Table Al. Eigenvalues of the Jacobian matrix at boundary equilibrium points.

Equilibrium Point Gov.\ Ent.A; Cons.A3
El(0,0,0) F—aA P1 — P3 — C1 + C2 + W LIZ — WGP — CD — LIO
E2(0,0,1) 52 +F —aA P1 — (1 — 9)P2 — C] + C2 + Gp + W —(UQ — 1’]Gp — CD — UO)
E3(O,1,0) Sl —aA — ﬁB —(P1 - P3 - C1 + C2 + W) Ll1 - Gp —-D— UQ
E4(1,0,0) —(F — aA) Py —P3-Ci+Cy+BB+F+W Uy —nGp —Cp — Uy +aA
E5(1,0,1) —(Sz +F — IXA) P1 — (1 — 9)P2 — C1 + C2 + ﬁB +F+ Gp + W —(LIZ — 1’]Gp — CD — LIO + aA)
E6(1,1,0) —(S1 — xA — BB) —(P; —P3—C1 +Cy+ BB+F + W) u; — Gp—D — U
E7(0,1,1) Sl + Sz —aA — ﬁB —(P1 — (1 — G)Pz — C] + C2 + Gp + W) —(U1 — Gp —D — UO)
E8(1,1,1) 7(51 + 52 —aA — ‘BB) 7(P1 - (l - 9)P2 - Cl + C2 + ‘BB +F+ GP + W) 7(U1 - Gp —D— UO)

Stability conditions

Based on the model assumptions, we have: C; > Cp, P; > P3, U; > U, > U0, and all
parameters are positive.

The eigenvalues in Table A1 are expressed in terms of the model parameters. Their
signs are generally ambiguous without additional assumptions, as they depend on the
relative magnitudes of costs, benefits, and policy intensities.

In this study, we focus on a realistic policy context where:
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e  Government intervention is costly relative to its direct performance benefits (51 + S, —
oA — BB <0).

e  Fines are set at a level that makes regulation credible (F — @A > 0).

e  Even when the government does not actively intervene, the environmental benefits
from consumers’ voluntary adoption of green products, together with fine revenues,
are sufficient to cover the government’s basic publicity costs (S, + F — «A > 0).

e  Corporate transformation is economically viable when consumers respond (P; — P3 —
C1 + C2 +W> 0).

o  Consumers derive positive net utility from digital-green products when combined
with government publicity (U; — Gp — D — Up > 0).

e  Consumers experience disutility from greenwashing (U, — nGp — Cp — Uy <0).
These conditions reflect a typical scenario in which the digital-green synergy is po-

tentially achievable but requires appropriate policy and market conditions. Under these

conditions, the eigenvalues take the signs reported in Table 4 of the main text, and the only

asymptotically stable equilibrium is E7 when 51 + S, < A + 3B (or E8 when the inequality

is reversed). These conditions are consistent with Theorem 1 and are used in the simulation

analysis in Section 4.3.
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