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Highlights

How does this work link to systems science via contributions to systems practice, theory,
and methodology?

e  Develops a four-player evolutionary game framework integrating governments, uni-
versities, enterprises, and green financial institutions to reveal the dynamic interactions
and feedback mechanisms within green collaborative innovation systems.

e Advances systems methodology by combining evolutionary dynamics, threshold
analysis, and numerical simulation to examine how formal and informal institutional
mechanisms shape multi-agent green transformation.

What are the main findings and/or the implications of the main findings?

e Identifies the key mechanisms driving green collaborative innovation, showing that
enterprise transformation, technology commercialization, and financial governance
jointly determine the evolution toward sustainable cooperation.

e  Provides policy insights by demonstrating the importance of coordinated fiscal incen-
tives, financial regulation, technology transfer mechanisms, and social supervision in
promoting long-term green innovation.

Abstract

Green collaborative innovation is a complex socio-technical system involving interactions
among governments, universities, enterprises, and financial institutions. However, existing
studies often examine these actors separately or focus on bilateral relationships, limiting the
understanding of how multi-agent strategies jointly evolve toward sustainable innovation.
This study develops a four-player evolutionary game model incorporating regional gov-
ernments, universities, local enterprises, and green financial institutions to investigate the
dynamic evolution of green collaborative innovation under bounded rationality. The model
integrates fiscal incentives, technology commercialization returns, financial constraints,
reputation effects, and social advocacy mechanisms to explore the conditions under which
collaborative strategies emerge and stabilize. Theoretical analysis identifies the evolution-
ary conditions of different strategic combinations, while numerical simulations examine
how key factors influence the evolution process. The results reveal that enterprise deep
green transformation plays a central role in shaping the evolution of the entire collabora-
tive innovation system. Government subsidies and financial constraints jointly influence
enterprises’ transformation decisions, while technology commercialization returns and
research support determine universities” incentives for green R&D. Green financial institu-
tions contribute not only through capital provision, but also through environmental risk
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assessment and market-based governance. In addition, social advocacy indirectly affects
the evolutionary process by influencing reputation-related incentives and strengthening
institutional accountability. This study contributes to green innovation and systems science
research by providing a multi-agent evolutionary framework that explains the interactions
among policy, technology, finance, and institutional factors. The findings suggest that
effective green collaborative innovation requires coordinated governance mechanisms that
integrate fiscal support, financial regulation, technology transfer, and social supervision.

Keywords: green collaborative innovation; evolutionary game; sustainable transition

1. Introduction

Regions pursuing industrial upgrading are under growing pressure to reduce emis-
sions and improve environmental performance. Green innovation is closely related to
this process because it can generate economic value while reducing resource consumption
and pollution. Compared with conventional technological innovation, however, green
innovation has a stronger public-good attribute. Firms and research organizations usually
bear the costs of R&D, technology upgrading, and commercialization, while part of the
resulting knowledge spillovers and environmental benefits are shared by other actors.
This “double externality” weakens the incentives of individual actors to invest in green
technologies [1-3]. These features make green innovation difficult to achieve through the
efforts of a single organization. Green technologies often involve long development cycles,
large capital requirements, uncertain commercialization prospects, and coordination across
research, production, regulation, and finance [4,5]. Local governments can provide policy
guidance and institutional incentives; universities can supply knowledge and technological
solutions; enterprises are responsible for technology application and industrial transforma-
tion; and financial institutions affect whether green projects can obtain stable and affordable
capital. The effectiveness of green innovation therefore depends not only on the behavior
of each actor, but also on whether their strategies can become compatible over time.

Studies on green collaborative innovation have examined this issue from several
perspectives. Research on innovation ecosystems emphasizes that cooperation among
governments, enterprises, universities, and research institutions can promote knowledge
sharing, resource integration, and technology transfer [6-8]. Another stream of literature
focuses on policy instruments, such as subsidies, environmental regulation, and perfor-
mance assessment, and examines how these instruments influence firms’ green innovation
decisions [9,10]. These studies explain why collaboration is needed and how institutional in-
centives may improve green innovation outcomes. However, much of the existing literature
has given limited attention to the dynamic process through which collaboration is formed
and stabilized. In practice, actors in a green innovation system do not make fixed decisions.
Local governments may adjust subsidy intensity when fiscal pressure changes. Universities
may reduce green R&D if the technology transfer returns are uncertain. Enterprises may
remain at the level of passive compliance when transformation costs are high. Financial
institutions may also revise credit conditions when environmental risks and default risks
increase. These adaptive behaviors suggest that green collaborative innovation should be
analyzed as an evolutionary process rather than as a static cooperation arrangement [11].

Evolutionary game theory provides a useful approach for studying such adaptive
behavior. It has been applied to government-enterprise interactions under environmental
regulation, government-enterprise—university cooperation in green innovation, and inter-
governmental collaboration in regional carbon governance [12-15]. Recent studies have
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further combined evolutionary game models with network structures or system dynamics
to examine green supply chains, recycling innovation, and regional environmental gov-
ernance [16-18]. Research on supply-chain collaboration and horizontal cooperation also
shows that inter-organizational coordination matters for sustainability performance [19].
These studies offer useful insights into strategic interaction and evolutionary stability.
Nevertheless, many existing evolutionary game models still place government intervention
at the center of the analysis [20]. Enterprise green transformation is usually explained
by fiscal subsidies, environmental penalties, or direct regulation. Financial institutions
are often treated as external sources of capital, and their own strategic choices are rarely
modeled explicitly. This treatment leaves an important mechanism underdeveloped. In
the context of green finance, financial institutions do not simply provide funds. They
screen green projects, assess environmental risks, adjust credit conditions, and restrict
financing for environmentally risky borrowers. These actions can influence the cost of
passive compliance and greenwashing behavior [21,22]. This point is important, because
government subsidies and financial constraints operate through different channels. Sub-
sidies can reduce the direct cost of green transformation, but excessive reliance on fiscal
support may increase local government burdens and encourage subsidy-seeking behavior.
Financial constraints, in contrast, can raise the cost of pollution-intensive production or
passive compliance through risk premiums, stricter collateral requirements, reduced credit
availability, and differentiated credit pricing. In this sense, green finance may work together
with fiscal incentives rather than merely provide funding. The key question is how these
two mechanisms interact and under what conditions they jointly encourage enterprises to
undertake deep green transformation.

To examine this issue, this paper constructs a four-player evolutionary game model
involving regional governments, universities, local enterprises, and green financial institu-
tions. Regional governments choose between promoting green collaborative innovation
and maintaining a traditional development orientation. Universities choose between
strengthening green R&D and providing conventional technologies. Local enterprises
choose between deep green transformation and passive compliance transformation. Green
financial institutions choose between active green financial support and conventional credit
services. In this study, active green financial support refers not only to the provision of
green capital, but also to environmental screening, risk assessment, and differentiated credit
arrangements. Based on these strategy choices, the paper derives the replicator dynamic
equations, analyzes equilibrium stability, and conducts numerical simulations to examine
how fiscal incentives, technology commercialization, enterprise transformation costs, and
financial constraints affect system evolution.

This paper addresses three research questions. First, how does a green collaborative
innovation system evolve when governments, universities, enterprises, and financial insti-
tutions adjust their strategies over time? Second, how does the strategic behavior of green
financial institutions affect the stability of collaborative innovation? Third, under what
conditions can government subsidies and financial constraints jointly induce enterprises to
cross the cost threshold of deep green transformation?

This paper contributes to the literature in three ways. First, it extends existing evo-
lutionary game research on green collaborative innovation by treating green financial
institutions as strategic actors rather than as passive capital suppliers. This makes it pos-
sible to examine how credit screening, environmental risk assessment, and differentiated
financing constraints influence the strategies of governments, universities, and enterprises.
Second, the model clarifies the relationship between fiscal incentives and financial con-
straints. Prior studies have mainly emphasized government subsidies and environmental
regulation as the main drivers of enterprise transformation. This paper shows that financial
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constraints can complement fiscal incentives by increasing the cost of passive compliance.
In particular, enterprise deep green transformation becomes more likely when the com-
bined effect of government support and financial constraints is sufficient to offset the
transformation cost. Third, the results provide more specific implications for regional
green innovation governance. Instead of simply calling for stronger policy support, the
model identifies several conditions that affect the stability of collaboration, including the
cost of enterprise transformation, the intensity of fiscal subsidies, the strength of financial
constraints, the returns from technology commercialization, and the risk-control cost of
green finance. These conditions help explain why some green innovation systems move
toward stable cooperation, while others remain trapped in passive compliance.

The remainder of this paper is organized as follows. Section 2 presents the prob-
lem description and basic assumptions of the four-player evolutionary game. Section 3
constructs the payoff matrix, derives the replicator dynamic equations, and analyzes the
strategic evolution of each actor. Section 4 examines the stability of equilibrium points and
conducts numerical simulations to explore the effects of key parameters on system evolu-
tion. Section 5 discusses the main findings, theoretical implications, policy implications,
limitations, and future research directions.

2. Problem Description and Assumptions

Following the research questions proposed above, this section models the green
collaborative innovation system as a four-population evolutionary game involving regional
governments, universities, local enterprises, and green financial institutions. The model
focuses on how these actors adjust their strategies according to changes in costs, benefits,
risks, and policy incentives [23].

The four actors have different payoff structures. Regional governments obtain green
development benefits when collaboration improves environmental performance, but they
also bear policy coordination and subsidy costs. Universities may gain research funding
and technology transfer income from green R&D while facing higher research costs and
uncertainty. Local enterprises may benefit from market opportunities and policy support
after deep green transformation, but transformation requires substantial investment. Green
financial institutions may obtain policy incentives and reduce environmental credit risks
through active green screening, but such screening increases review and monitoring costs.
This study assumes that the four actors are boundedly rational. They do not identify the
optimal strategy at the initial stage, but adjust their choices through repeated interaction,
learning, and imitation. The evolutionary game framework is therefore used to describe
how the probabilities of different strategies change over time.

The model applies mainly to regional green innovation systems in which four con-
ditions are present. First, local governments have policy instruments such as subsidies,
environmental regulation, and performance assessment. Second, universities or research
institutions are able to provide green technologies that can be transferred to enterprises.
Third, enterprises face meaningful costs when shifting from passive compliance to deep
green transformation. Fourth, financial institutions have the capacity to conduct environ-
mental risk assessment and apply differentiated credit conditions. These conditions are
commonly found in green finance reform pilot zones, low-carbon city pilots, and regional
green innovation clusters [24].

To construct a tractable evolutionary game model, the following assumptions are made.

Assumption 1. Bounded rationality of actors.

The green collaborative innovation system consists of four boundedly rational popula-
tions: regional governments, universities, local enterprises, and green financial institutions.
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Due to technological uncertainty, incomplete information, policy adjustment costs, and
market volatility, the actors cannot identify the payoff-maximizing strategy at the beginning
of the game. Instead, they adjust their strategies through repeated observation, imitation,
and trial-and-error learning. This assumption is consistent with the basic logic of evolution-
ary game theory and its applications in environmental governance and green innovation
studies [25,26].

Assumption 2. Strategy choices of the four actors.

Regional governments choose between two strategies: promoting green collaborative
innovation and maintaining a traditional development orientation. Let x denote the proba-
bility that regional governments promote green collaborative innovation, and 1 — x denote
the probability that they maintain a traditional development orientation. Universities
choose between strengthening green R&D and providing conventional technologies. Let y
denote the probability that universities strengthen green R&D, and 1 — y denote the proba-
bility that they provide conventional technologies. Local enterprises choose between deep
green transformation and passive compliance transformation. Let z denote the probability
that local enterprises adopt deep green transformation, and 1 — z denote the probability
that they adopt passive compliance transformation. Green financial institutions choose
between active green financial support and conventional credit services. Let w denote
the probability that green financial institutions provide active green financial support,
and 1 — w denote the probability that they provide conventional credit services. Thus,
x,y,z,w € [0,1].

Assumption 3. Government-related parameters.

When a regional government promotes green collaborative innovation, it incurs the
cost Cgy. This cost includes policy coordination, subsidy administration, cross-actor com-
munication, project supervision, and the construction of green governance platforms. When
the government maintains a traditional development orientation, it incurs the traditional
governance cost Cg, which reflects routine administrative management and conventional
environmental governance. Since green collaborative innovation requires additional coor-
dination and policy implementation, it is assumed that Cg, > Cg.

If green collaboration improves regional environmental performance and supports
industrial upgrading, the government obtains the macro-level green dividend M. This
parameter captures the comprehensive benefits of green collaborative innovation, such as
improved environmental quality, green industrial development, and enhanced regional
competitiveness. This setting is consistent with studies showing that eco-innovation can
generate both environmental benefits and policy-induced innovation effects [27]. When the
government maintains a traditional development orientation, it may suffer the reputation
and performance-assessment loss T,. This loss may arise from ecological conflicts, public
criticism, or higher-level environmental accountability. Similar assumptions have been
used in studies of environmental regulation, government accountability, and regional green
governance [26].

Assumption 4. University-related parameters.

When universities strengthen green R&D, they incur the high R&D cost Cg;,, which
includes personnel input, experimental expenditure, research time, and uncertainty in
green technology development. When universities provide conventional technology, they
incur the lower R&D cost C,;. Since high-intensity green R&D requires more resources than
conventional technology supply, it is assumed that Cy, > C;.

When local enterprises adopt deep green transformation, universities may obtain tech-
nology commercialization income W,,. This income may come from technology transfer,
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patent licensing, technical consulting, or industry—university cooperation projects. This
assumption is consistent with research on university-industry collaboration and technol-
ogy transfer, which emphasizes that universities can contribute to innovation through
knowledge commercialization and cooperation with firms [28].

When regional governments promote green collaborative innovation, universities
may receive special research funding Ts. This parameter reflects government support
for green R&D projects, collaborative innovation platforms, and low-carbon technology
development. If universities provide only conventional technology, they may face the
loss M, which represents reduced social recognition, missed collaboration opportunities,
or weaker participation in green innovation networks. This setting reflects the fact that
universities increasingly face evaluation pressures related to technology transfer, social
contribution, and sustainability-oriented research outputs.

Assumption 5. Enterprise-related parameters.

Local enterprises are the main actors responsible for green technology application
and commercialization. When enterprises adopt deep green transformation, they incur the
transformation cost C,. This cost includes green equipment investment, process upgrading,
clean technology adoption, environmental management improvement, and organizational
adjustment. Green transformation usually requires substantial investment and involves
uncertain returns, which may weaken enterprises” willingness to transform without ex-
ternal incentives. When enterprises adopt deep green transformation, they may receive
the government subsidy S,.. This parameter captures fiscal support, tax preferences, or
policy rewards provided to enterprises that undertake substantive green upgrading. Such
subsidies can reduce the direct cost burden of transformation.

If enterprises choose passive compliance transformation, they may avoid part of the
transformation cost in the short run, but they may face financing constraints imposed by
green financial institutions. This constraint is denoted by F,. In this study, F. does not
mean that green financial institutions are encouraged to profit from punishment. Rather, it
represents the combined effect of higher risk premiums, stricter collateral requirements,
reduced credit availability, and differentiated credit pricing for environmentally risky or
non-compliant borrowers. This setting is consistent with green credit policy and climate-
related risk management, where banks are expected to identify, assess, monitor, and control
environmental and social risks in lending decisions [29].

Assumption 6. Green financial institution-related parameters.

When green financial institutions provide active green financial support, they incur
the high review cost Cy;. This cost includes environmental due diligence, green project
identification, information verification, risk assessment, and post-loan monitoring. When
they provide conventional credit services, they incur the lower routine review cost Cy;.
Since active green financial support requires more information processing and risk-control
efforts than conventional credit services, it is assumed that C, > Cy;.

When green financial institutions provide active green financial support, they may
receive the government incentive Sy. This parameter reflects policy rewards, interest
subsidies, risk compensation, or other incentives provided by governments to encourage
green credit allocation and environmental risk screening.

When enterprises remain in passive compliance or engage in environmentally risky
behavior, green financial institutions may face the climate-related bad debt risk Ny. This
parameter captures potential default risks, asset quality deterioration, and credit losses
associated with pollution-intensive or greenwashing projects. Active green financial sup-
port can reduce such risks through stricter screening, differentiated credit allocation, and
post-loan monitoring. This assumption is consistent with the role of green finance in en-
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vironmental risk assessment, credit screening, and the reallocation of financial resources
toward greener firms [30].

Assumption 7. Social advocacy and external governance pressure.

The parameter k denotes the probability of social advocacy in the green collaborative
innovation system. Social advocacy includes public supervision, media reporting, expert
consultation, and participation by environmental NGOs or green industry associations. A
higher k represents stronger external attention to ecological conflicts, green governance
performance, and environmental information disclosure. Such advocacy increases the rep-
utation and performance pressure faced by regional governments that maintain traditional
development strategies and influences the reputation-related payoffs of universities provid-
ing conventional technologies [16]. In this model, social advocacy probability k is treated
as an external institutional factor rather than an independent strategic player. It does not
directly determine the strategic choices of enterprises or green financial institutions; instead,
it affects the evolutionary process by modifying reputation-related payoffs and indirectly
influencing multi-agent interactions.

The positive effect of social advocacy on local enterprises is denoted by H, including
improved access to green resources, reputational gains, green product market recogni-
tion, and lower transaction costs in green technology application. The positive effect on
green financial institutions is denoted by Hy, including better environmental informa-
tion disclosure, improved project identification, higher-quality green assets, and lower
greenwashing-related information asymmetry.

Based on these assumptions, the payoff matrix of the four-player evolutionary game is
constructed, as shown in Table 1 The payoff structure captures the strategic interdependence
among government incentives, university R&D, enterprise transformation, and green
financial constraints.

Table 1. Payoff matrix of the four-player evolutionary game.

Green Financial Institution

Active Green Financial Support (w) Conventional Credit Services (1—w)

Strategy Choice University Local Enterprise
Deep Green Passive Compl'lance Deep Green Passive Compl'lance
X Transformation X Transformation
Transformation (z) Transformation (z)
(1-2) (1-2)
T—Cy-T—S.—S;  —Cg-T.—5; A —Cr T,
Strengthening green Wi+ Ts = Cgy Ts — Can Wy + Ts — Csp, Ts — Cq
R&D (y) B.+S.—-C, B, —F, B, +S,—C, B,
Bf+Sf—-C Bf+Sf—Cp+F By —-C Bf—C
Green Collaboration / / fh / / fh ¢ / i / i
(x) To —Cop — Se — St —Cop — S T, — Cop — Se —Con
. g g f 8 f g g 8
Conventional —Cy— (1 - k)M —Cy — (1—k)M, —Cy— (1= k)M —Cy — (1= k)M,
technology supply B, +S.—C, B,—F, B, +S,—C, ,
1=y Bf+S;—Cpy B;+S;—Cp +F Bf—Cy By —Cp
Government
. ~Cy ~Cy— (1- k)M 4 “Ca— (1- k)M
Strengthening green Wy, — Cq —Cqpy W, — Cqp —Csp
R&D (y) —C.—N, +kH, —N.+kH, —F. —C.—N, +kH, —N, + kH,
Traditional 7Cﬂ,+ka 7Cﬂ,+ka+Fe 7Cﬂ 7Nf+ka 7Cﬂ*N/ +ka
Development (1 — x — _
veop ( ) Conventional Ca —Cor — (1 - k)Mg Ca —Cg — (1 - k)Mg
technology supply —Cy — (1 = k)M; —Cq — (1 —k)M; —Cy — (1 = k)M; —Cq — (1 — k)M,
1-y) —C.—N, + kH, —N,+kH, — F, —C.—N, +kH, —N, + kH,
7Cf;,+ka 7th+ka+F‘) 7Cﬂ*Nf+ka 7Cf[7Nf +ka

3. Evolutionary Game Model of Green Collaborative Innovation

Based on the assumptions and payoff structure described above, the expected payoffs

and replicator dynamic equations of the four actors are derived below.
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3.1. Regional Government Strategy

The expected payoffs of regional governments under green collaboration and tradi-
tional development are given by:

Ell = Z(Tg - Sg) - yTs - WSf - Cgh (1)
Epp=—Cg—(1—2)(1—k)M; 2)
The average expected payoff of regional governments is:

d
F(x) = d—f = x(1—x)[zTg —yTs — 2S¢ —wSf — Cgy + Cor + (1 —2) (1 = k)Mg]  (3)

Let:
H(x) = zTg — yTs — 2S¢ — wSs — Cgp + Cor + (1 — 2) (1 — k) Mg 4)

The derivative of F(x) is:

dF(x)
dx

— (1-20)H(x) ©)

According to the stability condition of evolutionary dynamics, the government strategy
reaches an evolutionary stable state when:

The critical threshold is obtained as:

B yTs —l—wa—i-Cgh — Cgl -1 —k)Mg
N Tg—Se—(l—k)Mg

Z**

(6)

where z** denotes the critical threshold of the probability that local enterprises adopt deep
green transformation.

Proposition 1. The probability that regional governments adopt green collaboration depends on
whether local enterprises achieve sufficient deep green transformation. Moreover, stronger university
participation and stronger financial support increase the threshold required for governments to
maintain green collaboration.

Proof of Proposition 1. The sign of H(x) determines the evolutionary direction of gov-

ernment strategy. Specifically, x = 1 is evolutionarily stable when z > z**, whereas x = 0

becomes stable when z < z**. The partial derivatives of z** with respect to y and w are:
0z** Ts

_ 7
TS (I_RM " @)

oz * Sf
ow T, 5. (1_KM, " ®)

Therefore, increased university participation and stronger financial support raise the
enterprise transformation threshold required for government green collaboration. [

This result indicates that government willingness to sustain green collaboration de-
pends on whether enterprise transformation can generate sufficient green returns to offset
policy costs. Without effective enterprise transformation, fiscal support and coordination
efforts may not produce the expected green development benefits.
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3.2. University Strategy

The expected payoffs of universities under strengthening green R&D and conventional
technology supply are given by:

E21 = ZWu + XTS — Csh (9)

Eyp = —Cq— (1-k)M;s (10)

The average payoff of universities is:

d
F(y) = % =y(1—y)[zWy + xTs — Cg, + Cq + (1 — k) Ms] (11)
Let:
H(y) = zW, + xTs — Cg, + Cg + (1 — k) M (12)

The derivative of F(y) is:

dF
W) _ (1 - 2y)nty) 13
Yy
According to the stability condition of evolutionary dynamics, the universities strategy
reaches an evolutionary stable state when:

The critical threshold is obtained as:

X* = Csn — Cqp — (1T_ k)MS —zWy (14)
s

where x" denotes the critical threshold of the probability that regional governments promote
green collaborative innovation in the evolution of the university’s strategy.

Proposition 2. The probability that universities strengthen green R&D is affected by enterprise
technology demand and government research support. Higher technology commercialization re-
turns and stronger enterprise transformation willingness reduce the government support threshold
required for universities to adopt green R&D.

Proof of Proposition 2. The sign of H(y) determines the evolutionary direction of university
strategy. Specifically, y = 1 is evolutionarily stable when x > x*, whereas y = 0 becomes
stable when x < x*. The partial derivatives of x* with respect to z and W, are:

ax* _ _Wu
oz T <0 (15)
dJx* —z
oW, " T, <0 (16)

Therefore, higher enterprise transformation willingness and greater technology com-
mercialization returns reduce the government support threshold required for universities
to adopt green R&D strategies. [J

This result indicates that universities” green R&D decisions depend not only on gov-

ernment support, but also on whether technological outputs can be effectively transferred
into industrial applications.
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3.3. Local Enterprise Strategy

The expected payoffs of local enterprises under deep green transformation and passive
compliance transformation are given by:

Ez = x(Be +S.) + (1 — x) (=N, + kH,) — C, (17)

Esp = xB,+ (1 —x)(—N, + kH,) — wF, (18)

The average payoff of local enterprises is:

F(z) = % =z(1—2z)[xS, + wF, — C| (19)
Let:
The derivative of F(z) is:
dF(z)
= (1—-2z)H(z) (21)

According to the stability condition of evolutionary dynamics, the enterprise strategy
reaches an evolutionary stable state when:

_ o 9E(2)
F(z) =0, < 0
The critical threshold is obtained as:
* Cg - ng
w* = 5 (22)

where w" denotes the critical threshold of the probability that green financial institutions
provide active green financial support in the evolution of the local enterprise’s strategy.

Proposition 3. The probability that local enterprises adopt deep green transformation is jointly
determined by government subsidies and financial constraints. Higher transformation costs increase
the required financial constraint intensity, whereas stronger government subsidies reduce enterprises’
dependence on financial constraints.

Proof of Proposition 3. The sign of H(z) determines the evolutionary direction of enterprise
strategy. Specifically, z = 1 is evolutionarily stable when w > w*, whereas z = 0 becomes
stable when w < w*. The partial derivatives of w* with respect to C,, x, and F, are:

Jw* 1
ac, E >0 (23)
dw*  —S,
7 ce 24
ox F, <0 (24)
ow*  —(C,—xS,)
- <0 (25)

Therefore, higher transformation costs increase enterprises’ dependence on financial
constraints, while stronger government subsidies reduce the financial pressure required to
induce deep green transformation. [
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This result indicates that enterprise green transformation is determined by the com-
bined effect of fiscal incentives and market-based financial mechanisms. Government
subsidies can reduce direct transformation costs, while financing constraints increase the
opportunity cost of passive compliance. Together, these mechanisms encourage enterprises
to move toward deep green transformation.

3.4. Green Financial Institution Strategy

The expected payoffs of green financial institutions under active green financial sup-
port and conventional credit services are given by:

E41=X(Bf+5f)+(1—X)ka+(1_Z)Fe_th (26)

Epy = xBy + (1 - x)(=Ny + kHy) = Cpy (27)

The average payoff of a green financial institution is:
F(w) = w(1 - w) xSy + (1= x)N; + (1= 2)F. = Cpy, + Cpi (28)

Let:
H(w):xSf+(1—x)Nf+(1—Z)Fe—th+Cﬂ (29)

The derivative of F(w) is:

dF(w)

e = (1-2w)H(w) (30)

According to the stability condition of evolutionary dynamics, the green financial
institution strategy reaches an evolutionary stable state when:

The critical threshold is obtained as:

. th—Cﬂ—XSf— (1—x)Nf
=1 F
e

(31)

where z" denotes the critical threshold of the probability that local enterprises adopt deep
green transformation in the evolution of the green financial institution’s strategy.

Proposition 4. The evolution of green financial institutions” active support strategy is influenced
by government incentives, climate-related risk exposure, and enterprise transformation progress.
Higher government incentives, greater bad debt risks, and stronger financing constraints expand
the probability space in which green financial institutions choose active support.

Proof of Proposition 4. The sign of H(w) determines the evolutionary direction of the
green financial institution strategy. Specifically, w = 1 is evolutionarily stable when z < z*,
whereas w = 0 becomes stable when z > z*. The partial derivatives of z* with respect to
Sf, Nf, and F, are:

o0z* x

BSf L >0 (32)
0z* 1—x
aNf - >0 (33)
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E B th — Cfl —xSf —(1 —X)Nf
oF, Fez

>0 (34)

Therefore, stronger government incentives and stronger financing constraints increase
the threshold z*, thereby expanding the range of enterprise transformation levels under
which green financial institutions maintain active support. [

This result suggests that active green finance plays an important role during the tran-
sition stage of green innovation. When many enterprises remain exposed to environmental
risks, financial institutions have stronger incentives to conduct green screening and pro-
vide differentiated financial services. As enterprises complete green transformation, the
incentive for strict financial intervention gradually decreases.

3.5. Stability Analysis

To examine the evolutionary stability of the four-player green collaborative innovation
system, the local stability of equilibrium points is analyzed by applying the Jacobian matrix
method. Based on the replicator dynamic equations derived above, the Jacobian matrix of
the system is expressed as:

doF(x) dF(x) oF(x) dF(x)

9 9 ] ow

;“ il B PP R St

] = 21 Jo Jo3 _ ox ay 0z ow
Jsi T2 s Ja of(z) oHz) oFz) oMz

Joi Jo Jiz Jaa JoF (w) BF(zu) JoF(w)  oF(w)

ox ay 0z ow

According to Lyapunov’s first method, an equilibrium point is locally asymptotically
stable when all eigenvalues of the corresponding Jacobian matrix have negative real parts.
The eigenvalues of the Jacobian matrix and the corresponding stability conditions of these
equilibrium points are summarized in Table 2.

Table 2. Stability analysis of equilibrium points.

Equilibrium Point Eigenvalues of Jacobian Matrix Stability Condition
M= _Cgh + Cg[ +(1- k)Mg
Ay = —Cq+Cy + (1 — k) M; ESS if
E S S
1(0,0,0,0) Az = —C, Nf+Fe < th_cfl

)\4:Nf+Fe_th+Cfl

A1 =Cg — Cg — (1 = k)M
A =Ts —Cq +Cq + (1 - k)Ms,

E»(1,0,0,0) As=S,—C, Unstable
My =Sg+F —Cp+Cp
A= —Ts = Cg + Cgy + (1 — k) Mg

E5(0,1,0,0) t - gs(h:e_ Cy — (1= k)M Unstable
Ay =Nj+F —Cp, +Cpy
M =Ty — Se — Cgp, + Cyy

E4(0,0,1,0) t _ g” = ot Ca+ (1= k)M, Unstable
Ay =Ny —Cp, +Cpi
Ay = —=Sp = Cgpp + Cgr + (1 — k) Mg

Es(0,0,0,1) A2 = —Cop + Ca+ (1= )M Unstable

)‘SZFE_Ce
)\4=—Nf—Fg—|—Cﬂ1—Cﬂ
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Table 2. Cont.

Equilibrium Point Eigenvalues of Jacobian Matrix Stability Condition

M =Ts+ Cg — Cqt — (1 — k)M
Ay = =Ty + Cg, — Cyt — (1 — k) M

E¢(1,1,0,0) As =S, —C, Unstable
Ay =Sp+F —Cp+Cp
A= —Tg+Se+ Cgp, — Cyl

E;(1,0,1,0) t z Iivé‘::_TCs; Con + Ca + (1= k) Ms Unstable
Ay =S;—Cp+Cp
A =S5+ Cgy — Cg — (1— k)M

Eg(1,0,0,1) t - gg N g:h_ *Cecsl + (1= k)M, Unstable
My =—8;—Fo+Cp—Cpy
M =Ty — T — Se — Cgy + Cy1

E(0,1,1,0) Qi - Eewu = Cop + Co — (1= k)Ms Unstable
Ay =N;—Cp+Cp
M =—Ts— S5 — Cgp+ Cor + (1— k) Mg

E10(0,1,0,1) t _ F:h_ _Cecsl — (1= k)M; Unstable
Ay =—N;—F+Cp, — Cpi
M =Tg—Se =S5 — Cgpp + Cgl

E11(0,0,1,1) t z Iiv;e;%g +Co + (1 k)M Unstable
Ay =—N;+Cp—Cp
A= —Tg+Ti+Se+Cop — Cy

E»(1,1,1,0) t z :gl;_cfs = Cont Ca = (1= k)M Unstable
Ay =—8;—Cp+Cp
A =T+ Ss+ Co — Cq — (1 — k) Mg

E13(1,1,0,1) t z S_L,I:T——IEEC—ShC; Cor — (1= k)M Unstable
Ay =8 —F+Cp—Cp
A =-Tg+S,+ S5+ Cop — Cyi

E14(1,0,1,1) t z KVEJ—TIZ;CCSZI +Ca+ (1K) Ms Unstable
My =—8;+Cp,—Cpy
M =Tg—Ts—Se—Sp— Cqp+ Cy

E15(0,1,1,1) t _ :gﬁr_cfsh + = (A= R)M; Unstable
Ay=—N;+Cp—Cp
M= —Tg+Ti+Se+Ss+ Cp — Cyi

Ei6(1,1,1,1) Az = =Wy = Ts = Co + Ca = (1= )M ESSif S, + F, > C,

Az = =S, —F+Ce
Ay = —Sf+th _Cfl

As shown in Table 2, under the above realistic constraints, the replicator dynamic sys-
tem has two pure-strategy evolutionarily stable strategies: E14(1,1,1,1) and E;(0,0,0,0).

Specifically, E14(1,1,1,1) represents the optimal collaborative state in which the re-
gional government promotes green collaboration, universities strengthen green R&D, local
enterprises adopt deep green transformation, and green financial institutions provide active
financial support. This equilibrium can be achieved when ecological dividends can be real-
ized and technology commercialization channels function effectively. Under this strategy
profile, the regional green collaborative innovation ecosystem reaches a Pareto-improving
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state, generating the highest level of value co-creation and ecological synergy among the
four players. However, the stability of E14(1,1,1,1) requires the condition S, + F, > C,.
This implies that when fiscal subsidies from the regional government and financial con-
straints imposed by green financial institutions jointly generate sufficient pressure and
incentives, and when this combined effect exceeds the intrinsic cost of deep green transfor-
mation, local enterprises are more likely to strengthen green technological upgrading and
choose deep green transformation. Conversely, if government subsidies decline or financial
regulatory pressure weakens, the replicator dynamic system may deviate from the optimal
collaborative state.

When N¢ + F. < Cg; — Cyy, the stable strategy is E1(0,0,0,0). This equilibrium in-
dicates a low-collaboration state in which regional governments maintain a traditional
development orientation, universities lack incentives for green R&D, local enterprises adopt
passive compliance transformation, and green financial institutions return to conventional
credit services. Under this strategy profile, the regional green collaborative innovation struc-
ture fails to function effectively because collaborative and regulatory behaviors are largely
absent among the major actors. The system may therefore fall into a pollution lock-in state.
To prevent this undesirable outcome, central or higher-level environmental authorities
should strengthen top-level supervision and green finance certification standards, thereby
increasing the implicit reputation losses and non-compliance costs associated with inaction
within the system.

4. Numerical Simulation
4.1. Parameter Setting

The numerical simulation requires appropriate parameter settings to examine the evo-
lutionary dynamics of the four-player system. Since this study aimed to reveal the strategic
evolution mechanism rather than estimate empirical parameters, the baseline values were
not directly calibrated from the observed monetary data. Instead, the parameters were
normalized according to their relative economic relationships and theoretical conditions
derived from the evolutionary model.

The parameter settings follow three principles. First, the relative magnitude among
parameters reflects realistic decision-making conditions in green collaborative innovation.
For example, enterprise green transformation usually requires substantial investment
in equipment upgrading, process adjustment, technology adoption, and organizational
restructuring. Therefore, the transformation cost C, is set higher than the direct government
subsidy S, indicating that fiscal incentives alone may not fully offset the transformation
burden faced by enterprises. Second, the parameter values are consistent with the incentive
and constraint mechanisms embedded in the model. Government subsidies S, and financial
constraints F, jointly influence enterprise transformation decisions. A moderate subsidy
level alone may not induce deep transformation, while excessive financial pressure may
negatively affect enterprise liquidity and innovation capacity. Therefore, the baseline
values were selected to represent a balanced policy environment rather than an extreme
intervention scenario. Third, the parameter settings are consistent with the economic
mechanisms identified in previous studies. Green innovation is characterized by high
investment requirements, uncertainty, and positive externalities, which justify the inclusion
of transformation costs, government incentives, and market-based financial constraints.
Green finance mechanisms also emphasize environmental risk assessment, differentiated
credit allocation, and risk control, supporting the inclusion of parameters related to financial
incentives and bad debt risks.

The baseline values of the main parameters are presented in Table 3. For example, the
enterprise transformation cost was set as C, = 22, which is higher than the direct subsidy
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Se = 12. This setting reflects the practical situation that enterprises need to undertake
additional expenditures beyond government support when implementing deep green
transformation. The technology commercialization return W, = 12 represents the economic
value generated through university—industry technology transfer, while T; = 10 reflects
government research funding supporting green technology development. For green finan-
cial institutions, the active green support cost Cy, was set higher than the conventional
credit service cost Cy;, because active green finance requires additional procedures, includ-
ing environmental assessment, project screening, and risk monitoring. The government
incentive Sy reflects policy support for financial institutions participating in green finance,
while Ny captures potential bad debt risks associated with environmentally risky projects.

Table 3. Baseline parameter settings.

Symbol Economic Meaning Baseline Value Setting Rationale
Cost of green collaboration/ Green collaboration requires additional
Co1/Cy .9 15/5 . . .
LA traditional governance coordination and implementation costs
T Macro-level green dividend generated by 45 Represents regional economic and
8 collaboration environmental benefits
Mg Government reputation loss from inaction 10 Represents external
governance pressure
Csn/Cy; Cost of green R&D/conventional technology 20/5 Green R&D requures higher investment
and uncertainty tolerance
Technology commercialization Reflects university—industry transfer
Wi/ Ts . 12/10 4
return/government research funding and public support
University reputation loss from Represents reduced participation in
M; . 10 . .
conventional R&D green innovation networks
Higher than subsidy because
Ce Enterprise deep green transformation cost 22 transformation requires
additional investment
Se/Fe Enterprise subsidy/financing constraint 12/15 Represents combmed. f1§ca.1 incentive
and market discipline
Active green review cost/conventional Green finance requires additional
Crn /C £l . 10/4 . S
credit cost screening and monitoring
S¢/Ny Financial institution incentive/bad debt risk 8/8 Represents p 01.1 Y Supp ort and
credit risk

The initial strategy probabilities were set as:
x0:y0220:w0:0.5

This setting represents a neutral initial condition in which none of the four actors
has an ex ante strategic advantage. The subsequent evolutionary trajectory is there-
fore determined by the payoff differences among alternative strategies rather than by
predetermined preferences.

4.2. Effects of Initial Strategy Probabilities

Initial strategy probabilities reflect the initial willingness of different actors to par-
ticipate in green collaborative innovation. To examine the influence of initial conditions
on evolutionary trajectories, one actor’s initial probability was varied while the initial
probabilities of the other actors were fixed at 0.5. Three initial states (0.2, 0.5, and 0.8) were
considered to represent low, medium, and high initial willingness, respectively.
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4.2.1. Effect of Initial Government Collaboration Probability

Figure 1a shows the effect of initial government collaboration probability (xp) on the
evolutionary trajectories. The results show that a higher initial government collaboration
probability accelerates the evolution of universities, enterprises, and green financial institu-
tions toward cooperative strategies. This indicates that government willingness plays an
important role in initiating coordination among different actors. The reason is that regional
governments provide policy guidance, financial support, and institutional coordination
during the early stage of green innovation collaboration. A stronger initial willingness to

cooperate improves the expectations of other actors and facilitates the formation of a stable
collaborative system.

I
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Figure 1. Effects of initial strategy probabilities: (a) impact of government; (b) impact of universities;
(c) impact of enterprise; (d) impact of green financial institution.
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4.2.2. Effect of Initial University Green R&D Probability

Figure 1b presents the effect of the initial probability of universities strengthening
green R&D (yg). The results show that a higher initial probability of university green
R&D accelerates the evolution of the other actors toward cooperative strategies. This
indicates that universities’ initial willingness to engage in green R&D plays an important
role in promoting technology supply and commercialization within the green collaborative
innovation system. Stronger university participation improves enterprises” access to green
technologies, enhances the expected benefits of technology application, and strengthens
the incentives of regional governments and green financial institutions to maintain active
support. Consequently, a higher initial probability of university green R&D facilitates the
formation of a stable collaborative innovation system.

4.2.3. Effect of Initial Enterprise Transformation Probability

Figure 1c presents the impact of initial enterprise transformation probability (zo)
system evolution. The results indicate that a higher initial enterprise transformation will-
ingness promotes faster convergence toward the cooperative equilibrium. As enterprises
are the main actors responsible for implementing green technologies, their transforma-
tion willingness directly affects technology commercialization, government returns, and
financial institutions’ risk expectations. When the initial probability of enterprise transfor-
mation is low, other actors have weaker incentives to maintain active strategies because the
expected benefits of collaboration are reduced.

4.2.4. Effect of Initial Green Financial Institution Support Probability

Figure 1d investigates the impact of the initial probability of green financial institutions
adopting active support strategies (wg). The results show that stronger initial participa-
tion by green financial institutions promotes enterprise transformation and accelerates
the evolution of the entire system. This occurs because financial institutions influence
enterprise decisions through credit screening, financing conditions, and risk constraints.
A higher initial willingness to provide green financial support strengthens market-based
incentives and reduces opportunistic behavior, thereby improving the stability of the green
collaborative innovation system.

4.3. Sensitivity Analysis of Key Parameters

To further examine the robustness of the evolutionary results, sensitivity analyses were
conducted by varying key parameters while keeping other parameters at their baseline
values reported in Table 3. The selected parameters correspond to the main mechanisms
identified in Section 3, including green development benefits, reputation losses, technol-
ogy commercialization returns, fiscal support, enterprise subsidies, financial constraints,
financial incentives, and bad debt risks.

4.3.1. Effects of Government Behavior on Evolutionary Paths

Figure 2 examines the effect of the macro-level green dividend T¢ on enterprise evo-
lutionary trajectories under different initial government collaboration conditions. In this
simulation, T is assigned three values (25, 45, and 65), while other parameters remain un-
changed at their baseline values. The three subplots represent different initial probabilities
of regional government collaboration. Specifically, Figures 2a, 2b, and 2c correspond to
xp =0.2, 0.5, and 0.8, respectively, while the initial probabilities of universities, enterprises,
and green financial institutions remain unchanged.
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Figure 2. Effect of macro-level green dividends on evolutionary outcomes.

The results show that the effect of Ty depends on the initial willingness of regional
governments to promote green collaboration. When xj is relatively low, increasing Tg
has a limited effect because weak initial government commitment reduces the expected
benefits of collaboration. However, when x increases, a higher T, significantly accelerates
enterprise evolution toward deep green transformation. This finding is consistent with
Proposition 1, indicating that increasing the economic returns generated by green collab-
oration can strengthen government commitment and promote the formation of a stable
green collaborative innovation system.

Figure 3 examines the effect of government inaction loss M, on enterprise evolutionary
trajectories under different initial government collaboration conditions. In this simulation,
My is assigned three values (5, 10, and 15), while other parameters remain unchanged at
their baseline values. The three subplots represent different initial probabilities of regional
government collaboration. Specifically, Figures 3a, 3b, and 3c correspond to xyp = 0.2, 0.5,
and 0.8, respectively, while the initial probabilities of universities, enterprises, and green
financial institutions remain unchanged. The results show that the effect of M, on enterprise
green transformation varies with the initial willingness of regional governments to promote
collaboration. When xj is relatively low, increasing Mg has a limited impact on enterprise
evolution because insufficient government participation weakens the transmission of
external governance pressure. As x increases, the influence of My becomes more evident,
and higher reputation and performance-assessment losses associated with government
inaction accelerate enterprise evolution toward deep green transformation.

This result indicates that external governance pressure can complement economic
incentives by increasing the cost of maintaining traditional development strategies. In
particular, when regional governments have stronger initial willingness to participate in
green collaboration, reputation and performance constraints become more effective in
promoting green transformation. The finding is consistent with the theoretical analysis,
suggesting that increasing the institutional costs of insufficient green governance can
strengthen regional governments’ commitment to collaborative innovation and facilitate
the evolution of the entire system toward a greener development pathway.
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Figure 3. Effect of government inaction loss on evolutionary outcomes.
4.3.2. Effects of University Behavior on Evolutionary Paths
Figure 4 examines the effect of technology commercialization return W, on enterprise
evolutionary trajectories under different initial university green R&D conditions.
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Figure 4. Effect of enterprise technology purchase payments on evolutionary outcomes.

In this simulation, W, is assigned three values (6, 12, and 18), while other parameters

remain unchanged at their baseline values. The three subplots represent different initial

probabilities of university green R&D. Specifically, Figures 4a, 4b, and 4c correspond to

Yo =0.2,0.5, and 0.8, respectively, while the initial probabilities of regional governments,

enterprises, and green financial institutions remain unchanged. The results show that the

effect of technology commercialization returns on enterprise deep green transformation

is closely related to the initial willingness of universities to engage in green R&D. When

Yo is relatively low, increasing W, has a limited effect because insufficient university

participation weakens the technology supply and commercialization process. As the initial

probability of university green R&D increases, higher technology commercialization returns

more effectively promote enterprise transformation.

This occurs because technology commercialization returns provide universities with

stronger incentives to develop and transfer green technologies. When enterprises can

obtain greater economic benefits from adopting green technologies, the expected returns

of deep green transformation increase, thereby accelerating the evolution toward green
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transformation. The result supports Proposition 2, indicating that improving technol-
ogy commercialization mechanisms and strengthening university—industry linkages are
important for enhancing the effectiveness of green collaborative innovation.

Figure 5 investigates the effect of government research funding Ts on the evolutionary
trajectory of regional government collaboration under different initial university green
R&D conditions. In this simulation, T; is assigned three values (5, 10, and 15), while other
parameters remain unchanged at their baseline values.
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Figure 5. Effect of government research funding on evolutionary outcomes.

The three subplots represent different initial probabilities of university green R&D.
Specifically, Figures 5a, 5b, and 5¢ correspond to yo = 0.2, 0.5, and 0.8, respectively, while the
initial probabilities of regional governments, enterprises, and green financial institutions
remain unchanged. The results indicate that the influence of government research funding
depends on the initial willingness of universities to conduct green R&D. When yj is low,
increasing T has a relatively limited effect because additional research funding cannot be
efficiently transformed into technological outputs. When universities already demonstrate
stronger green R&D willingness, excessive research funding may increase the financial
burden on regional governments and weaken their willingness to maintain collaboration.

This result suggests that government research funding should be coordinated with
universities” innovation capacity and regional fiscal conditions. Appropriate research
support can enhance technology development, whereas excessive funding requirements
may reduce the sustainability of government-led collaboration. The finding is consistent
with the theoretical analysis, indicating that government support should focus not only on
increasing research investment, but also on improving the efficiency of knowledge creation
and technology commercialization.

4.3.3. Effects of Enterprise-Related Policies on Evolutionary Paths

Figure 6 examines the effect of enterprise subsidy S, on the evolutionary trajectory
of regional government collaboration under different initial enterprise transformation
conditions. In this simulation, S, is assigned three values (5, 15, and 25), while other
parameters remain unchanged at their baseline values.
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Figure 6. Effect of government subsidies to enterprises on evolutionary outcomes.

The three subplots represent different initial probabilities of enterprise deep green
transformation. Specifically, Figures 6a, 6b, and 6¢ correspond to zy = 0.2, 0.5, and 0.8,
respectively, while the initial probabilities of regional governments, universities, and green
financial institutions remain unchanged. The results show that the effect of enterprise
subsidies strongly depends on the initial willingness of enterprises to undertake green
transformation. When z; is relatively low, increasing S, has a limited effect on promoting
government collaboration because insufficient enterprise transformation willingness re-
duces the expected returns generated by fiscal support. In contrast, when enterprises have
stronger initial transformation willingness, higher subsidies more effectively promote the
evolution of regional governments toward green collaboration.

This occurs because government subsidies reduce the effective transformation burden
faced by enterprises and improve the expected returns of green transformation. However,
subsidies alone cannot guarantee long-term collaboration when enterprises lack sufficient
willingness to transform. The result is consistent with Proposition 3, indicating that fiscal in-
centives are effective only when they are combined with enterprise transformation capacity
and broader collaborative mechanisms. Therefore, subsidy policies should focus on improv-
ing transformation performance rather than providing unconditional financial support.

Figure 7 investigates the effect of financial constraint F, on the evolutionary trajectory
of green financial institution support under different initial enterprise transformation
conditions. In this simulation, F, is assigned three values (5, 15, and 25), while other
parameters remain unchanged at their baseline values.

The three subplots represent different initial probabilities of enterprise deep green
transformation. Specifically, Figures 7a, 7b, and 7c correspond to zy = 0.2, 0.5, and 0.8,
respectively, while the initial probabilities of regional governments, universities, and green
financial institutions remain unchanged. The results demonstrate that stronger financial
constraints accelerate the evolution of green financial institutions toward active support
strategies. When F, increases, the opportunity cost of enterprise non-compliance becomes
higher, which strengthens the role of financial institutions as market-based regulators. The
effect of F, is more evident under lower initial enterprise transformation willingness. When
z¢ is relatively low, stronger financial constraints provide additional incentives for financial
institutions to conduct strict screening and encourage enterprises to improve their green
performance. When enterprises already have high transformation willingness, the marginal
effect of financial constraints becomes weaker because enterprises are already moving
toward green transformation.
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Figure 7. Effect of financial penalty interest on evolutionary outcomes.

This finding supports Proposition 3, demonstrating that financial constraints can
complement government subsidies by increasing the cost of passive compliance. However,
financial discipline should be balanced with supportive green finance mechanisms to avoid
excessive restrictions on enterprise innovation activities.

4.3.4. Effects of Green Financial Institution Behavior on Evolutionary Paths

Figure 8 examines the effect of government incentives for green financial institutions
S¢ on the evolutionary trajectory of regional government collaboration under different
initial financial institution support conditions. In this simulation, Sy is assigned three
values (4, 8, and 12), while other parameters remain unchanged at their baseline values.
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Figure 8. Effect of rewards to green financial institutions on evolutionary outcomes.

The three subplots represent different initial probabilities of green financial institutions
adopting active support strategies. Specifically, Figures 8a, 8b, and 8c correspond to
wp = 0.2, 0.5, and 0.8, respectively, while the initial probabilities of regional governments,
universities, and enterprises remain unchanged. The results show that the influence of S¢
depends on the initial participation willingness of green financial institutions. When wy
is relatively low, increasing Sy has a limited effect on government collaboration because
financial institutions initially lack sufficient willingness to participate in green innovation
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governance. As wy increases, the effect of financial incentives becomes more evident by
strengthening the role of green financial institutions in supporting collaborative innovation.

This occurs because Sy reduces the additional cost faced by financial institutions when
implementing active green support strategies, including environmental assessment, credit
screening, and risk monitoring. However, excessive reliance on government incentives may
increase fiscal pressure and weaken the market-oriented nature of green finance. The result
is consistent with Proposition 4, indicating that appropriate financial institution incentives
can enhance green finance participation and improve the stability of the collaborative
innovation system.

Figure 9 investigates the effect of bad debt risk Ny on enterprise evolutionary trajecto-
ries under different initial financial institution support conditions. In this simulation, N¢
is assigned three values (4, 8, and 12), while other parameters remain unchanged at their
baseline values.
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Figure 9. Effect of bad debt risk on evolutionary outcomes.

The three subplots represent different initial probabilities of green financial institutions
adopting active support strategies. Specifically, Figures 9a, 9b, and 9c correspond to
wp = 0.2, 0.5, and 0.8, respectively, while the initial probabilities of regional governments,
universities, and enterprises remain unchanged. The results indicate that higher bad
debt risk strengthens the tendency of enterprises to adopt deep green transformation.
When Ny increases, green financial institutions face greater potential losses from providing
conventional credit to enterprises with insufficient green performance, which encourages
stricter screening and stronger financing constraints. The effect of Ny is more significant
under lower initial financial institution participation. When wy is relatively low, increasing
bad debt risk provides an additional incentive for financial institutions to shift toward
active green support strategies. When financial institutions already have strong initial
willingness to participate, the marginal effect of N¢ becomes weaker.

This finding supports Proposition 4, demonstrating that financial risk perception
can serve as a market-based mechanism that promotes green transformation. Therefore,
improving green credit risk identification and early-warning mechanisms can strengthen
the external pressure for enterprise green upgrading.

4.4. Joint Parameter Analysis and Robustness Analysis
4.4.1. Joint Effects of Government Subsidy and Financial Constraint

To further examine the interaction between fiscal incentives and market-based finan-
cial constraints, a joint parameter analysis of enterprise subsidy S, and financial constraint
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F, was conducted. Unlike the previous sensitivity analyses that examined individual param-
eter changes separately, this simulation investigates how the combination of government
support and financial discipline jointly influences enterprise deep green transformation.
Figure 10 presents the evolutionary trajectories of enterprise deep green transforma-
tion under different combinations of S, and F,. The three subplots represent different levels
of enterprise subsidy, with S, = 5, 15, and 25, respectively. Within each subplot, three evolu-
tionary trajectories correspond to different levels of financial constraint (F, = 5, 15, and 25).
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Figure 10. Joint effects of enterprise subsidy and financial constraint on enterprise deep green

transformation.

The results demonstrate that the combined effect of government subsidies and finan-
cial constraints plays a decisive role in promoting enterprise deep green transformation.
When both S, and F, are relatively low, enterprises tend to remain in the passive com-
pliance transformation strategy because the expected benefits and external pressures are
insufficient to offset the transformation cost. As shown in Figure 10a, low subsidy intensity
requires stronger financial constraints to induce enterprises to move toward deep green
transformation. With an increase in enterprise subsidies, the positive effect of financial
constraints becomes more significant. In Figure 10b, higher levels of F. accelerate the
convergence of enterprises toward the deep green transformation strategy, indicating that
financial constraints can effectively complement fiscal incentives by increasing the cost
of non-compliance. When S, reaches a higher level, as shown in Figure 10c, enterprises
become more sensitive to financial mechanisms, and even moderate financial constraints
can promote rapid transformation. This indicates that fiscal incentives reduce the trans-
formation burden, while financial constraints provide continuous market pressure, and
the combination of both mechanisms creates a stronger incentive structure than either
instrument alone.

These results further validate Proposition 3, which suggests that enterprise transfor-
mation depends on whether the combined effects of government subsidies and financial
constraints can overcome the transformation cost. Therefore, effective green transformation
policies should avoid relying solely on government subsidies. Instead, governments should
establish a coordinated mechanism combining fiscal incentives with green financial con-
straints, allowing market-based financial discipline to complement public policy support
and improve the sustainability of green collaborative innovation.
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4.4.2. Effect of Social Advocacy Probability

Figure 11 examines the effect of social advocacy probability k on the evolutionary
trajectory of green financial institutions” active support strategy. In this simulation, k is
assigned three values (0.2, 0.5, and 0.8), while other parameters remain unchanged at their

baseline values.
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Figure 11. Effect of social advocacy probability.

The three subplots represent different initial probabilities of regional government
collaboration. Specifically, Figures 11a, 11b, and 11c correspond to xg = 0.2, 0.5, and 0.8,
respectively, while the initial probabilities of universities, enterprises, and green finan-
cial institutions remain unchanged. The results show that green financial institutions
rapidly evolve toward the active green financial support strategy under all initial gov-
ernment collaboration conditions. Although changes in social advocacy probability k
generate differences in the convergence trajectories, the overall evolutionary direction
remains unchanged.

Specifically, a higher level of social advocacy slightly affects the convergence speed
of green financial institutions toward active support. This result reflects the indirect
transmission mechanism of informal institutional pressure. Since k does not directly enter
the strategy selection equation of green financial institutions, its influence is transmitted
through the reputation-related payoffs of regional governments and universities, thereby
affecting the broader collaborative innovation environment.

The results indicate that social advocacy functions as a complementary governance
mechanism rather than a substitute for formal regulation. Stronger social supervision can
increase external pressure on reputation-sensitive actors and improve the effectiveness of
informal governance. However, maintaining government coordination and appropriate
financial incentives remains essential for sustaining long-term green financial support.

4.4.3. Robustness Analysis Under Boundary Conditions and Institutional Variations

To examine whether the evolutionary results remain robust under different parameter
settings, additional simulations were conducted under boundary conditions and institu-
tional variations.

Figure 12 presents three robustness tests. Figure 12a examines different policy intensity
scenarios by jointly changing enterprise subsidies S, and financial constraints F,. Figure 12b
evaluates the robustness of the model under different financial risk conditions by varying
bad debt risk Ny and financial constraint intensity F,. Figure 12c investigates the influence
of social advocacy probability k as an external institutional factor. In Figure 12a, weak,
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Probability of Enterprise (2)

moderate, and strong policy intervention scenarios are constructed with (S,,F) = (5,5),
(15,15), and (25,25), respectively. The results show that stronger policy intervention ac-
celerates enterprise deep green transformation, confirming that the combined effects of
fiscal incentives and financial constraints determine whether enterprises can overcome
the transformation costs. Figure 12b considers different financial risk environments. The
results indicate that stronger financial constraints and higher bad debt risks accelerate the
evolution of green financial institutions toward active support strategies. This finding
confirms that financial discipline can complement government incentives by increasing the
cost of passive compliance. Figure 12¢ examines the robustness of social advocacy effects.
The results show that variations in k influence government collaboration trajectories but
do not change the final evolutionary direction. This supports the assumption that social
advocacy acts as an external institutional factor that modifies reputation-related payoffs
rather than directly determining strategic choices.
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Figure 12. Robustness analysis.

Overall, the robustness tests demonstrate that the main evolutionary mechanisms remain
stable under different policy intensities, financial conditions, and institutional environments.

4.4.4. Practical Applicability and Model Consistency

Although the proposed model was developed from a theoretical evolutionary per-
spective, the evolutionary mechanisms identified in this study are consistent with practical
green innovation governance processes. China’s Green Finance Reform and Innovation
Pilot Zones provide a representative context where governments, financial institutions,
and enterprises jointly promote green transformation through policy incentives, financial
mechanisms, and environmental risk management.

The simulation results indicate that green collaborative innovation depends on the
interaction among fiscal incentives, enterprise transformation costs, technology commer-
cialization returns, and financial governance mechanisms. These mechanisms correspond
to practical governance processes. Government subsidies and policy support reduce the
initial barriers faced by enterprises during green transformation, while technology commer-
cialization incentives encourage universities to transfer green technologies into industrial
applications. Meanwhile, green financial institutions influence enterprise behavior through
environmental risk assessment, differentiated credit allocation, and financing constraints.

Therefore, the proposed evolutionary framework provides a theoretical explanation
for the dynamic coordination among governments, universities, enterprises, and financial
institutions. Although this study does not directly calibrate model parameters using panel
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data or firm-level observations, the identified evolutionary mechanisms are consistent
with observed green finance practices and provide theoretical insights for understanding
regional green innovation governance.

5. Conclusions
5.1. Research Findings

This study developed a four-player evolutionary game model involving regional
governments, universities, local enterprises, and green financial institutions to investigate
the evolutionary mechanisms of green collaborative innovation. The main findings are
summarized as follows.

First, the evolution of green collaborative innovation is determined by the strategic
interactions among multiple stakeholders rather than by the behavior of individual actors.
The results show that governments, universities, enterprises, and financial institutions
continuously adjust their strategies according to their expected payoffs, and the evolu-
tionary outcomes depend on whether the benefits of collaboration can compensate for the
associated costs and risks. The stability analysis further indicates that the system may
evolve toward either a low-collaboration state or a coordinated green innovation state
under different parameter conditions.

Second, the study identifies the key mechanisms influencing the transition toward
green collaborative innovation. Enterprise deep green transformation serves as the core
link connecting government policies, university innovation, and financial support. The
combined effects of government subsidies and financial constraints determine whether
enterprises can overcome transformation costs. Meanwhile, technology commercialization
returns and research support influence universities” incentives for green R&D, while policy
incentives and risk considerations shape the participation of green financial institutions.
These findings demonstrate that green collaborative innovation depends on the alignment
of economic incentives among different actors.

Third, the results highlight the importance of coordinated institutional arrangements
in promoting green transformation. Formal mechanisms, including fiscal subsidies, fi-
nancial regulation, and policy incentives, provide direct support for collaborative innova-
tion, whereas informal mechanisms such as social advocacy influence the system through
reputation-related effects. The findings suggest that effective green collaborative innova-
tion requires the integration of government guidance, market-based financial mechanisms,
technology commercialization channels, and institutional supervision rather than reliance
on a single policy instrument.

5.2. Theoretical Contributions

This study contributes to the literature on green collaborative innovation and evolu-
tionary game theory in three aspects.

First, this study extends existing research on green collaborative innovation by de-
veloping a four-player evolutionary framework that incorporates regional governments,
universities, local enterprises, and green financial institutions. Previous studies have
mainly focused on government—enterprise interactions or university—industry—government
collaboration, while the role of financial institutions has often been treated as an exter-
nal environmental factor. By introducing green financial institutions as an independent
strategic actor, this study provides a more comprehensive understanding of how financial
mechanisms participate in and influence the evolution of green innovation systems.

Second, this study advances the understanding of the transition mechanisms underly-
ing green collaborative innovation by revealing the joint effects of fiscal incentives, financial
constraints, and technology commercialization. Existing studies have generally examined
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these factors separately, whereas this study demonstrates that green transformation is
the result of interactions among multiple incentive mechanisms. In particular, the model
identifies how government subsidies, financial constraints, technology commercialization
returns, and research support jointly influence actors’ strategic choices and determine
whether the system can overcome transformation barriers.

Third, this study enriches the theoretical understanding of institutional governance
in green innovation systems by integrating formal and informal institutional mechanisms
into the evolutionary framework. Formal mechanisms, including government regulation,
fiscal incentives, and financial supervision, directly influence strategic decisions, while in-
formal mechanisms such as social advocacy affect reputation-related payoffs and indirectly
shape evolutionary outcomes. By incorporating social advocacy probability k, this study
provides insights into how informal institutional pressure complements formal governance
mechanisms in promoting sustainable innovation.

5.3. Policy Implications

The findings of this study provide several mechanism-oriented policy implications for
promoting green collaborative innovation. Rather than relying on broad policy interven-
tions, policymakers should focus on improving incentive compatibility among different
actors and reducing the barriers that hinder green transformation.

First, policymakers should establish a coordinated incentive mechanism that combines
fiscal support with market-based financial regulation. The results show that enterprise
green transformation is influenced by both government incentives and financial mecha-
nisms. Therefore, governments should avoid relying solely on direct subsidies and instead
develop differentiated support policies based on enterprises’ transformation capabilities
and environmental performance. Fiscal incentives can be targeted toward enterprises
with strong innovation potential, while green financial mechanisms can provide continu-
ous market-based incentives and constraints. Such coordination can reduce enterprises’
dependence on subsidies and improve the efficiency of green transformation policies.

Second, policymakers should strengthen technology commercialization mechanisms
to enhance the contribution of universities to green innovation. The findings indicate
that technological development alone is insufficient to promote green transformation un-
less innovation achievements can be effectively transferred into industrial applications.
Therefore, governments should improve industry—university-research collaboration plat-
forms, strengthen intellectual property protection, and develop efficient technology transfer
mechanisms. Enhancing the commercialization value of green technologies can increase
universities’ incentives for green R&D and support enterprises in overcoming technological
barriers during transformation.

Third, policymakers should develop a multi-level governance framework that in-
tegrates government coordination, green finance, and social supervision. The results
highlight that green financial institutions play an important role not only in resource
allocation, but also in environmental risk governance. Governments should encourage
financial institutions to strengthen green project evaluation, environmental risk assessment,
and differentiated financial services. Meanwhile, social advocacy and public supervision
should be utilized as complementary governance mechanisms to enhance environmental
accountability and information transparency. However, informal institutional pressure
should not replace formal regulatory coordination, and government leadership remains
essential for maintaining long-term collaboration among different actors.

Opverall, effective green collaborative innovation requires the integration of fiscal incen-
tives, financial mechanisms, technology commercialization, and institutional governance.
A coordinated policy framework can align the interests of governments, universities, en-
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terprises, and financial institutions, thereby increasing the likelihood of achieving a stable
green innovation ecosystem.

5.4. Limitations and Future Research

Despite the contributions of this study, several limitations remain and provide direc-
tions for future research.

One limitation is that this study developed a theoretical evolutionary game model and
relied on numerical simulations to investigate the evolutionary mechanisms of green collab-
orative innovation. Although the parameter settings were established based on theoretical
relationships and practical considerations, the model does not directly incorporate empir-
ical calibration. Future research could combine the proposed framework with regional
or firm-level panel data to estimate key parameters and further validate the evolutionary
mechanisms identified in this study.

Another limitation is that the model simplifies the green collaborative innovation
system by assuming relatively homogeneous actors and focusing on interactions among
four major stakeholders. In practice, enterprises, universities, governments, and financial
institutions may differ in their technological capabilities, resource conditions, and institu-
tional environments. Future studies could introduce greater heterogeneity among actors,
incorporate additional stakeholders, and consider dynamic policy adjustments to further
improve the applicability of the model.
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