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Abstract

A strategic fulcrum for leading high-quality economic development and shaping the na-
tion’s future. Core competitiveness lies in how governments can effectively stimulate
consumer demand for green consumption and motivate enterprises to pursue green tech-
nology innovation through the development of precise and efficient innovative regulation
models. In this paper, a tripartite evolutionary game model is constructed based on evo-
lutionary game theory, encompassing the government, enterprises, and consumers. We
analyze the strategic interactions and evolutionary path among these three entities under
conditions of bounded rationality and information asymmetry. The research reveals the
following: (1) the government can effectively guide enterprises towards genuine green
innovation through enhanced rewards for substantive innovation and increased penalties
for strategic innovation; (2) consumer purchasing decisions are significantly shaped by
economic benefits, perceived social value, and government subsidies, with their market
choices forming a critical external supervisory force; and (3) government regulatory strate-
gies are dynamically adjusted in response to market integrity levels and social welfare,
with a tendency to implement innovative regulation when “greenwashing” risk is elevated.
In conclusion, simulation analysis is conducted using MATLAB 2018a, and governance
recommendations are offered based on three dimensions: precise government regulation,
enhanced corporate responsibility, and enhanced consumer capabilities. These recommen-
dations offer both a theoretical basis and a practical path for establishing an integrated
green innovation governance system based on incentive constraint empowerment.

Keywords: innovative regulation; substantive green innovation; tripartite evolutionary
game; numerical simulation analysis

MSC: 91-10

1. Introduction

Driven by the escalating global climate crisis, the explosive growth of cutting-edge
technologies, and various countries’ strong policy promotion, green innovation products
are gradually evolving into a profound transformation that includes the entire industrial
chain and aims to reconstruct the future economic and social landscape. As enterprises,
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consumers, and governments are the three primary drivers of the green innovation market,
their strategic interactions and behavioral choices have a direct impact on whether the
market can evolve toward a “true green” form and reach the ultimate goal of sustainability.
In September 2025, the outdoor sports brand ARC'TERYX held a “mountain blasting”
fireworks show in the Himalayas, raising questions about the brand’s “respect for nature”
philosophy. Through a strategic green innovation endeavor, ARC'TERYX expected to
gain consumer emotional recognition and brand premium at a lower cost but instead trig-
gered strong consumer surveillance and a crisis of trust, which in turn forced government
departments to examine and strengthen their innovative regulation role.

As the main body of green transformation, enterprises’ innovative behaviors are not
only related to environmental benefits but also determine the potential of high-quality
economic development [1,2]. On the one hand, society needs enterprises to solve environ-
mental problems through substantive green innovation; on the other hand, high R&D costs,
uncertain market returns, and intense short-term competitive pressure may give rise to
strategic behaviors, i.e., creating an environmentally friendly image through behaviors
such as “greenwashing”. As the source of market demand for green needs and the natural
surveillants of corporate behavior, consumers’ purchasing preferences can theoretically
directly guide corporate R&D direction [3]. However, compared with similar traditional
products, mature green products face a premium problem. This cycle of “the more sub-
stantive green innovation products are invented—the higher the product’s sales price—the
fewer the consumers” is common. Between corporate green technology innovation and
consumer choice, a self-reinforcing “Mobius ring” dilemma is presented: weak green
market signals mean that companies tend to strategic innovation, causing “greenwashing”
incidents to occur and consumer trust to collapse, further weakening market signals. As
the rule-maker and market regulator, the government bears the significant responsibility
of guiding innovation direction through policy instruments, preventing “greenwashing”
risk, and maintaining market integrity [4—6]. Constrained by regulatory resources, the
government finds it difficult to accurately identify and evaluate the innovative behaviors of
all enterprises. Facing increasingly concealed corporate “strategic innovation” tactics, tradi-
tional conventional regulatory measures find it difficult to keep up, and there is an urgent
need to evolve towards a more precise and efficient innovative regulation model. Therefore,
systematically analyzing the strategic interactions among the government, enterprises, and
consumers in the tripartite game is of urgent practical significance for optimizing the allo-
cation of government regulatory resources, effectively curbing corporate “greenwashing”
impulses, and reshaping consumer trust in green products.

The marginal contributions of this paper are mainly reflected in the following
three aspects: first, it constructs a game model based on the simultaneous existence of en-
terprises, consumers, and government departments, which more comprehensively depicts
the complex interactive relationships of core stakeholders in the green innovation market,
and provides a more systematic theoretical lens for understanding the generation and gov-
ernance mechanisms of the market’s “greenwashing” phenomenon. Second, it explicitly
distinguishes between “substantive green innovation” and “strategic green innovation” in
corporate green innovation behavior, and accurately quantifies the differences between
the two in terms of costs, benefits, and regulatory risks faced. This distinction shifts the
research focus from general “green innovation” to the analysis of innovation “quality” and
“motivation,” deepens the understanding of the roots of corporate opportunistic behavior,
and makes the discussion of regulatory countermeasures more targeted. Finally, through
systematic stability analysis and numerical simulation, it dynamically reveals the evolu-
tionary path and effects of the government’s “innovative regulation” and “conventional
regulation” models under different parameter conditions. The study not only verifies the
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effectiveness of traditional policy tools such as reward and punishment mechanisms, but
also emphasizes the importance of improving regulatory accuracy, optimizing resource
allocation, and utilizing market signals (consumer choice), providing a concrete and ac-
tionable theoretical basis and practical path for the government to design an innovative
regulatory toolbox that is both incentive-compatible and cost-effective.

The remainder of this study is organized as follows: Section 2 introduces the research
methods and model. The results are provided in Section 3. Section 4 presents a discussion.
Section 5 summarizes the conclusions.

2. Literature Review
2.1. Greenwashing: Conceptualization and Motivations

Corporate greenwashing has evolved from a specific marketing issue into a systemic
threat to environmental governance. The term greenwashing was coined in 1986 by en-
vironmental activist Jay Westerveld, which was formally defined in the Oxford English
Dictionary (2012) as “the dissemination of false information to create a public image of
environmental responsibility”. Recent conceptual definitions have gone beyond mere
advertising deception to encompass strategic innovation tactics where enterprises invest
in symbolic rather than substantive environmental actions. This distinction is crucial:
traditional greenwashing involves overt misinformation, while strategic green innovation
represents a more covert form where companies allocate resources to create the appearance
of environmental compliance without changing core production processes. Motivation-
related literature indicates that strategic green innovation implies lower costs and higher
profit margins; therefore, the pursuit of economic benefits becomes its most direct moti-
vation [7]. When enterprises face environmental pressure [8], green demand [9], policy
incentives [10], and other factors, it can induce enterprises to produce “greenwashing”
products. Currently, most game-theoretic studies on corporate green technology innovation
focus on the technological factors of green technology innovation and the stability of the
strategic choices of each player. Scholars focus on banks, enterprises, and investors to
assess the spillover effect and the market competitiveness level of green credit policies on
green technology innovation, and construct a tripartite game involving the government,
enterprises, and green innovation service platforms, considering two typical factors: tech-
nological greenness and technological innovation [11-13]. Participants in the market are
often conditioned by bounded rationality, exhibiting cognitive biases and having limited
information processing capabilities. Evolutionary game theory relaxes the rationality as-
sumption of participants, requiring only that they possess a certain learning ability and
can continuously learn and adjust strategies in repeated games [14,15]. By constructing
replicator dynamic equations, the evolutionary game model can well depict the evolution
process of the game. As participants dynamically adjust their strategies, the game will
converge towards an evolutionarily stable strategy [16,17].

2.2. Government Regulation and Market Governance

The role of governments in curbing “greenwashing” remains a subject of debate in
both theoretical discourse and practical implementation. Market failure theory posits
that information asymmetry between firms and consumers necessitates regulatory inter-
vention [18], yet empirical evidence indicates that conventional command-and-control
approaches exhibit diminishing returns. Markham et al. [19] argue that existing regulations
have failed to prevent greenwashing, as static penalty structures cannot adapt to increas-
ingly sophisticated corporate deception strategies. Baum [20] points out the same thing
regarding corporate environmental communication tactics. Recent scholars advocate for
dynamic, innovation-oriented regulation that evolves in tandem with market behaviors [21].
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Sun et al. [22] have attested that penalty mechanisms can effectively deter “greenwashing’
behaviors only when the penalty magnitude exceeds the net gains from deception, while tax
subsidies are often insufficient for heterogeneous firms—particularly inferior enterprises
with limited absorptive capacities. This finding highlights a critical gap: most regulatory
models assume homogeneous corporate responses, neglecting how resource endowments
and market positions moderate policy effectiveness.

2.3. Consumer Agency and Information Asymmetry

Consumers act as both market drivers and de facto regulators through their purchas-
ing decisions and social surveillance [23]. However, bounded rationality and information
processing constraints severely limit their ability to distinguish genuine green products
from false ones [24]. This asymmetry creates a “lemons market”, where greenwashing
can crowd out substantive green innovation. Perceived social value and environmental
awareness can mitigate this effect: when consumers derive non-monetary benefits from
authentic green consumption, their willingness to pay increases, thereby strengthening
market incentives for genuine innovation [25]. Government subsidies amplify this effect by
reducing price premiums and signaling quality; however, improperly designed subsidies
may inadvertently reward environmental opportunism and exacerbate moral hazard [10].
Third-party certification mechanisms are regarded as crucial institutional arrangements to
mitigate information asymmetry, reducing consumers’ information search costs through
independent verification and signal transmission. However, their effectiveness depends on
the credibility of the certification bodies and the soundness of surveillance mechanisms.
Emerging digital technologies, particularly blockchain and the Internet of Things, are re-
shaping how consumers access information by providing tamper-proof product traceability
data, offering the technical feasibility to address information asymmetry in green product
markets [26]. Additionally, the improvement in consumers’ environmental literacy not
only enhances their ability to discern but also amplifies supervisory effects through social
network mechanisms, creating social disciplinary pressure against greenwashing practices.
To a certain extent, this collective intelligence mechanism compensates for the limitations
of formal regulation [27].

2.4. Applications of Evolutionary Game Theory

Evolutionary game theory provides a robust framework for analyzing strategic in-
teractions under bounded rationality, where agents learn and adapt through repeated
gameplay rather than optimizing with perfect information [28]. Fan et al. [29] modeled
pollution control as an evolutionary process in which penalty mechanisms drive corporate
compliance, Ren et al. [30] analyzed greenwashing prevention in public—private partner-
ships, and Dong et al. [31] examined the impact of dynamic government regulation on

7

manufacturing firms’ “greenwashing” behaviors. However, these studies are primarily
characterized by binary (government-enterprise) or homogeneous enterprise assumptions,
neglecting the tripartite interactions and heterogeneous capabilities present in real-world
green innovation ecosystems. Cheng et al. [32] highlight that integrating deep reinforce-
ment learning with evolutionary game theory enables the capture of adaptive strategy
optimization. Nevertheless, these methodologies remain largely theoretical in nature and
lack empirical calibration.

Table A1l provides a detailed comparative summary of the selected literature. Each

study is evaluated across standardized criteria to ensure consistent assessment.
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3. Construction of a Three-Party Evolutionary Game Model
3.1. Problem Description

Despite the presence of climate change skeptics, consumers, especially younger demo-
graphics, are increasingly favoring green and sustainable products. However, a challenge
arises: green products are becoming more difficult to identify. Are enterprises engaging in
“greenwashing” by making inconsistent claims and actions? According to the “2023 China
Patent Survey Report” released by the National Intellectual Property Administration, the
industrialization rate of valid invention patents in China was only 39.6% in 2023. A signifi-
cant number of patents and inventions are not practically applied, becoming mere displays
on “shelves,” and cases of “pseudo-innovation” penalties are emerging endlessly. Globally,
the attitude towards green products is gradually shifting from preferential encouragement
to mandatory requirements, and the rules against “greenwashing” are becoming stricter,
with the cost of greenwashing shifting from moral condemnation to legal regulation. How
can we combat greenwashing without pushing enterprises into green silence?

Enterprises, as the entities that transform green innovation technologies from lab-
oratory concepts into marketable products and services, are both the core executors of
innovation and the risk bearers in the supply-demand dynamic. On one hand, they expect
clear and consistent policy signals from government departments, along with the con-
struction of fair and effective incentive and constraint mechanisms [33]. This would help
them mitigate the risks associated with exploring cutting-edge technologies and achieve
genuinely effective substantive green innovation. On the other hand, enterprises also hope
that consumers will embrace new green technologies, products, and services with an open
mind, rationally evaluate green offerings, and be willing to pay a premium, thus providing
valuable opportunities for market iteration [34]. Therefore, this paper mainly discusses the
choice between substantive green innovation and strategic green innovation behavior of
enterprises under green innovation strategy.

Consumers are the drivers of market demand, supervisors of corporate behavior, and
influencers of government policy. Their preferences directly shape corporate R&D and
investment, providing market returns for green innovation. On one hand, consumers can
monitor corporate green innovation through social media and advocacy groups, seeking
transparent information and genuine commitment to environmental responsibility from
companies, and desiring affordable, high-quality, and eco-friendly products. On the other
hand, their environmental concerns provide a solid foundation of public support for gov-
ernment regulatory policies. They expect the government to foster a market environment
characterized by transparent regulation, effective incentives, and comprehensive infrastruc-
ture, thereby ensuring a sustainable lifestyle. Therefore, this paper discusses the willingness
of consumers to purchase green products. The strategy of whether to buy the green product
belongs to the mixed strategy, which means that the agent participating in the game will
randomly choose one of the strategies with a certain probability.

The government acts as the rule-maker, defining the boundaries and direction of
behavior through laws, regulations, policies, and standards. It also incentivizes market in-
novation, stimulating the enthusiasm of both enterprises and consumers through economic
measures. On the one hand, the government encourages enterprises to move beyond mere
compliance and strategic innovation to engage in substantive green innovation, investing
resources in green technology fields prioritized for national development. It also expects
them to disclose accurate environmental information, facilitating timely adjustments to
government policies and fostering globally leading green technologies and industries. On
the other hand, the government hopes that consumers will rationally trust and support
domestic green innovation, actively respond to and cooperate with government environ-
mental policies, and ultimately achieve the coordinated development of environmental,
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economic, and social benefits. Therefore, this article divides government regulatory mea-
sures into two scenarios: innovative regulation and conventional regulation, and compares
the different effects of these two mechanisms in preventing enterprises from adopting
greenwashing strategies and encouraging consumers to make green purchases.

In conclusion, this paper develops a dynamic evolutionary game model involving
three key players: the government, enterprises, and consumers, as illustrated in Figure 1.

/ Enterprise \ / \
e Substantive green innovation Enterprise
. . . . Capture the market
. Strategic green innovation
gic g ®  Reduce costs and increase efficiency
. Avoid risks and achieve sustainable operation
Consumer
. Cheap and good quality
. Healthy and harmless
Interests and
d d
Government
. Long-term peace and stability
. Green and healthy development
. . e Effective governance and control
nnnnn Positive feedback and suggestions
111 <
Iiw 2 L Rational response and participation
saaa ] © —_— Evolution System of three-party game
Government Consumer . Equilibrium strategy combination
. Innovative regulation . Purchase green products ° Z’Z Izt::’l;/;tr};gf:zllz:;:d;;:;:;iy
. i i
\\ . Conventional regulation . Do not purchase green pmducts/ \\ /

Figure 1. Game players’ strategies and mechanisms of action.

3.2. Tripartite Evolutionary Game Model Assumptions

Assumption 1. Consider the enterprise side (denoted as A), consumer side (denoted as B), and
government supervision and guidance side (denoted as C) as a complete green innovation system.
Each subject in the system possesses the characteristics of bounded rationality and exhibits the
phenomenon of information asymmetry. Each evolutionary subject has its own behavioral strategy
choices, resulting in corresponding returns, to maximize its own interests as the basis for strategy
selection. A engages in green innovation technology research and development, and sells green
products through the market. B purchases green products in the market, obtaining economic and
health and safety benefits. C conducts regulation of the green product market, prevents potential
“greenwashing” risks, and maintains healthy market development.

Assumption 2. The enterprise, consumer and government sectors make independent decisions based
on their own interests. Enterprises can categorize their strategies into substantive green innovation
and strategic green innovation based on the substantial contribution and true motivation of its
environmental performance, with corresponding selection probabilities of x and 1 — x, respectively.
Consumers can categorize their strategies into purchasing green products and not purchasing
green products based on their cognitive involvement, with corresponding selection probabilities
of yand 1 —y, respectively. The government requlation department categorizes innovation activities
into innovation regulation strategqy and conventional requlation strategy based on the incentive and
penalty intensity and the methods of policy gquidance, with the selection probabilities of z and 1 — z,
respectively, where x,y,z € [0,1], all of which are functions of Time t.

Assumption 3. When making innovation decisions, the enterprise mainly focuses on product
input and expected returns. When the enterprise conducts green product R&D, the substantive
green innovation R&D costs and the rent-seeking costs of strategic green innovation are Cq and Co,
respectively (Cy > Cp). Substantive green innovation requires the payment of genuine R&D
investment, third-party testing, and green certification costs, while strategic innovation only needs
to bear the expenses for packaging and “greenwashing” promotion. Therefore, Cy > Cp conforms
to the reality of the cost structure. Rent-seeking costs mainly include operating and management
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expenses, such as falsifying environmental assessment reports and concealing environmental risks.
After listing, the expected sales revenue of “true green” and “greenwashed” products are Ry and Ry,
respectively (R; > Rp).

Assumption 4. Given the prevalent information asymmetry and consumers’ bounded rationality
in the market, consumers find it difficult to accurately distinguish between genuine and fake green
products. The costs consumers pay for purchasing “true green” products and “greenwashed”
products are C3 and Cy, respectively (Cz > C4). After obtaining the products, the expected
return consumers receive are R3 and Ry, respectively. The expected net benefit for consumers who
do not purchase green products and choose conventional products is AR. The government provides
consumers with a basic green purchase subsidy amount of S (reward coefficient 5, 6 > 1).

Assumption 5. The local government undertakes important public management responsibilities in
socioeconomic development, with the primary goal of preventing “Greenwashing” risks while also
considering the social benefits generated by green innovation and encouraging green consumption.
The government sector’s basic cost of supervision is Cs, the social welfare brought about by choosing
innovative regulation is Wy, the reward amount is I (Reward Coefficient a, 0 < a < 1) for the
enterprise’s substantive green innovation behavior, the penalty F (Penalty Coefficient p,0 < g < 1)
is for enterprises engaging in strategic green innovation behavior, the green purchase subsidies S is
given to consumers, and the environmental tax E is levied. The government sector’s social welfare
from choosing conventional requlation is Wy, the reward amount is I for the enterprise’s substantive
green innovation behavior, and the penalty F(1 + B) is for enterprises engaging in strategic green
innovation behavior. The boundary between « and B is between 0 and 1, ensuring that the amount
of government rewards and punishments does not exceed the enterprise’s sales revenue to prevent
the enterprise from exiting the market due to financial infeasibility or excessive punishment.

Table 1 shows the main parameters of the model and their meanings. All parameter
values are non-negative.

Table 1. Main model parameters and their meanings.

Symbol Meaning
Ri Ry Enterprise revenue from selling “true green” and “greenwashed” products
Ci G Enterprise costs of substantive green innovation and strategic green innovation
R3 Ry Consumer social benefits from purchasing “true green” and “greenwashed” products
C3Cy Consumer costs of purchasing “true green” and “greenwashed” products
AR Consumer net benefit from purchasing conventional products
Cs Government basic cost of supervision
Wi W, Government social welfare from innovative regulation and conventional regulation
I Government reward for substantive green innovation
F Government penalty for strategic green innovation
S Government consumption subsidy for consumers’ purchase of green products
E Government environmental tax levied on enterprise production
oap Reward coefficient and punishment coefficient under government regulation

Based on the above assumptions, enterprises, consumers, and the government make
decisions independently, and the strategic behaviors of the three parties interact in the
market, jointly determining the outcome of the game. The payoff matrix of the game is
shown in Table 2, and the payoff tree of the evolutionary game is shown in Figure 2.
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Table 2. Payment matrix for the government, enterprise, and consumer.

Government Sector

Strategy Selection Consumer 3 . . .
Innovative Regulation z Conventional Regulation 1-z
Ry—Cy+I1—E Ry—Cy+Ia—E
Purchase green L !
products R3 —C3+ 56 R3—C3+S
Substantive green Wi —C—I+E—-S6 W) —Cs—Ia+E-S
innovation x _ _ _ _
Not purchase green G XRI E G Z II;‘ E
products 1-y Wy —Cs—I+E Wy —Cs—Ia+E
Enterprise Ry—Cy—F—E Ry—C,—F(1+B)—E
Purchase green 22 22 p
products Ry —Cy+ 56 Ry—Cy4+S
Strategic green Wi -G+ F+E—-56 W -G+ F(1+B)+E—-S
innovation 1-x —Ch—F— —C, — _
Not purchase green = A If E = FSRJF p)-E
products 1-y Wi —Cs+F+E Wy —Cs+F(1+p)+E

Customer

Ri-CiHI-E Ri-CiHa-E -CHI-E -C+lu-E R-Co-F-E Ry-Co-F(1+f)-E -C-F-E -Co-F(1+p)-E
Rs-C3+88 R3-CstS AR AR Ry-C4+S8 Ri-CytS AR AR
W-Cs-I1+E-S§ Wy-Cs-latE-S W,-Cs-I+E Wo-Cs-latE W-Cs+F+E-S8 Wa-Cs+F(14+B)+E-S W,-CstF+E Wi-Cs+F(1+B)+E

Figure 2. Evolutionary game payoff tree.

4. Evolutionary Stable Strategy Analysis
4.1. Firm Replication Dynamic Equation and Behavioral Strategy Analysis

For enterprises, the expected return from choosing substantive green innovation is
EXj, the expected return from choosing strategic green innovation is EX5, and the average
expected return is EX, respectively, in Equations (1)—(3).

EX; =yz(Ri—Ci+I—-E)+y(1—z)(Ri —Ci+Ia—E)+(1—y)z(—C;+I—E)

(1 —y)(1 = 2)(—C + I — E) @
EXy = yz(Ry~ Gy~ F— E) +y(1—2)[Ry — Cs — F(1 4+ ) ~ E] "
+(1=y)z(-C—F—E)+ (1 -y)(1 -2)[-C — F(1+B) — E]
EX =xEX1+ (1 —x)EX;
=(x—1)[Co+E+F(1+B) — Roy — FBz] — x SlR—:yE—_IZ‘— %)z ] ®)

According to evolutionary game theory, the replication dynamic equation for the
probability of enterprises selecting substantive green innovation x can be expressed as
Equation (4):

F(x) = % = x(EXq — EX) = x(1 — x)(EX; — EX3)

= xEl —x)[Co—C1+F(1+B)+Ia+ (Ry —Ro)y + (I — Ia — FB)z] @
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According to the stability theorem of differential equations, for the probability of
enterprises choosing substantive green innovation to be in a stable state, the following
must be satisfied: F(x) = 0 and F'(x) < 0, take the first-order partial derivative of F(x) to
be Equation (5):

Fl(x)=(1-2x)[Co—C1 + F(1+ B) + Ia+ (Ry — Rp)y + (I — In — FB)z] (5)

1. Wheny = y* = C2_C1+F(1+g)t$‘+(l_m—F’5)Z, whatever x € [0,1], F(x) = 0, enter-
2 1
prises cannot determine a stable policy.
2. When0 < y < y*, x = 0 is an evolutionarily stable strategy; when y* < y < 1,
x = 1is an evolutionarily stable strategy. Representing the above conclusions in
a three-dimensional coordinate system, we can obtain the dynamic evolutionary trend

of enterprises’ green innovation behavior, as shown in Figure 3.

() y=y* (b) y=<y* () y>y*

Figure 3. Corporate strategy evolution phase diagram.

Figure 3 shows that the probability of enterprises implementing strategic green in-
novation is the volume V4, of Ay, and the probability of implementing substantive green
innovation is the volume V4, of A, calculated as Equations (6) and (7):

1Co— C1+F(1+ﬁ)+sz+(I—sz—Fﬁ)zdzdx

VAl fo R —R
. 2(C,—Cy +F)— (I+Iu+EP) ©)
N 2(R; — Ry)
VAzzl_VAlz2(C2—C1+P)+(I+Ia+F/3)+1 @)

2(R; = Ry)

Inference 1. By taking the first-order partial derivative of each element involved in the V 45 equation,
we can obzfaznavf‘2 > 0, 88%2 <0, aaVTAlZ <0, aav% > 0, aVA2 > 0, aVAZ > 0; see Appendix A
for detailed derzvatzons. From this, it can be deduced that the probabzlzty of an enterprise choosing

substantive green innovation is positively correlated with the benefits of substantive green innovation,

the strategic green innovation’s costs, the government’s rewards for substantive green innovation,
and the penalties for strategic innovation, and negatively correlated with the benefits of strategic
green innovation and the costs of substantive green innovation. This means that the government
can guide enterprises to shift from strategic green innovation to substantive green innovation by
adjusting the reward and penalty mechanisms promptly.
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4.2. Consumers’ Replicator Dynamic Equation and Behavioral Strategy Analysis

For consumers, the expected payoffs for choosing to purchase green products, choosing
not to purchase green products, and the average expected payoff are EY;, EY,, and EY,
respectively, Equations (8)—(10):

EY; = xz(R3 — C3+ S8) + x(1 —2)(R3 — C3+ S)

+(1—x)z(Rg —C4+50)+ (1 —x)(1 —2)(Rg —C4 + S) ®)
EY, = AR )
HZ]/EYl-F(l—]/)EYZ (10)

=AR(1—y) +y[(Ry = C4+5) = (Rg = C4 = Ry + G3)x — (S — 50)z]

Similarly, the replicator dynamics equation for the probability of consumers purchas-
ing green products can be expressed as Equation (11):

F(y) = % = y(EY; — EY) = y(1 - y)(EY; — EY2)

=y(y—1)[Cs+AR— Ry — S+(Ry — C4 — R3 + C3)x — (56 — S)z] an

According to the differential equation stability theorem, for the probability of
consumers choosing to purchase green products to be stable, it must satisfy its first-
order partial derivative with respect to F(y) and the following condition must be met:
F(y) = 0and F'(y) < 0. Take the first-order partial derivative of F(y) as Equation (12):

F'(y) = (2y —1)[C4 + AR — Ry — S+(C3 — C4 — R3 + Ry)x — (S6 — S)z] (12)

1. Whenz=z*= C4+AR_R4_S;'5(ESS_C4_R3+R4)x, whatever y € [0,1], F(y) = 0, and the
consumer cannot settle on a stable strategy;

2. WhenO < z < z*, y = 0 is an evolutionarily stable strategy; when z* <z <1,y =1is
an evolutionarily stable strategy.

Plotting the above conclusions in a three-dimensional coordinate system reveals the
dynamic evolution trend of consumer behavior with regards to the purchase of green
behavior, as depicted in Figure 4.

(a) z=z* (b) z<z* (©) z>z*
Figure 4. Consumer strategy evolution phase diagram.

Figure 4 shows that the cross-section passes through a point ( %, 0,0), where

the volume V3, corresponding to the probability B; that the consumer chooses not to
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purchase green products, and the volume Vp,, corresponding to the probability B, that the
consumer chooses to purchase green products, are calculated as Equations (13) and (14):

Cs+AR—Ry—S
1 Ra—C3—R;+C4 C4+AR—Ry— S+ (C3—Cqy — Rz + Ry)x
Vi = fo fo 3 3 4 4 g dxdy (13)

(G4 +AR—-Ry—S)?
_2(5 — 55)(C3 —C4 —R3 +R4)

Vpp=1-"Vp
_1_ _ (C4a+AR-Ry-5)? (14)
= T 2(5-350)(C3—C4—Rs 1Ry

Inference 2. By taking the first-order partial derivative of each element involved in the equation,
we obtain ag% >0, aaVTB; <0, aaVTBf <0, %X—BI% < 0; see Appendix A for detailed derivations. From
this, it can be deduced that the probability of consumers choosing to purchase green products is
positively correlated with the green consumption subsidies provided by the government and the social
benefits of purchasing “Truly green” products, and negatively correlated with the net income of
purchasing ordinary products and the cost of purchasing “greenwashing” products. This means that
consumers’ green purchasing decisions are jointly driven by economic benefits, social value, and risk
perception, and the green consumption subsidies provided by the government can directly promote

consumer purchasing.

4.3. Government Replicator Dynamic Equation and Behavioral Strategy Analysis

For the government, its expected payoff from choosing innovative regulation is EZ;,
its expected payoff from choosing conventional regulation is EZ, and its average expected

payoff is EZ, respectively, Equations (15)—(17):

EZy =xy(W; —Cs —I+E—S6)+x(1—y) (W —Cs — I+ E)+ (1 —x)y(W; — Cs

F+E—85)+(1—x)(1—y)(W; — Cs+F +E) (15)

EZy =xy(Wp —Cs —Ian+E—S)+x(1 —y)(Wo —Cs —Ia+ E) + (1 — x)y

Wy —Cs5+F(1+B)+E—-S]+(1—x)(1—y)[Wa—Cs+F(1+B) + E] (16)

ﬁ:ZEzl—l—(l—Z)EZz
= (z—1)[Cs—E— Wy — F— FB+ (F + FB+ Ia)x + Sy] (17)
—2[C5 — E—F — Wy + (F + I)x + Sdy]

Similarly, the replicator dynamic equation for the probability z of the government
choosing innovative regulation can be expressed as Equation (18):

% — 2(EZy — EZ) = z(1 — z)(EZy — EZ,)

F(z) = %
=z(1-2)[Wy —Wp, —FB— (I — I — FB)x — (56 — S)y|

(18)

According to the stability theorem of differential equations, for the probability of the
government choosing innovative regulation to be stable, the following conditions must
be met: F(z) = 0 and F/(z) < 0. These differential equations operationalize the core tenet
of evolutionary game theory—strategy adoption rates increase when expected payoffs
exceed the population average—thereby relaxing the assumption of perfect rationality and
grounding the model in empirically observed bounded rationality. Take the first-order
partial derivative of F(z) as Equation (19):

F(z) = (1—2z)[Wy — W, — FB— (I — Ia — FB)x — (S6 — S)y] (19)
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1. Whenx = x* = Wl—WIz:IPaﬁ_—F(g&—S)y, whatever z € [0,1], F(z) = 0, and government

regulation cannot determine a stable strategy.
2. When 0 < x < x*, z = 1is an evolutionarily stable strategy; when x* <x <1,z=10
is an evolutionarily stable strategy.

Plotting the above conclusions in a three-dimensional coordinate system reveals the
dynamic evolution trend of the government sector’s innovative regulation behavior, as
shown in Figure 5.

Az
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(a) x=x* (b) x<x* (c) x>x*

Figure 5. Phase diagram of government regulatory strategy evolution.

Figure 5 indicates that the volume V-, for which the probability of the government
choosing innovative regulation is Cy, and the volume V-, for which the probability of the
government choosing conventional regulation is C,, are calculated as Equations (20) and (21):

1 1 Wi —Wo —FB—(S5—S)y
VCl:fo 0 I—IIX—P’B d]/dZ
Wy —2W, —2FB+S — 55 (20)
- 2(1— In — EB)
Voo =1-Ve
 2W,—2W, +2FB+55—S (21)

20-Ta—Fp) T 1

Inference 3. By taking the first-order partial derivative of each element involved in the V-1 equation,
we obtain %VWC; > 0, %VWC; < 0, ag% > 0, ag% <0, a‘a/% < 0; see Appendix A for detailed
derivations. It can be deduced that the probability of the government choosing innovative regqulation
is positively correlated with the social welfare it generates and the penalties given to strategic green
innovation, and negatively correlated with the social welfare of conventional requlation and the
consumption subsidies given to consumers purchasing green products. This means that when
there is excessive enterprise “greenwashing” behavior leading to the failure of consumer subsidy
policies, the government will optimize the allocation of resources and increase the intensity of

innovative regulation.

4.4. Stability Analysis of Equilibrium Points in a Three-Party Evolutionary Game System

Based on the above analysis, the three-dimensional dynamic system for the evolution-
ary game is given by Equation (22):
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F(x) = —x(1—x)[Co—Ci+FB+Ia+ (R —Ry)y+ (F+1—FB— Ia)z]
C4+D4+AR—R4—S+<C3—C4+D2—D4—R3+R4
F = —y(1— 22
) = v w[+S—S§)x+(D3—D4)z+(D1—DZ—D3+D4)xZ @)

F(z) =z(1—z)[F+ Wy — Wy — FB+ (FB — F+ Ix — I)x]

When F(x) = 0,F(y) = 0,F(z) = 0, the local stable equilibrium points are, re-
spectively, E;(0,0,0), E»(0,0,1), E5(0,1,0), E4(0,1,1), E5(1,0,0), Ee(1,0,1), E;(1,1,0),
and Eg(1,1,1). The Jacobian matrix of the three-party evolutionary game system is
Equation (23):

dF (x) oF(x) oF (x)
h 2 s ax oy oz
J=1T |5 Jo | = aF( BF(y)aF(y)
J7 s o aF Z) aF{
G-CG +F(l+,3)
(1—-2x)| +Ia+ (R; —Ry)y x(1—x)(Ry —Ry) x(x—1)(FB—1+ Ia)
+(I—Ia— FB)z (23)
Cs+AR—Ry—S
= | ¥y -G -Ci—Rs+Ry) 2y =1)| +(Ry—C4—R3+G)x y(1=y)(56=5)
—(S6—9)z
W1 — W, —FB
z(z—1)(I — Ia — FB) z(z—1)(S6 — S) (1-2z)| —(I—1Ia—FpB)x
—(S6—S)y

According to the Lyapunov stability theorem, for any pure policy equilibrium point,
when all eigenvalues of the Jacobian matrix are less than 0, the equilibrium point is asymp-
totically stable; when all eigenvalues are greater than 0, the equilibrium point is unstable;
and when the eigenvalues are positive and negative, the equilibrium point is a saddle point.
According to the replication dynamic equation, the eigenvalues of the Jacobian matrix are
shown in Table 3.

Table 3. Eigenvalues of the Jacobian matrix.

Equilibrium Point M As Az Symbol
E1(0,0,0) Wy — W, — FB Ry—C4— AR+ S —C1+C+F+FB+1ua +,—,U
E»(0,0,1) Wi+ W, +FB Ry —Cq4 — AR+ S5 —C1+Co+F+1 -+, U

B B _ _ _ —C—Rry+C+
E5(0,1,0) Ri+Ci+AR—S Wy —W,—FB—S5+S F+FB+In +,U,+

_ _ Wi +Wy +FB+ —Ci—Ry+GCy+ o
E4(0,1,1) Ry+Cy+ AR —S6 5 s Fal U+
E5(1,0,0) Wy — Wy + Ia— 1 R3—C3—AR+S Ci—C—F—FB—Iu +,+,U
E(,(l,o,l) R3—C3—AR+S§ Cl—Cz—F—I —W1+W2+I—IIX +,U, —

_ _ Wi —Wp —56+S — —R14+C1+Ry—Cp — _ _
E7(1,1,0) R+ Ca+AR=S I+ Ia F—Fp—Iu A
Es(1,1,1) _Ry+C3+AR—S5 T IINFIL“S‘S R C}*f? — G- —u,—

U means that the sign of eigenvalue is uncertain and the stability of equilibrium point cannot be determined.

5. Simulation Analysis

Based on actual conditions and initial parameter constraints, and incorporating the
simulation parameter setting methods from the relevant literature on enterprise green
innovation behavior analysis, consumer purchase behavior analysis, and government regu-
lation behavior analysis, the following numerical assumptions are made for the relevant
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parameters. Array 1: Ry = 160, Ry = 120, C; = 80, C; = 50, Rz = 100, R4 = 50, C3 = 50,
C4 =40, AR =30,C5 =20, W; =100, W, =75, =15,F =10,S =15, E =3,0 = 04,
B =0.7,and 6 = 2. The probability of selecting any strategy in the initial state is x = 0.5,
z = 0.5. The details of the MATLAB software simulation are comprehensively documented
in the Supplementary Materials.

In order to balance the external validity and mechanism observability, parameter
assignment follows a dual procedure of “literature calibration-scenario demonstration”.
Firstly, based on the green invention patent licensing and filing data of the National In-
tellectual Property Administration from 2018 to 2022 and the environmental information
disclosure data of A-share listed companies in Shanghai and Shenzhen, the expected mar-
ket return of substantive green innovation is set at CNY 1.6 million, representing the
sum of the average patent licensing fee and product premium of leading green technolo-
gies. The strategic innovation benefit is based on the empirical results of Li et al. [35] on
176 new energy enterprises. Taking their short-term profits as approximately 75% of Ry,
it is assumed that R; is CNY 1.2 million. Secondly, in terms of the cost parameters, sub-
stantive innovation needs to bear the costs of real research and development, the purchase
of testing equipment, and third-party certification. The estimated comprehensive cost is
CNY 800,000. Strategic innovation only incurs expenditures for packaging, promotion, and
document embellishments, with a cost of approximately CNY 0.3 million. The C;/C, ratio
is approximately 2.7, which is consistent with the 2-3 times range provided in the OECD’s
(2021) “green R&D cost variance” report and meets the model’s structural constraint of
C;1 > Cy. Finally, the government policy coefficients are set based on the upper limit of
the fine of “three times the illegal gains” stipulated in the “regulations on environmental
administrative penalties” and the green consumption subsidy standards of Shanghai, with
a reward coefficient of « = 0.4, a penalty coefficient of = 0.7, and an environmental tax
rate of § = 2 to depict the policy scenario of “high penalty and medium compensation”.
The above values are intended to reveal the evolution mechanism rather than precisely
predict market equilibrium. The robustness test section has conducted a £20% sensitivity
analysis on key parameters, and the qualitative conclusion of the system evolution path
remains unchanged.

Firstly, to analyze the impact of the revenue R; of enterprises’ substantive green
innovation on the evolutionary game process and result, Ry is set to Ry = 160,200,240 and
the simulation results of the replication dynamic equations evolving 50 times over time are
shown in Figure 6. For the costs C; of enterprises’ substantive green innovation, Cj is set to
C1 = 80,95,100, and the simulation results are shown in Figure 7.

+ R,=160
RI=200
R,=240

Figure 6. Impact of the enterprise’s substantive green innovation returns R;.
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Figure 7. Impact of enterprise’s substantive green innovation cost C;.

As shown in Figure 6, during the system’s evolution to a stable point, as R; increases,
the probability of enterprises choosing substantive green innovation rises, and the probabil-
ity of the government regulation department choosing innovative regulation also increases.
Therefore, the government no longer applies a “one-size-fits-all” approach to all enterprises,
but instead invests more resources in enterprises with development potential or those with
“Greenwashing” risks, giving more trust to truly innovative enterprises, and shifting the
regulatory focus from “whether they are compliant” to “whether the innovation process
is genuine and whether environmental performance is improving.” Figure 7 shows that,
during the evolutionary process, as C; increases, the probability of consumers choosing to
purchase green products rises, and the probability of the government regulation depart-
ment choosing innovative regulation also increases. Therefore, consumers and regulatory
authorities have formed a virtuous collaborative governance relationship, and the overall
efficiency and integrity of the green products market have been significantly improved,
forming an effective positive feedback reinforcement mechanism between market signals
and government regulation.

Next, assigning I = 0,15,30, respectively, the simulation results are shown in
Figure 8; assigning F = 0, 10, 20, respectively, the simulation results are shown in Figure 9;
and assigning S = 0, 10,20, respectively, the simulation results are shown in Figure 10.
Figure 8 shows that, during the evolution process, an increase in I leads to a decrease in the
probability of government innovation regulation. Figure 9 shows that, after the probability
of substantive green innovation by enterprises stabilizes at 1, an increase in F leads to
an increase in the probability of government innovation regulation. Figure 10 shows that, af-
ter the probability of substantive green innovation by enterprises stabilizes at 1, an increase
leads to a decrease in the probability of government innovation regulation. Therefore, the
government should reasonably formulate the incentive and punishment mechanism so
that enterprises and the government jointly assume the responsibility of protecting the
legitimate rights and interests of consumers.

=0
=15
1=30

Figure 8. Government’s impact on substantive green innovation rewards I.
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Figure 9. Government’s impact on strategic green innovation and penalties F.
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Figure 10. Government’s impact on consumer green subsidies S.

Figure 11 shows the result after 50 evolutions with W; = 100. At this point, the system
has only one evolutionarily stable strategy of {substantive green innovation, purchasing
green products, innovative regulation}. The probability x of substantive green innovation
by enterprises has risen from 0.3 to 1.0, the probability y of consumers purchasing green
products has increased from 0.4 to 1.0, and the probability z of government innovation
regulation has also risen from 0.2 to 1.0. The system has aggregated into an evolution-
arily stable strategy. At this time, the sum of the government’s rewards for enterprises’
substantive green innovation and green subsidies for consumers under the innovative
regulation policy should be higher than the sum of the rewards for enterprises’ substantive
green innovation and green subsidies for consumers under the conventional regulation
policy. With the support of the innovative regulation policy, the government can ensure the
orderly development of enterprises’ green technology innovation by setting up a reasonable
incentive and punishment mechanism.

Figure 11. W; = 100 evolutionarily stable strategy.

Figure 12 shows the outcome after 50 evolutions of W; = 90. At this point, the system
only has one evolutionarily stable strategy of {substantive green innovation, purchase
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green products, conventional regulation}. The probability x of substantive innovation
by enterprises decreased from 1 to 0.2, the probability v of consumer purchase rose from
0.4 to 1.0, while the probability z of government innovation regulation slowly decreased
from 0.8 to 0.6. The system converges with the evolutionary stability strategy, indicating
that under the condition of high innovation returns, even if the government reduces the
intensity of intervention, the market can still maintain a green transformation, though
weakened regulatory efforts may increase the risk of a strategic resurgence in the future. At
this time, the government regulation division should strengthen information construction
and examine the interests of the enterprise and consumer in many aspects.

Figure 12. W; = 90 evolutionarily stable strategy.

Figure 13 shows the outcome after 50 evolutions of W, = 50. At this point, the system
only has one evolutionarily stable strategy of {substantive green innovation, purchase
green products, innovative regulation}. The greater the excess social welfare obtained by
the government through innovative regulation, the easier it is to form a positive feedback
mechanism, that is, the more effective the regulation is, the more enterprises choose
substantial green innovation, the higher the consumer trust is, and then the regulatory
efficiency of the government is further amplified, forming a self-reinforcing stable cycle.

Figure 13. W, = 50 evolutionarily stable strategy.

Figure 14 shows the outcome after 50 evolutions of W, = 90. At this point, the
system only has one evolutionarily stable strategy of {substantive green innovation, pur-
chase green products, conventional regulation}. Conventional regulation has evolved into
a “comfort zone,” while transitioning to innovative regulatory approaches entails bearing
higher switching costs and risks of uncertainty. As a result, the system becomes trapped
in path dependence, leaving governments with insufficient motivation to break the status
quo even when “greenwashing” issues persist in the market. Consequently, policy design
must ensure that Wi — W, exceeds a critical threshold to foster a spontaneous order of
green governance; otherwise, the system risks falling into a low-level equilibrium trap. In
summary, the simulation analysis is consistent with the stability analysis conclusion of all
parties’ strategies and is effective, which has practical guidance significance for supervision.
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Figure 14. W, = 90 evolutionarily stable strategy.

6. Research Conclusions and Policy Recommendations

6.1. Research Conclusions

This paper explores the dynamic game process among enterprises, consumers, and
government regulatory departments by constructing a tripartite game model, grasping the
conflicts of interest and the bases for decision-making among relevant entities. The main
findings are as follows:

Firstly, increasing the government’s reward for substantive green innovation and
the punishment for strategic innovation can effectively guide enterprises to shift from
“greenwashed” to “true green” initiatives. When Ry — C; +1 > Ry — C; — F, the sys-
tem tends to converge on a substantive green innovation strategy. By adjusting rewards
I and penalties F, the government can significantly alter the evolutionary path of the enter-
prise strategy space, guiding it to evolve towards the ideal equilibrium point. Secondly,
consumers’ choices are not only influenced by product prices, but are also significantly
driven by their perceived social benefits and government subsidies. When customers can
accurately identify and purchase “true green” items and S and Rj are sufficiently large,
the system tends towards a consumer green purchasing strategy. It will create a robust
market signal, offering positive incentives for companies to engage in meaningful inno-
vation. Conversely, customer skepticism and “voting with their feet” will intensify the
occurrence of “bad money driving out good money” in the market. Furthermore, the choice
of government regulatory strategies is a dynamic process, and its evolutionary stable con-
ditionis —Wj + Wp + S5 — S + I — Iax < 0, which tends to adopt the innovative regulation
mode when the “greenwashing” risk is high and the social welfare loss is significant, and
revert to the lower-cost conventional regulation mode when the market is operating well.
Finally, the stability analysis of the system’s equilibrium point reveals that the system has
an asymptotically stable point at Eg(1,1,1). The ideal stable state of the system is {substan-
tive green innovation of enterprises, consumers purchase green products, government im-
plement innovative regulation}. The absence or failure of any party will lead the system into
a “Mobius ring”-like trust and market dilemma. Therefore, it is imperative to construct
a new governance landscape where corporate self-discipline, market selection, and govern-
ment regulation mutually reinforce and synergistically co-govern.

6.2. Policy Recommendations

Firstly, government regulations should continuously improve the environmental
protection-related legal system construction. It should also widely apply technologies
such as big data, the Internet of Things, and blockchain to establish a green product lifecy-
cle traceability and carbon footprint monitoring platform. Furthermore, the government
should continue to implement and optimize the green consumption subsidy policy for con-
sumers while enhancing their identification ability and environmental awareness through
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official green label certification, public awareness campaigns, and other initiatives, thereby
expanding the market demand for substantive green products.

Second, businesses must firmly embrace the green development concept and
strengthen their green responsibility awareness, focusing on enhancing substantive green
innovation returns. They should be willing to make long-term, sustained investments in
substantive green technology, committing to reducing the environmental impact across
the entire lifecycle through genuine technological breakthroughs, thereby gaining a sus-
tainable competitive advantage. Furthermore, it is crucial to strengthen the oversight of
how companies utilize their green fund investment, strictly preventing them from inten-
tionally defrauding government subsidies, avoiding strategic penalties and consumer trust
collapse triggered by “greenwashing” behavior and ensuring that subsidy policy tools are
used effectively.

Third, consumers should actively improve their green literacy and enhance their
identification ability. They should pay attention to authoritative green product certification
labels, learn to recognize companies’ “greenwashing” rhetorics, and avoid being misled by
deceptive environmental protection propaganda.

Concurrently, consumers should fully leverage channels such as social media and
consumer rights protection organizations to monitor companies” environmental protec-
tion commitments and actual practices. They should actively expose “greenwashing”
behavior to create significant social pressure, thereby compelling companies to standardize
their conduct.

This study has certain limitations. This model assumes that consumers cannot immedi-
ately identify greenwashing (high information asymmetry). When information disclosure
is extremely thorough and consumers can identify genuine and fake green products at zero
cost, the benefits of strategic innovation will approach zero, and the model will degenerate
into a homogeneous game between two strategies. At this point, the government can
achieve {substantive green innovation, purchasing green products, innovative regulation}
without incurring high fines. Future research should conduct systematic sensitivity analy-
ses across diverse industry contexts using Monte Carlo methods, and the learning speed of
consumers or the accuracy of third-party certification can be introduced to further relax the
assumption of incomplete information.

6.3. Future Research Directions

To further extend the analytical boundaries of this study, the following research
avenues merit exploration:

Introducing consumer learning mechanisms: future models may incorporate dynamic
consumer learning processes to reflect how green product recognition ability improves over
time, thereby reducing information asymmetry and its impact on greenwashing incentives.

Incorporating heterogeneous firm types and sector-specific regulation: relaxing the as-
sumption of homogeneous firms by integrating variations in firm size, ownership structure,
or sectoral attributes could enhance the model’s realism and policy relevance, particularly
for sector-targeted regulatory design.

Empirical validation using real-world greenwashing cases: while this study adopts
a simulation-based approach, future research could test the model’s predictive power using
empirical datasets, such as disclosed instances of corporate greenwashing or regulatory
enforcement records across regions or industries.

Exploring multi-regional or multi-period regulatory dynamics: extending the model
to a spatial or temporal dimension may reveal how regulatory strategies evolve under
differing regional governance capacities or across policy cycles, offering insights into the
long-term effectiveness of innovation regulation.
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Appendix A
Appendix A.1

Table Al. Comparative analysis of this study and the related literature.

Study Agents Regulation Type Contribution
Reveals dynamic co-evolution
. t, enterprises, . . hanism; distinguishes i ti
This study Government, enterprises Innovation regulation mechanism; distinguishes innovation

consumers quality; calibrated to Chinese

policy context

Sun & Zhang (2019) [22]

Shows how firm heterogeneity affects
Static supervision regulation effectiveness; focuses on
inspection probability

Government, heterogeneous
enterprises

Li et al. (2023) [35]

Government, enterprises,
green innovation platforms

Analyzes a platform’s intermediary

Incentive-based regulation .
role; focuses on the service ecosystem

Nguyen et al. (2019) [23]

Identifies information asymmetry as
Enterprises, consumers Market self-regulation a root cause; consumer
awareness-focused

Safarzyniska e al.
(2012) [34]

Optimal policy paths over continuous

Government, enterprises Policy stringency dynamics . .
time; ignores consumer role

Our contribution uniquely combines (1) dynamic innovation regulation that co-
evolves with market behavior, (2) empirically calibrated parameters from Chinese green
patent and penalty data, and (3) mechanism design insights for incentive—constraint—
empowerment governance.

Appendix A.2

The result deduction of the partial derivative for the first-order partial derivatives of
x,y,and z.
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