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GUIDING INNOVATION TOWARDS GREEN: THE PIVOTAL ROLE OF
ENVIRONMENTAL REGULATIONS ON INNOVATION DIRECTION

ZHUGUANG XIE'® AND QIAN ZHOU?*

Abstract. Green innovation is a pivotal way to achieve both environmental and economic bene-
fits. This study constructs an evolutionary game model to validate the Porter Hypothesis from the
perspective of guiding innovation resources toward green innovation. The findings indicate that (1)
Environmental regulation can reset the expected returns of different innovation directions. When the
value gap between different innovation directions exceeds a certain threshold, innovation direction
selection strategies will eventually evolve into a dispersed innovation mode. This not only directs in-
novation resources towards green but also avoids the problem of innovation direction congestion. (2)
Environmental regulation should be positively proportional to the economic value gap of innovation
directions and the extent of environmental tax reduction, and inversely proportional to the pollution
emission gap. (3) Weaker environmental regulations should be implemented to maximize social benefits
when the economic value and pollution emission gap are both small. This reduces compliance costs
for innovators and achieves higher social benefits. Conversely, when the economic value gap is large,
stronger environmental regulations should be implemented to alleviate innovation direction congestion,
and ensure resource allocation for green innovation. Therefore, it is essential to reasonably adjust the
environmental regulations to achieve a positive cycle of sustainable development. Additionally, hetero-
geneous environmental regulations should be designed and implemented for different industries and
types of innovation.
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1. INTRODUCTION

With the rapid development of the global economy, the deterioration of the environment has constrained the
achievement of sustainable development goals [1,2]. Environmental quality, being a public good, suffers from
ambiguous property rights, making it challenging to optimize through market mechanisms [3]. Consequently,
governments should implement environmental regulations [4]. Appropriate environmental regulations can drive
firms to innovate, reducing pollution and enhancing competitiveness simultaneously, thereby achieving a win—
win scenario for both the environment and the economy [5]. In China, the environmental carrying capacity
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does not align with its economic development level, prompting the introduction of a series of environmental
regulatory policies in recent years [6,7].

Green innovation is crucial for promoting sustainable development of the environment and the economy
[8,9], as it improves environmental quality and fosters high-quality economic growth [10, 11]. Before economic
development and environmental quality are decoupled, green innovation, compared to non-green innovation,
typically offers lower economic value but higher ecological value. Additionally, green innovation presents dual
externalities-technological and environmental-which often make it a less preferred choice for corporate innovation
strategy [12,13], which hinders the realization of sustainable development goals. Therefore, incentivizing green
innovation remains a topic of in-depth exploration. Several researchers advocate for leveraging environmental
regulation adjustments to promote the growth of green innovation [14-16].

Market failures often occur in the innovation sector, necessitating regulatory measures alongside market
mechanisms to optimize the allocation of innovative resources [17]. Existing research has proposed solutions
from intellectual property management like intellectual property protection and tiered patent systems [18,19]
to resolve market failures such as the limited acquisition of innovation benefits and the cumulative nature of
innovation. However, the issue of congestion in innovation directions remains underexplored [20]. Innovation
resources tend to cluster in high-return areas due to the winner-takes-all patent system. Once an innovator
succeeds and patents their innovation, others working in the same area face large sunk costs if they are not
the first to succeed. This situation, known as the “patent race” [21], leads to resource wastage as lower-return
innovation areas receive little attention. This is akin to traffic management, where certain roads experience
congestion while others remain underutilized. Addressing the failure in innovation direction allocation is crucial
for maximizing social benefits.

Environmental regulation can be classified into command-and-control and market-driven types [6, 22, 23].
Market-driven environmental regulation aims to adjust corporate profitability and encourages companies to
engage in innovation [24,25]. Under this situation, there are two innovation direction strategic choices for com-
panies: pursuing high-economic-value non-green innovation, which can increase revenue to offset regulatory costs,
or focusing on high-environmental-value green innovation to reduce regulatory burdens. However, consistently
opting for non-green innovation is unsustainable, on the one hand, deteriorating environmental quality harms
the public interest and negatively impacts companies’ ESG assessments, on the other hand, as environmental
quality worsens, regulations will tighten, imposing stricter penalties on businesses. Therefore, macroeconomic
policies should guide innovation resources toward green innovation, achieving a win—win scenario for both envi-
ronmental and economic development.

The above analysis indicates that green innovation, despite its high social value, often becomes a sacrifice in
the selection of innovation directions due to its relatively low economic value [12,13]. Cui et al. (2022) argue that
green innovation is primarily driven by environmental protection policies [15], which leads to a critical scientific
question: Does environmental regulation guide the innovation resources flows toward green innovation, and if so,
how? This study explores the question in three parts. First, we construct an evolutionary game model for the
innovation direction selection process. This model identifies the equilibrium points, showing that the direction of
innovation evolves into dispersed research mode if the value gap between two directions is above a certain range,
the dispersed research mode means the innovators tend to research in different directions, which ensures that
innovation resources flow toward green innovation while avoiding congestion issues. Second, we investigate the
pathway of how environmental regulation resets the payoff gap between innovation directions, thereby steering
innovative resources toward the green sector. Third, we analyze the optimal setup for environmental regulation
under different innovation direction value gaps, aiming to maximize social benefits. This research provides both
academic and practical contributions.

Academic contributions. Firstly, this paper demonstrates that the innovation direction will ultimately evolve
into a dispersed research mode by constructing an evolutionary game model. This provides new insights into
addressing market failures in the innovation direction congestion problem. Secondly, the paper extends the
Porter hypothesis by providing a mechanism through which environmental regulation promotes green innovation
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from the perspective of innovative resource acquisition. Thirdly, the paper offers a theoretical foundation for
heterogeneous environmental regulations to achieve maximum social benefits.

Practical contributions. Our study provides strategic insights for innovators to select the innovation direc-
tions as we found that the innovation direction selection is related to the value gap, innovation success rate,
environmental regulation, and tax reduction extent. Additionally, our study provides practical optimization sug-
gestions for the adjustment of environmental regulations. We use the environmental protection tax law of China
as an example and draw upon OECD data to conduct simulation analyses, we offer advice on environmental
regulations to maximize the social benefits, which emphasizes the central role of environmental regulation in
promoting sustainable development.

The structure is as follows: Section 2 provides a literature review, offering a comprehensive overview of
existing research. Section 3 details the construction of the evolutionary game model. Section 4 presents the
evolutionary game analysis. Section 5 showcases the evolutionary game simulation. Section 6 offers discussion
and recommendations.

2. LITERATURE REVIEW

2.1. Environmental regulation and green innovation

Environmental regulation refers to the mandatory restrictions imposed by the government through legislation
to protect the environment and promote the rational and effective use of resources. This includes but is not
limited to, the imposition of pollution charges, environmental administrative penalties, environmental protection
fiscal expenditures, and the formulation of environmental regulations [4]. Environmental regulations can be
categorized into command-and-control and market-driven types [6,22,23]. Command-and-control environmental
regulations are compulsory, utilizing tools such as production bans, nontransferable licenses, and enterprise
closures. They offer the advantage of rapid implementation with significant short-term effects but tend to be less
effective in motivating firms’ independent innovation and incur high enforcement costs [26-28]. On the other
hand, market-driven environmental regulations are more flexible, employing mechanisms like environmental
taxes, technical standards, subsidies, and deposit refunds, which can effectively encourage firms to innovate
independently and boost corporate vitality [24, 25]. However, their efficacy is subject to various influencing
factors and their implementation outcomes are difficult to ensure, with inherent time lags [29, 30]. The Porter
hypothesis posits that environmental regulation has an innovation offset effect, which can fully or partially
compensate for the costs incurred by environmental regulation, and firms can enhance their competitiveness
through increased innovation [5].

Green innovation encompasses technological advancements targeted at environmental management, pollution
prevention, waste reduction, and energy conservation [31,32]. By engaging proactively in green innovation,
firms can not only comply with environmental regulations but also enhance energy efficiency and minimize
waste [33,34]. Research specifically investigates whether environmental regulations spur green innovation, with
findings clustered into four categories:

(D Promoting. Appropriate environmental regulation can motivate firms to innovate, exerting a significant
positive effect on green innovation [35-43]. 2 Inhibiting. Some studies contend that environmental regulation
increases firms’ costs, reduces their competitiveness, and hampers innovation by limiting available resources
[44-46]. @) Nonlinear relationship. Empirical research has identified a nonlinear impact of environmental regu-
lation on green innovation. As environmental regulations become more stringent, their effect on green innovation
demonstrates a U-shaped pattern, initially decreasing then increasing, or an N-shaped pattern, initially increas-
ing, then decreasing, and increasing again [47-49]. @ Indeterminate effects. This viewpoint suggests that the
effect of environmental regulation on green innovation is uncertain, the relationship cannot be simply classified
as promotive or inhibitive, as it may vary due to industry, time, and the type of environmental regulation,
indicating heterogeneity in outcomes [4,50,51].
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2.2. The factors of the innovation direction

Innovation is characterized by two main features. First, innovators have limited ownership over the value
of their innovations [17,52], leading early research to explore how to safeguard the innovators’ profits, such as
by strengthening intellectual property protection and increasing subsidies for innovative activities [53]. Second,
innovation is sequential, the innovation process follows an order where preceding innovations can have a positive
spillover effect on subsequent innovations, but the profits of subsequent innovators may encroach upon those
of their predecessors. Existing research has also addressed how to balance this market failure, for instance, by
establishing a tiered patent system to weigh the benefits of innovators at different stages [18].

Hopenhayn and Squintani (2021) found that even when innovators capture the full benefits of their inno-
vations, inefficiency in innovation can still arise due to the unequal distribution of innovation resources across
different research directions [20], resulting in a distortion of the direction of innovation [54]. This is because
the high-return projects often attract more innovation resources, and under the patent system, the profits for
innovators in a particular direction can plummet after the technological breakthrough (other innovators succeed
ahead), leading to the wastage of innovation resources [20].

At present, there are relatively few researches on the innovation direction, mainly existing research primarily
examines the distortion of innovation directions through theoretical models. Bryan & Lemus (2017) developed
an innovation direction model based on horizontal spillover effects and the sequential nature of innovation [54],
revealing that excessive intellectual property protection can distort innovation directions. Lee (2020) considered
innovators and two research projects, finding that innovation resources might bypass projects with high innova-
tion value but greater difficulty [55]. Moraga-Gonzdlez et al. (2022) constructed a market model with one leader
and many challengers, where each challenger aims to become the market leader through innovation [56]. Their
findings suggest that the allocation of innovation resources is influenced by factors such as project profitability,
difficulty, and social value, leading firms to overinvest in projects with higher expected profits but underinvest
in projects with high social value.

2.3. Literature commentary

The existing empirical studies on the impact of environmental regulation on green innovation are inconclusive
[4], and the effect exhibits heterogeneity across regions, industries, and time periods. Wang et al. (2024) argue
that environmental regulation is not necessarily more effective when it is stricter, rather, an appropriate intensity
can improve firms’ green decision-making [57]. Environmental regulation can influence firms’ strategic choices
in innovation direction by adjusting the expected returns. Most current research on innovation direction is
theoretical and primarily explores the impact of innovation incentive policies on corporate innovation. However,
the impact of environmental regulation on innovation direction remains underexplored.

Green innovation has dual positive externalities in terms of technology and the environment. On one hand,
it is incentivized by intellectual property policies, for example, many countries have established fast-track
mechanisms for green patents. On the other hand, it is motivated by environmental regulations [15]. We believe
that innovation incentivized by environmental regulation can be categorized into two types: First, non-green
innovation with high economic value and low ecological value, which offsets the costs imposed by environmental
regulation by increasing corporate revenue. Second, green innovation with low economic value and high ecological
value, which reduces the costs imposed by environmental regulation by minimizing pollution. It is essential to
allocate innovation resources reasonably between these two types of innovation. Given the existence of the patent
system, the selection of innovation direction is a game-theoretic process among enterprises.

Existing research often singularly explores the impact of environmental regulation on green innovation [38,39],
with few studies investigating how environmental regulation influences the allocation of innovation resources.
In recent years, an increasing number of studies have employed evolutionary game models to analyze the
impact of environmental regulation on strategic choices of agents [58,59]. These include studies on corporate
carbon emission strategies [59], collusion behavior between firms and third parties [60], environmentally friendly
production behaviors [61,62], and green supply chain optimization [63,64].
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Therefore, this study aims to use a two-player evolutionary game model to analyze the impact of environ-
mental regulation on firms’ innovation direction choices. It seeks to explore the optimal paths for the rational
allocation of innovation resources under environmental regulation.

3. INNOVATION DIRECTION SELECTING GAME MODEL CONSTRUCTION

3.1. Description of the game

When ecological and economic development are not yet fully decoupled, non-green innovation brings high
economic value but also leads to high pollution. Therefore, most countries are currently encouraging green
innovation to improve environmental quality and achieve sustainable development [65].

The patent system is the primary method of intellectual property protection, designed to ensure exclusive
returns for innovators to incentivize innovation. Once an innovator succeeds, they apply for a patent to secure
long-term exclusive innovation returns, which creates a “winner-takes-all” scenario, where only the first success-
ful innovator receives rewards. Other innovators, even if they have invested significantly in the same direction,
incur sunk costs if they are not the first to succeed. This is the essence of the “patent race” [21].

Thus, the choice of innovation direction is a game between innovators. Suppose there are two innovators
(Player 1 and Player 2). The direction chosen by one innovator affects the strategic choices of the other. Each
innovator’s choice of direction is interdependent, they adjust their strategies based on the other’s behavior
during the game, eventually evolving into stable strategies. This interdependence aligns with the characteristics
of evolutionary game theory.

The two-player game for selecting innovation directions unfolds as follows: There are two modes for innovators
to choose innovation directions, one is concentrated research, where both innovators research in the same
direction. The other is dispersed research, where each innovator pursues a different direction separately. Due to
the existence of the patent system, not all innovators will concentrate on a single high-value direction, which
could lead to “innovation congestion” [20]. Instead, innovators will reasonably choose their directions based on
the principle of maximizing individual returns.

3.2. Game assumptions

3.2.1. Game participants

Two innovators (Player 1 and Player 2) are the participants in this game. Both innovators rationally pursue
the maximization of their own payoffs. They engage in a Nash game to select their innovation directions.

3.2.2. Game background

Assume there are two innovation directions: green innovation (1) and non-green innovation (Qs2). If Q1
succeeds, it generates an economic value of Z;, and an environmental pollution of Py,. If Q2 succeeds, it generates
an economic value of Zy and an environmental pollution of Py . Assume the national standard for environmental
pollution is Py, and it holds that 0 < Z; < Zy, 0 < P, < Py < Py. Additionally, assume constants k and j
such that Z;, = k* Zy and Py, = j * Py, where 0 < k <=1 and 0 < j <= 1. The constants k and j represent
the gaps in economic values and pollution emissions between the two innovation directions. The smaller the
values of k and j, the greater the gaps in economic values and pollution emissions.

Market-driven environmental regulation can guide the innovation direction by resetting the expected returns.
Typically, market-driven environmental regulation imposes taxes or fees at a multiple r of the pollution amount
(r > 0). The larger the value of r, the higher the intensity of the environmental regulation. Additionally, if
the pollution is below the national standard, it qualifies for a tax reduction to s times the original tax amount
(0 < s < 1). If environmental regulations are implemented, the total values obtained upon success for @; and
Q2 are denoted as R; and Rs, respectively. They can be formulated as follows:

Ri=7Zr, —rxs*Pp (1)
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Player 2
Q Q,
Q  (@*(1-p2),p*(1-p/2)) (p, p*a)
Player 1
Q (p*a, p) (0,0)

FIGURE 1. Payoff matrix for innovator direction selecting game.

RQZZH—T*PH. (2)
Substituting Z;, = k* Zy and Py, = j * Py, assuming Zy = m and Py = n, we get:

Ri=mxk—nxjxrx*a (3)

Ro=m—nxr. (4)

To simplify the analysis, we assume Ry = a * Ry, where a > 0. The constant a represents the total value gap
between the two innovation directions after adjusting for environmental regulation. If @ < 1, a smaller value
indicates a greater gap between the two directions. Conversely, if a > 1, a larger value indicates a greater gap.

3.3. Innovation direction strategies

In the process of selecting innovation directions, the two innovators can freely choose their innovation strate-
gies based on their needs and the realization of innovation value. The selected result may be either concentrated
or dispersed research. Assume the success rate for dispersed research is p, and its ¢ for concentrated research.
Drawing from Hopenhay and Squintani (2021), the relationship between p and ¢ satisfies 1 > ¢ > p > 0,
q—p<gq,and ¢ =2x%p—p 2 < 2xp [20]. Assume that Player 1 selects (Q1, Q2) with probabilities (z,1 — z),
and Player 2 selects (Q1, @Q2) with probabilities (y,1 — y).

If they concentrated research on )1, due to the patent system, the first innovator to succeed will gain all
the benefits. Therefore, the expected individual payoff when focusing on @1 is (1/2) x ¢ x Ry, which equals to
p*(1—p/2) % Ry. Under the purpose of guiding innovation resources toward green fields, we assume that if both
innovators choose to research non-green innovation (Q2), the expected individual payof! is zero.

In the case of dispersed research, the expected payoff for choosing Q1 and @5 are px R; and p* R, respectively,
and px Ry equals p x a x Ry. Normalizing R; to 1, we obtain the payoff matrix for both innovators, as shown in
Figure 1.

The payoff matrix indicates that when a < (1—p/2), there is a unique Nash equilibrium, (Q1, Q1), suggesting
that both players will focus on green innovation. This implies that when the value difference between the two
innovation directions is small, innovators are willing to participate in a “patent race”, even though the loser
may face substantial sunk costs. Conversely, when a > (1 —p/2), there are two Nash equilibriums, (Q1, Q=) and
(Q2,Q1), indicating that players will pursue dispersed research.

4. ANALYSIS OF THE EVOLUTIONARY GAME MODEL

4.1. Evolutionarily stable strategy

Given that the selection of innovation directions is a long-term dynamic adjustment process, we adopt an
evolutionary game model to analyze the dynamic evolution of game strategies. Based on the payoff matrix,
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when Player 1 chooses )1, the expected benefit for Player 1 to chooses Q1 is Mj1, to chooses Qo is Moy, thus,
the average expected benefit for Player 1 is M;.

2

Py

My =yx(px(1-p/2))+(1-y)*xp=p— 5 (5)

Moy =yxpxa+(l-y)x0=yxpxa (6)
2

Mlzx*{p—p;y}—|—(1—x)*y*p>ka. (7)

The replication dynamic equation for Player 1 is F'(z):

F(x):I*[MlliMl]:p*x*(x—l)*(22*a*y+p*y—2). (8)

Similarly, the expected benefit for Player 2 to chooses @)1 is M2, to chooses Q)2 is Mas, the average expected
benefit for Player 2 is Ms.

2

Mig =+ (px (1-p/2) +(1-a)sp=p— " (9)
My =z+prxa+(l—z)x0=z%xpxa (10)
My=yx*[p—p"2x2)/2] + (1 —y)*z*p*a. (11)

Thus, the replication dynamic equation for Player 2 is F(y):

F(y):y*[Mlz_Mz]:p*y*(y—l)*(22*a>km+p*x—2)- (12)

By combining F(x) and F(y), and setting F'(z) = 0 and F(y) = 0, we find that there are five equilibrium
points in this evolutionary game system: (0,0), (1,0), (0,1), (1,1), and (z*,y*), where z* = y* = 2/(2* a + p).

According to the evolutionary game analysis method, and combined with the replication dynamic equations
(8) and (12), we derive the Jacobian matrix (J):

p*(2+x—1)*(2*a*ry+p*ry—2) pra*(2xatp)x(z—1)
2 2

J= pry*(2xa+p)*(y—1) p*(2xy—1)x(2xa*xz+prr—2)
2 2

From the Jacobian matrix, we obtain the determinant det(J) and the trace tr(J):

det(J) = —(p" 2% ((d*x+4xy—12xzxy)*xx*xy*a’ 2+ ((16
Yy +Adxpry —12%xpxy 2 —8) x a2+ (4xp
xy 2 — 16y + 16y 2+ 4) xx — 8y 2+ 4 xy)
xa+ ((—3xr*xy+ao+y)xrxy*xp 2+ (2x(2xx

—Dx2xy—1D*x(z+y)*xp—4*x2xx—1)x(2xy—1)))/4 (13)
tr(J) = —(p* (d*xx+4dxy+2%a*xr+2%a*xy+p*xr+p*y
—8xaxxxy—4dxpraxxy—4))/2. (14)

Using the local stability of the Jacobian matrix J, we can determine the stability of the five equilibrium
points in the evolutionary game between the two innovators and their stable strategies. When an equilibrium
point satisfies det(J) > 0 and tr(J) < 0, the equilibrium point is in an equilibrium state. We compute the
determinant and trace of the Jacobian matrix for each equilibrium point, as shown in Table 1.

We categorize the relationship between a and p into two scenarios and discuss the equilibrium state (Tab. 2).
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TABLE 1. Analysis of local equilibrium results.

Equilibrium point  det(J) tr(J)
E1(0,0) P> 2%p
24 (2%a+p—2 *(2*a
E»(1,0) px( 2+p ) _px( - +p)
2* *a _ * *a
Eg(o,l) pox(2 2+P 2) _p (22 +p)
Eq(1,1) 7‘72*(2*'1;?72)2 px(2%xa+p—2)
* * 24 (2xa —2)2
Es(z",y") _W 0

TABLE 2. Equilibrium state analysis of equilibrium points.

a>(1-p/2) a<(1-p/2)
Equilibrium point  det(J) tr(J) State det(J) tr(J) State
E1(0,0) + + Unstable + + Unstable
E»(1,0) + - ESS - - Unstable
E5(0,1) + - ESS - - Unstable
E4(1,1) + + Unstable + - ESS
Es(z*,y") - 0 Saddle Point

From Table 2, it can be observed that (1,0) and (0,1) are two equilibrium points of the evolutionary game
system for the innovation direction selection. This indicates that dispersed research by both innovators is the
stable state. Points (0,0) and (1,1) are unstable, which implies that even if both innovators initially concentrate
on a same direction, they will gradually evolve towards dispersed research. The point (z*,y*) is a saddle point
in the evolutionary game system. The dynamic evolution process is shown in Figure 2.

Based on this, we discuss two scenarios.

Scenario one: a > (1 —p/2)

As shown in Table 2, when a > (1 —p/2), the evolutionarygame system for innovation direction has two ESS
points: (1,0) and (0, 1), which indicate that dispersed research is the stable state in the evolutionary game. The
points (0,0) and (1,1) are unstable, suggesting that even if both innovators initially engage in concentrated
research in one single direction, they will evolve towards dispersed research. The point (z*,y*) is the saddle
point of the system. The dynamic evolutionary process is illustrated in Figure 2a, where five equilibrium points
form two distinct regions. The line F1—Fs—F, serves as the boundary between strategies. If the initial state
of the innovators is below E1—FE5—FE4, the system tends to converge to point E»(1,0). Conversely, if the initial
state is above this line, it converges to point F3(0,1). Over time, the system stabilizes into a state of dispersed
research.

This finding has practical implications. Innovators consider their own and their competitors’ capabilities
when choosing innovation direction, ultimately evolving towards dispersed research. Specifically, if player 1
has stronger green innovation capabilities, such as more green patents or greater resource investment in green
innovation, player 2 may opt for non-green innovation to achieve higher returns, thus relieving congestion in
innovation.

Scenario two: a < (1 —p/2)

When 0 < a < (1 — p/2), the evolutionary game system has a single ESS point at (1,1). This suggests that
when the value gap between different innovation directions is small, innovators prefer concentrated research
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E0.D Y\{_/ ELD E;(0,1) > E(LD)
E,
A
y Y y A
E,(0,0) ~ X Ey(1,0) E,(0,0) X E,(1,0)

(@) (b)
F1GURE 2. The dynamic evolution process.

Dispersed research | Concentrated research

0 T, r

FIGURE 3. The innovation modes under different environmental regulation.

in green innovation, even if losers face sunk costs. The dynamic evolutionary process, illustrated in Figure 2b,
shows that regardless of the initial state, the system converges to point E4(1,1). Over time, the system stabilizes
into a state of concentrated research in green innovation.

This result also bears practical significance. When the value difference between green and non-green innova-
tions is small, innovators tend to participate in patent races and adopt concentrated research strategies, whether
for gaining legitimacy or to build a green image.

4.2. Adjustment strategy for environmental regulation

Given that a = Ra /Ry = (m—nx*r)/(m*k—n=j*rxs), we can calculate the critical value of environmental

regulation intensity as 7.
mx(kx*x(p—2)+2
ro = ( (p—2) ) . (15)
nxk(jxsx(p—2)+2)
The intensity of environmental regulation influences innovators’ choices of innovation direction. As it is generally
difficult to adjust environmental regulations in the short term, innovators must analyze the relationship between
compliance costs for environmental protection and the sunk costs of participating in patent races to decide their
innovation direction. The selecting in innovation direction under established regulation depends on ry.
We discuss two scenarios, shown at Figure 3:

Scenario one: r < 1g

Innovators tend toward dispersed research. If regulation intensity is below the critical value, the compliance
cost for environmental protection is relatively low. If Player 1 (or Player 2) has a higher green innovation
capability, Player 2 (or Player 1) may opt for non-green innovation to avoid the patent race, choosing to
incur the environmental compliance cost for greater exclusive innovation gains. This leads both innovators to
spontaneously evolve towards dispersed research.
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Scenario two: r > rg

Innovators tend toward concentrated research. If regulation intensity exceeds the critical value, the compliance
cost for environmental protection is relatively high. Even if Player 1 (or Player 2) has superior green innovation
capability, Player 2 (or Player 1) may engage in green innovation to reduce compliance costs, joining the green
patent race and accepting the risk of patent race failure to lower these costs.

Equation (15) indicates that the value of 7y depends on parameters related to different innovation directions,
resulting in varied impacts of established environmental regulations on different innovation paths. Since m,
n, p are absolute parameters of the innovation direction and do not involve the comparison between the two
innovation directions, we take the partial derivatives with respect to k, j, s:

%:_ mx* (2 — p)
ok n*(2—j*sx*(2-p))
Org mxs*x(2—p)x(2—k=x(2—p))

<0 (16)

aijz n*(2—j*s*(2—p))2 0 0
Irg _jxmx*(2-p)x(2—kx(2-p)
s n*(?—j*s*(?—p))2 >0 1e)

From equations (16) to (18), it can be observed that r( is inversely proportional to the economic value
difference k between innovation directions, and directly proportional to both the pollution emission difference j
and the reduction intensity s. We assume that the initial state of r is at r¢. For innovation directions with a larger
economic value gap (smaller k), a smaller pollution emission gap (larger j), and less reduction intensity (larger
s), ro gets larger, thus leading r < rg, environmental regulation tends to guide innovators towards dispersed
research. Conversely, for directions with a smaller economic value gap (larger k), a larger pollution emission
gap (smaller j), and greater reduction intensity (smaller s), 7o gets smaller, leading r > rg, here, environmental
regulation tends to guide innovators towards concentrated research in green innovation.

5. EVOLUTIONARY GAME SIMULATION

5.1. Innovation direction selection process

We selected the following parameter values for our simulation: p = 0.5, j = 0.5, £ = 0.5, s = 0.5, m = 500,
n = 10, r = 2. The reasons for these values are as follows:

Taking China’s environmental protection tax law as an example, China’s environmental tax is based on the
pollution equivalent, with different amounts set for various pollutants. For instance, atmospheric pollutants are
taxed at 1.2 to 12 yuan per pollution equivalent, and water pollutants are taxed at 1.4 to 14 yuan per pollution
equivalent. Furthermore, for taxpayers whose emission concentrations of taxable atmospheric or water pollutants
are below 30% of national and local standards, the tax is reduced to 75% of the original tax. If the emission
concentrations are below 50% of the standards, a 50% tax reduction is applied. Based on these legal provisions,
r can range from 1.2 to 14, and s can be 0.5 or 0.75. In this study, we set r = 2 and s = 0.5.

Since a significant difference in economic value and pollution emissions between the two directions would lack
comparability, while a negligible difference would not effectively reflect directional choice, we select intermediate
values, namely j = k = 0.5. The values for m and n are absolute quantities for innovation directions and are
chosen with flexibility. Based on the OECD database, the proportion of environmental taxes to GDP ranges
from 0.01% to 3.79%. This implies that (n*rx(j*s+1))/(m=*(k-+1)) should fall within this range. Thus, we set
m = 500 and n = 10, resulting in the proportion of environmental tax to economic value as 3.33%. Therefore, the
selected parameter values are consistent with real-world situations. Figure 4 shows the evolutionary trajectories
simulation of z and y.

From Figure 4, it is apparent that the innovation strategies evolve towards (0,1) and (1,0), supporting the
earlier evolutionary game analysis conclusion that innovators tend towards dispersed research. It should be noted
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FIGURE 4. Simulation of innovation direction selection.

that since environmental regulation cannot increase indefinitely, there is no scenario of concentrated research
after satisfying the aforementioned real-world value conditions. Therefore, the subsequent discussion will focus
on the context of dispersed research.

5.2. Analysis of social benefits of innovations

Adjustments in environmental regulation not only need to guide the innovation direction but also aim to
maximize social benefits. Since the innovation direction will gradually evolve into dispersed research, the social
benefits at this stage can be represented as:

Uzp*(R1+Rz):p*(1+ monrr ) (19)
0

mxk—n%xj*xrxs

Therefore, the objective function is:

maXU—p*<1+ monEr >

mxk—n*xjxrkxs

0<r< mak(k*(p—2)+2)
s.t.

nx(jks*(p—2)+2) (20)
0<k<1,0<j<1,0<s<1,0<p<1,0<m0<n.

As mentioned earlier, we set p = 0.5, s = 0.5, m = 500, and n = 10. We analyze how social benefits vary
with 7 and k& when r is set to 0.5, 1, 1.5, and 2. A higher value of r indicates stricter environmental regulation.
The result is shown in Figure 5.

From Figure 5, we can draw the following conclusions:

Firstly, when the gaps in economic value and pollution emissions of the two innovation directions are relatively
similar (i.e., k and j are close to 1), the damage to environmental quality from economic activities is relatively
low. Thus, the intensity of environmental regulation should be set at a low level. This can reduce compliance
costs for firms and allow innovators to allocate more funds to innovation activities, which is beneficial to overall
social benefits.
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The path of U as a function of j and k
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FIGURE 5. Simulation of social benefits.

Secondly, when there is a significant gap in the economic values of the two innovation directions (i.e., k is
close to 0), regardless of the pollution emissions gap, strict environmental regulation should be implemented to
achieve higher social benefits. This is because, with a large disparity in economic value between the innovation
directions, innovators are more willing to undertake the risk of failure. Consequently, innovation resources tend
to concentrate on non-green innovation areas, neglecting green innovation. This not only leads to resource
misallocation due to congestion in the innovation direction but also deteriorates the ecological environment.
Therefore, strict environmental regulation should be implemented to correct the excessive inclination towards
non-green innovation and maximize overall social benefits.

6. DISCUSSION AND RECOMMENDATIONS

6.1. Results and discussion

6.1.1. Research findings

Current research on environmental regulation and innovation often focuses on testing the Porter Hypothe-
sis [38,46]. Most studies are empirical [4,66] or analyze the game between governments and firms in setting
environmental regulations and environmental protection behaviors [3,63,67,68]. Few studies address the game
process of innovation direction choices. Additionally, the definition of innovation is usually broad, with only
some studies focusing on green innovation [6,7,69]. Cui et al. (2022) found that green innovation is primarily
driven by environmental protection policies [15]. However, few studies detail the contribution of environmental
regulation to the acquisition of green innovation resources.

The alleviation of innovation direction congestion has been a research hotspot in recent years [20,54], aiming
to optimize the allocation of innovation resources by guiding individual innovation behaviors [70]. Therefore,
exploring how environmental regulation directs innovation resources toward green innovation is necessary.
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Moreover, most studies suggest that adjustments in environmental regulation mainly depend on environmental
quality [7]. Few studies, however, examine the role of environmental regulation in innovation direction selection
from the perspective of innovation direction adjustments. Our study fills this research gap, providing new insights
into environmental regulation adjustments and promoting a positive cycle of sustainable development through
environmental regulation.

Overall, this study expands the Porter Hypothesis by demonstrating the contribution of environmental regu-
lation to sustainable development by guiding innovation resources towards green innovation. It also supplements
research on solving innovation direction congestion, providing academic significance. Combined with simulation
analysis, we explain the necessity of optimizing environmental regulation to achieve maximum social benefits,
presenting practical significance as well.

6.1.2. Limitations and future research

Although this study employs an evolutionary game model to analyze the game process of innovation direc-
tion selection by innovators, this method effectively reflects the evolution process of innovators’ decisions on
innovation direction [3, 58, 62]. It successfully simulates firms’ innovation strategies and demonstrates that the
long-term evolutionary result will stabilize in dispersed research, consistent with the findings of Hopenhay and
Squintani (2021). However, due to the difficulty in finding cases of innovation direction during the simulation
process, we used data from the Chinese environmental protection tax law and OECD database to perform the
simulation analysis. This approach inputs real data into the model as accurately as possible, adding practical
significance to the study.

Future research can further collect micro-enterprise data to analyze the process of innovators’ choices in
innovation direction, thereby providing more research evidence and recommendations for heterogeneous envi-
ronmental regulation.

6.2. Policy recommendations

Firstly, it is essential to reasonably adjust environmental regulations. This will not only improve environmental
quality but also guide innovation resources towards green innovation and achieve a positive cycle of sustain-
able development. Policymakers should evaluate the economic value and pollution emission gaps of innovation
directions. They can then use these evaluations as a reference to optimize the environmental regulations. Addi-
tionally, dynamic adjustments in the reduction extents of environmental taxes and national pollution standards
can reset the value gaps between innovation directions. This approach optimizes the allocation of innovation
resources, avoids frequent regulatory changes, and reduces policy uncertainty. To increase the attractiveness of
green innovation, policymakers can enhance its expected returns through incentives such as green innovation
subsidies and fast-track green finance channels.

Secondly, it is crucial to design and implement heterogeneous environmental regulations for different industries
and types of innovation. Policymakers should set varying regulatory standards based on industry characteristics
and innovation categories. For innovation directions with a large economic value gap, higher environmental
regulations should be applied to prevent resources from being excessively concentrated in non-green innovation.
Conversely, when economic value and pollution emission gaps are smaller, lower environmental regulations should
be implemented to reduce compliance costs for firms and achieve greater social benefits. Additionally, during the
implementation process, tax reductions and other policy combinations can optimize the effect of environmental
regulations on adjusting innovation directions. To ensure feasibility and acceptance, it is advisable to first
conduct pilot programs in specific industries or regions. Accumulating practical experience in this way can
facilitate gradual broader implementation.
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