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Abstract: In this study, we constructed a tripartite evolutionary game model for a large-scale enter-
prise (A), a small-scale enterprise (B), and a government, based on finite rationality and information
asymmetry. First, we investigated and analyzed the stakeholders of low-carbon technology innova-
tion (LCTI) and constructed a tripartite evolutionary game model. Then, we analyzed the conditions
for the stability of different equilibrium points. Finally, we carried out numerical simulations using
MATLAB 2020b to analyze the evolutionary processes and patterns of the different parameters. We
found that the government’s strategic choice is always to participate in LCTI, which is conducive to a
healthy LCTI environment. Governments can participate in LCTI consortiums through policy-driven
reward and punishment mechanisms. Our simulation demonstrated that the size of enterprises influ-
ences their choice of LCTI strategy, and government reward and punishment mechanisms influence
both large and small firms. Large firms are more prepared to accept the risks of LCTI and maintain a
reciprocal LCTI strategy even in a high-cost scenario, while small firms are more sensitive to the costs
and benefits. Thus, government reward and punishment mechanisms should take full account of
small-scale enterprises. We propose a sound reward and punishment mechanism for LCTI that limits
the opportunistic behavior of enterprises. Therefore, this paper is a complement to theories such as
innovation systems and provides new thinking for low-carbon technology innovation cooperation
of enterprises. Meanwhile, the reward and punishment mechanism proposed in this paper has
important practical value for the government.

Keywords: opportunism; reciprocity; evolutionary games; low-carbon technology innovation;
environmental taxes

1. Introduction

The overexploitation of fossil fuels has led to rapid global economic growth, resource
depletion, and the greenhouse effect. According to the Global Carbon Project (GCP)
“Global Carbon Budget 2020” report, global carbon dioxide emissions from fossil energy
combustion have been rising over the past decade, averaging 9.6 GtC per year [1]. In
November 2021, the Glasgow Climate Convention was signed at the 26th United Nations
Climate Change Conference (COP26). The Convention indicated that human activities
have contributed to a global average warming of about 1.1 ◦C above pre-industrial levels,
and that this trend is set to continue [2]. As the average global temperature rises, the risk of
extreme weather events increases. According to the World Meteorological Organization’s
“Global Climate Report 2021” [3], the United States experienced severe cold weather in
February, a heatwave struck North America in June, and July saw flooding in Western
Europe and extreme rainfall in China.

Low-carbon technology innovation (LCTI) is an effective way to reduce corporate
carbon emissions [4]. In addition to increasing investment in low-carbon technology
research, governments have implemented policies such as carbon trading, carbon taxes,

Systems 2022, 10, 118. https://doi.org/10.3390/systems10040118 https://www.mdpi.com/journal/systems

https://doi.org/10.3390/systems10040118
https://doi.org/10.3390/systems10040118
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/systems
https://www.mdpi.com
https://doi.org/10.3390/systems10040118
https://www.mdpi.com/journal/systems
https://www.mdpi.com/article/10.3390/systems10040118?type=check_update&version=2


Systems 2022, 10, 118 2 of 20

and regulations to promote LCTI [5]. An increase in carbon taxes results in a stable but
less profitable equilibrium for both low- and non-low-carbon firms. In contrast, when
the government provides subsidies to only low-carbon firms, all firms earn higher profits,
meaning that non-low-carbon firms receive a portion of the subsidy, thus weakening its
incentive effect [6]. However, promoting LCTI requires not only incentives, such as carbon
tax incentives, but also corresponding penalties. All administrative penalties can encourage
firms to engage in technological innovation [7]. Chen and Hu argue that a bilateral dynamic
punishment mechanism is more effective and can provide more incentives for firms [8].
This indicates that the government needs to play an important role in the LCTI system.

Firms that choose to collaborate on LCTI are likely to act opportunistically to maximize
their benefits. Information and resource asymmetries have a significant and positive impact
on opportunism [9]. Contract theory argues that opportunism causes economic harm
and violates ethical norms [10]. Opportunistic behavior is the devious pursuit of self-
interest [11]; for example, when one party to a collaboration acquires the other party’s
knowledge and terminates the collaboration before disclosing their own. Opportunism and
technological uncertainty alone may not be sufficient to moderate the interdependence–
cooperation relationship [12]. In addition, opportunism is a major threat to the survival and
success of technology innovation alliances [13], which indicates that we must address the
opportunistic nature of business collaboration in LCTI through a combination of factors.

In this study, we analyzed the relationship between a large-scale enterprise (A), a
small-scale enterprise (B), and a government in the LCTI system. The LCTI activities of
enterprises involve several agents, including other enterprises, research institutions, invest-
ment institutions, and local governments, which form an innovation network. Companies
can collaborate with businesses and with research institutions. Benefits are important for
maintaining cooperation in technological innovation. The high costs and risks have made
many enterprises reluctant to take the initiative in LCTI. As a result, the drive for profit has
encouraged opportunistic behavior by some enterprises in the process of collaboration.

Therefore, the motivation of this paper is summarized as: How to understand the LCTI
behavior of firms of different sizes under bilateral reward and punishment mechanisms?
How to clearly describe the role played by the government in LCTI? To address these
questions, this paper introduces evolutionary game theory to model the behavior of the
interaction between the government and enterprises of different scales, and analyzes the
evolutionary process and equilibrium point of their game behavior. Our main research
contributions are as follows: First, we introduce government bilateral incentives and
penalties into the evolutionary game model constructed to analyze the impact of LCTI
on firms of different sizes. Second, we consider the different reciprocal and opportunistic
cooperative behaviors of differently sized firms. Third, we propose a well-developed
government-led award and punishment mechanism that offers different penalties and
incentives for enterprises of different sizes to achieve a stable LCTI system.

The remainder of this paper is constructed as follows: In Section 2, we review the
literature related to this study, and in Section 3, we describe the research framework,
evolutionary game model, payoff matrix, replicator dynamics functions, and stability
analysis of the equilibrium points. In Section 4, we analyze the sensitivity of the main
parameters of the three participants using numerical simulations, and in Section 5, we put
forward a promotion mechanism based on our findings. In Section 6, we summarize the
conclusions and limitations of our research.

2. Review of the Literature
2.1. A Study of the Evolution of LCTI

The research into the evolution of LCTI has focused on three dimensions. The first is
the impact level of low-carbon technology innovation. The cooperation of LCTI is influ-
enced by a variety of factors. For enterprises, there is a large gap between different sizes of
enterprises in their ability to innovate technology. Small- and medium-sized enterprises
are often unable to successfully carry out technological innovation due to insufficient
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funds [14]. The government occupies an important position in the technological innova-
tion system. Policy uncertainty dynamically adjusts firms’ technological innovation [15].
Moreover, the government can provide a strong server, gas pedal, and other functional
support for corporate technological innovation in the financial market through normal
intervention in the financial market [16,17]. Besides, LCTI is influenced by a variety of
other factors, including green credit policies [18], demand-side policies [19], environmental
regulation [20,21], emission trading schemes [22], economic scale and R&D efficiency [23],
carbon emission trading [24], low-carbon city pilot policies [25], and social low-carbon
awareness and culture [26].

The second is the managerial dimension of corporate LCTI. Corporate executives’
perceptions of LCTI influence corporate low-carbon management and financial perfor-
mance, and managerial discretion actively moderates the relationship between executives’
low-carbon perceptions and behavior [27]. This determines the type of decisions made by
companies in the process of technological innovation cooperation. Deng et al. argued that
firms can improve their LCTI through the incentives of cost-sharing contracts, which are
conducive to increased profits [28]. This belongs to reciprocal technological innovation
cooperation, which is the key to technological innovation cooperation. In addition, oppor-
tunism as a moral decision plays an important role in the perspective of management ethics
of technological innovation [29].

The third dimension is the study of LCTI systems. Building an LCTI system requires
theoretical support for long-term development and different development needs [30]. Yang
et al. constructed a composite system dynamics, synergistic evolution model, to form an
LCTI system for new energy enterprises [31]. Yuan et al. constructed an innovation system
of industry-academia-research knowledge sharing, a system that includes elements such as
innovation benefit distribution, innovation cost sharing, and opportunistic benefits [32].

2.2. Research Methodology of LCTI

Researchers have used a variety of approaches and models to study LCTI, including
the analytic hierarchy process (AHP), grey theory and fuzzy clustering analysis [33], the
interpretative structural modeling method (ISM) [26], structural equation models [34], the
logarithmic mean division index (LMDI) model [35], system dynamics, and questionnaire
surveys [36]. Evolutionary games are also a common research method. As LCTI involves
the cooperation of multiple actors, researchers study the LCTI behavior of multiple subjects
participating in these evolutionary games, hoping to achieve an equilibrium within the LCTI
system to promote a low-carbon economy. Zhao et al. constructed a new public–private
partnership for personal carbon accounts (PPP-PCAs), building a three-party evolutionary
game involving the government, the private sector, and consumers [37]. Yuan and Zheng
selected the government, businesses, and consumers to construct their three-party LCTI
evolutionary game model [38], while Zhou and Ren developed a model based on a spatial
public goods game to solve the free-riding problem [39].

The literature review revealed that few studies have focused on LCTI collaboration by
analyzing the relationship between governments and firms of different sizes. The same
is true of studies based on the assumption of limited rationality. Moreover, no studies
have analyzed the problem of corporate opportunism in the cooperation process, which
clearly impacts LCTI outcomes. In this study, we constructed an asymmetric evolutionary
game model for large-scale firms, small-scale firms, and governments. We introduced a
government reward and punishment mechanism, and a numerical simulation to analyze the
stability of the cooperation in different scenarios. Figure 1 depicts a relationship diagram
for LCTI under a government reward and punishment mechanism.
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3. Model Construction
3.1. Basic Assumptions

In this study, we conceptualized innovation cooperation between firms and gov-
ernments as a dynamic game process, and proposed the following basic assumptions to
maintain the objectivity and scientific nature of our research:

Assumption 1. External forces do not guide the decisions of the subjects in the LCTI game
system that influence the system evolution outcomes. The evolutionary game model includes three
stakeholders: a large-scale enterprise (A), a small-scale enterprise (B), and the government.

Assumption 2. Enterprises have two strategic options: reciprocity and opportunism. Enterprise
A occupies a dominant position in the market. A firm’s market share influences the cost of its
innovation collaboration. Companies A and B have equal LCTI requirements and both expect to
achieve greater market returns from their input costs. They have limited rationality, can make
independent decisions, and are committed to maximizing their benefits.

Assumption 3. The government has two strategic options: participation and non-participation.
Government involvement in LCTI can both positively and negatively affect businesses. The
government can provide carbon tax incentives while also playing the role of supervisor, imposing
penalties on opportunistic firms. Government involvement and corporate reciprocity can be
environmentally and economically beneficial, but the opportunistic behavior of enterprises can be
detrimental to the government.

Assumption 4. The probability of enterprise A (or B) choosing reciprocity is x( or y) ∈ [0, 1], and
their probability of choosing opportunism is 1− x(or 1− y); the probabilities of the government
choosing participation or non-participation are zε[0, 1] and 1− z, respectively. The matching of
randomly selected individuals from the three groups becomes a simple 2× 2× 2 game subsystem.
The game subsystem can be simplified into two strategies: firms can seek to cooperate with other
firms, universities, and research institutions by choosing either reciprocity (Ax, By) or opportunism
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(A1−x, B1−y). Governments can participate in corporate LCTI (GZ), or adopt a wait-and-see
attitude and not participate (G1−Z).

Based on the abovementioned assumptions, Table 1 lists the parameter symbols and
definitions used throughout this paper.

Table 1. Major notations.

Parameters Meanings

W Market value of LCTI.

∆W Extra gains earned by firms from total market returns when they choose opportunism (hence also the
losses incurred by reciprocal firms).

I Total cost of investment required for corporate LCTI.
∆I Additional cost to companies when they choose reciprocity for LCTI.
α Proportion of the share of enterprise A in the market.
β Government’s carbon tax subsidy for LCTI.
P1 Probability of LCTI success under reciprocity.
P2 Probability of LCTI success under opportunism.
E Environmental and economic gains for the government when participating in LCTI.

E11 Additional benefits to the government when both enterprises A and B practice reciprocity.
E10 Additional benefits to the government when only one enterprise chooses reciprocity.
L1 Government penalties for enterprise A when it chooses opportunism.
L2 Government penalties for enterprise B when it chooses opportunism.

S1
Environmental and economic losses incurred by the government when one business chooses
opportunism and the other reciprocity.

S2 Environmental and economic gains for the government when both enterprises choose opportunism.

We obtained the game matrix and payoff matrix of the three parties according to the
strategies available to each, as shown in Tables 2 and 3.

Table 2. The game matrix of the three parties.

Enterprise A Enterprise B
Government

Participation Non-Participation

Reciprocity Reciprocity
(

Ax, By, Gz
) (

Ax, By, G1−z
)

Opportunism
(

Ax, B1−y, Gz
) (

Ax, B1−y, G1−z
)

Opportunism Reciprocity
(

A1−x, By, Gz
) (

A1−x, By, G1−z
)

Opportunism
(

Ax1−, B1−y, Gz
) (

A1−x, B1−y, G1−z
)

Table 3. The payoff matrix of the three parties.

Strategy Combination Enterprise A Enterprise B Government(
Ax , By, Gz

)
(1 + β)αP1W − αI (1 + β)(1− α)P1W −

(1− α)I E + E11(
Ax , By, G1−z

)
αP1W − αI (1− α)P1W − (1− α)I E11(

Ax , B1−y, Gz
) (1 + β)αP1W − αI −

∆W − ∆I
(1 + β)(1− α)P2W −
(1− α)I + ∆W − L2

E + E10 + L2 − S1(
Ax , B1−y, G1−z

)
αP1W − αI − ∆W − ∆I (1− α)P2W − (1− α)I +

∆W E10 − S1(
A1−x , By, Gz

) (1 + β)αP2W − αI +
∆W − L1

(1 + β)(1− α)P1W −
(1− α)I − ∆W − ∆I E + E10 + L1 − S1(

A1−x , By, G1−z
)

αP2W − αI + ∆W (1− α)P1W −
(1− α)I − ∆W − ∆I E10 − S1(

Ax1−, B1−y, Gz
)

(1 + β)αP2W − αI − L1
(1 + β)(1− α)P2W −

(1− α)I − L2
E + L1 + L2 − S2(

A1−x , B1−y, G1−z
)

αP2W − αI (1− α)P2W − (1− α)I −S2

3.2. Model Establishment

The expected benefit of the reciprocity strategy for enterprise A is R11, the expected
benefit of the opportunism strategy is R12, and the average expected return is Rx.
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R11 = yz[(1 + β)αP1W − αI] + y(1− z)(αP1W − αI) + (1− y)z[(1 + β)αP1W − αI − ∆W − ∆I]
+(1− y)(1− z)(αP1W − αI − ∆W − ∆I)

(1)

R12 = yz[(1 + β)αP2W − αI + ∆W − L1] + y(1− z)(αP2W − αI + ∆W)
+(1− y)z[(1 + β)αP2W − αI − L1] + (1− y)(1− z)(αP2W − αI)

(2)

Rx = xR11 + (1− x)R12 (3)

Based on Equations (1)–(3), we constructed the replicator dynamics function for
enterprise A as follows:

F(x) = x(R11 − Rx) = xR11 + (1− x)R12 (4)

The expected benefit of the reciprocity strategy for enterprise B is R21, the expected
benefit of the opportunism strategy is R22, and the average expected return is Ry.

R21 = xzα1[(1 + β)(1− α)P1W − (1− α)I]+x(1− z)[(1− α)P1W − (1− α)I]
+(1− x)zα1[(1 + β)(1− α)P2W
−(1− α)I + ∆W − L2]+(1− x)(1− z)[[1− α)P2W − (1− α)I + ∆W]

(5)

R22 = xzα2[(1 + β)(1− α)P1W − (1− α)I − ∆W − ∆I] + x(1− z)[ (1− α)P1W− (1− α)I−∆W −∆I]+(1− x)z[(1 + β)(1− α)P2W − (1− α)I − L2]+(1− x)(1− z)[(1− α)P2W − (1− α)I]
(6)

Ry = yR21 + (1− y)R22 (7)

Based on Equations (5)–(7), we constructed the replicator dynamics function for
enterprise B as follows:

F(y) = y
(

R21 − Ry
)
= yR21 + (1− y)R22 (8)

The expected benefit of the participation strategy for the government is R31, the expected
benefit of the non-participation strategy is R32, and the average expected return is Rz.

R31 = xy(E + E11) + x(1− y)E11 + (1− x)y(E + E10 + L2 − S1) + (1− x)(1− y)(E10 − S1) (9)

R32 = xy(E + E10 + L1 − S1) + x(1− y)(E10 − S1) + (1− x)y(E + L1 + L2 − S2) + (1− x)(1− y)(−S2) (10)

Rz = xR31 + (1− x)R32 (11)

Based on Equations (9)–(11), we constructed the replicator dynamics function for the
government as follows:

F(z) = z(U31 −Uz) = zU31 + (1− z)U32 (12)

3.3. Replicator Dynamic Analysis

Based on Equations (4), (8) and (12), we constructed the replicator dynamics function
and first-order derivative for the three parties as follows:


F(x) = dx

dt = x(1− x)[(y− 1)∆I + z(L1 + αβW(P1 − P2)) + αW(P1 − P2)− ∆W]

F(y) = dy
dt = y(1− y){(x− 1)∆I + z[L2 + βW(P1 − P2)(1− α)]− ∆W −W(P1 − P2)(α− 1)}

F(z) = dz
dt = z(1− z)[(1− x)L1 + (1− y)L2 + S1y(1− x) + E]

(13)
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
d(F(x))

dx = (2x− 1)[(1− y)∆I − z(L1 + αβW(P1 − P2))− αW(P1 − P2) + ∆W]
d(F(y))

dy = (2y− 1){(1− x)∆I − z[L2 + βW(P1 − P2)(1− α)] + ∆W + W(P1 − P2)(α− 1)}
d(F(z))

dz = (2z− 1){y[L2 + S1(x− 1)] + (x− 1)L1 − L2 − E}
(14)

3.3.1. Stability Analysis of Enterprise A

We analyzed of the enterprise A’s evolutionarily stable strategies such that F(x) = 0.
(1) We set G(y) = (1− y)∆I− z[L1 + αβW(P1 − P2)]− αW(P1 − P2) +∆W, and when

G(y) = 0, we obtained y = ∆W−z(L1+αβW(P1−P2))−αW(P1−P2)+∆I
∆I and F(x) ≡ 0. The game is

in a steady state regardless of the value of x.
(2) If G(y) 6= 0 and F(x) = 0, then x1 = 0, x2 = 1 is the evolutionary strategy. By the

nature of stable strategies in evolutionary games, enterprise A reaches a stable state when
F(x) = 0 and dF(x)

dx < 0. Then, we analyzed the different scenarios for G(y).

When G(y) < 0 and ∆W−z(L1+αβW(P1−P2))−αW(P1−P2)+∆I
∆I < y < 1, we determined that

dF(x)
dx

∣∣∣
x=1

< 0 and dF(x)
dx

∣∣∣
x=0

> 0. At this point, x = 1 is the steady state and enterprise A
prefers reciprocity, as shown in Figure 2a.
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When G(y) > 0 and 0 < y < ∆W−z(L1+αβW(P1−P2))−αW(P1−P2)+∆I
∆I , we determined that

dF(x)
dx

∣∣∣
x=1

> 0 and dF(x)
dx
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x=0

< 0. At this point, x = 0 is the steady state, and enterprise A
prefers opportunism, as shown in Figure 2b.

3.3.2. Stability Analysis of Enterprise B

We analyzed enterprise B’s evolutionarily stable strategies such that F(y) = 0.
(1) We set H(z) = (1− x)∆I− z[L2 + βW(P1 − P2)(1− α)]+∆W +W(P1 − P2)(α− 1),

and when H(z) = 0, we obtained z = (1−x)∆I+∆W+W(P1−P2)(α−1)
L2+βW(P1−P2)(1−α)

and F(y) ≡ 0. The game
is in a steady state regardless of the value of y.

(2) If H(z) 6= 0 and F(y) = 0, then y1 = 0, y2 = 1 is an evolutionary strategy. By the
nature of stable strategies in evolutionary games, enterprise B reaches a stable state when
F(y) = 0 and dF(y)

dy < 0. Then, we analyzed the different scenarios for H(z).
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When H(z) > 0 and 0 < z < (1−x)∆I+∆W+W(P1−P2)(α−1)
L2+βW(P1−P2)(1−α)

, we determined that dF(y)
dy

∣∣∣
y=1

>

0 and dF(y)
dy

∣∣∣
y=0

< 0. At this point, y = 0 is the steady state, and enterprise B prefers oppor-

tunism, as shown in Figure 3a.

Systems 2022, 10, x FOR PEER REVIEW 8 of 21 
 

 

3.3.2. Stability Analysis of Enterprise B 

We analyzed enterprise B’s evolutionarily stable strategies such that �(�)  =  0. 

(1) We set �(�)  =  (1 − �)∆� − �[�� + ��(�� − ��)(1 − �)] + ∆� + �(�� − ��)(� −

1), and when �(�)  =  0, we obtained � =  
(���)∆��∆���(�����)(���)

�����(�����)(���)
 and �(�) ≡ 0. The 

game is in a steady state regardless of the value of �. 

(2) If �(�) ≠ 0 and �(�)  =  0, then ��  =  0, ��  =  1 is an evolutionary strategy. By 

the nature of stable strategies in evolutionary games, enterprise B reaches a stable state 

when �(�)  =  0 and
��(�)

��
< 0. Then, we analyzed the different scenarios for �(�). 

When �(�) > 0  and 0 < � <
(���)∆��∆���(�����)(���)

�����(�����)(���)
, we determined that 

��(�)

��
�

���
> 0 and 

��(�)

��
�

���
< 0. At this point, � =  0 is the steady state, and enterprise B 

prefers opportunism, as shown in Figure 3a. 

When �(�) < 0  and 
(���)∆��∆���(�����)(���)

�����(�����)(���)
< � < 1 , we determined that 

��(�)

��
�

���
< 0 and 

��(�)

��
�

���
> 0. At this point, � =  1 is the steady state, and enterprise 

A prefers reciprocity, as shown in Figure 3b. 

x

y

z

x

y

z

(a) (b)
 

Figure 3. Replicator dynamic phase diagram of enterprise B. 

3.3.3. Stability Analysis of Government 

We analyzed the government’s evolutionarily stable strategies such that �(�)  =  0. 

(1) We set �(�)  =  �[�� + ��(� − 1)] + (� − 1)�� − �� − �, and when �(�)  =  0, we 

obtained � =  
�����(���)��

�����(���)
 and �(�) ≡ 0. The game is in a steady state regardless of the 

value of �. 

(2) If �(�) ≠ 0 and �(�)  =  0, then ��  =  0, ��  =  1 is the evolutionary strategy. 

By the nature of stable strategies in evolutionary games, the government reaches a stable 

state when �(�)  =  0 and
��(�)

��
< 0. Then, we analyzed the different scenarios for �(�). 

If �(�) > 0, then 
�����(���)��

�����(���)
< � < 1, and we determined that 

��(�)

��
�

���
> 0 and 

��(�)

��
�

���
< 0. At this point, � =  0 is the steady state, and the government prefers non-

participation, as shown in Figure 4a. 

If �(�) < 0, then 0 < � <
�����(���)��

�����(���)
, and we determined that 

��(�)

��
�

���
< 0 and 

��(�)

��
�

���
> 0. At this point, � =  1 is the steady state, and the government prefers partic-

ipation, as shown in Figure 4b. 

Figure 3. Replicator dynamic phase diagram of enterprise B.

When H(z) < 0 and (1−x)∆I+∆W+W(P1−P2)(α−1)
L2+βW(P1−P2)(1−α)

< z < 1, we determined that
dF(y)

dy

∣∣∣
y=1

< 0 and dF(y)
dy

∣∣∣
y=0

> 0. At this point, y = 1 is the steady state, and enterprise A

prefers reciprocity, as shown in Figure 3b.

3.3.3. Stability Analysis of Government

We analyzed the government’s evolutionarily stable strategies such that F(z) = 0.
(1) We set U(y) = y[L2 + S1(x− 1)] + (x− 1)L1 − L2 − E, and when U(y) = 0, we

obtained y = E+L2−(x−1)L1
L2+S1(x−1) and F(y) ≡ 0. The game is in a steady state regardless of the

value of y.
(2) If U(y) 6= 0 and F(y) = 0, then z1 = 0, z2 = 1 is the evolutionary strategy. By the

nature of stable strategies in evolutionary games, the government reaches a stable state
when F(z) = 0 and dF(z)

dz < 0. Then, we analyzed the different scenarios for H(y).

If U(y) > 0, then E+L2−(x−1)L1
L2+S1(x−1) < y < 1, and we determined that dF(z)

dz

∣∣∣
z=1

> 0

and dF(z)
dz

∣∣∣
z=0

< 0. At this point, z = 0 is the steady state, and the government prefers
non-participation, as shown in Figure 4a.
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If U(y) < 0, then 0 < y < E+L2−(x−1)L1
L2+S1(x−1) , and we determined that dF(z)

dz

∣∣∣
z=1

< 0

and dF(z)
dz

∣∣∣
z=0

> 0. At this point, z = 1 is the steady state, and the government prefers
participation, as shown in Figure 4b.

3.4. Stability Analysis of Equilibrium Points

We set dx
dt = 0, dy

dt = 0, and dz
dt = 0, and according to Equation (13), we obtained nine

equilibrium points of this system:E1(0, 0, 0), E2(0, 0, 1), E3(0, 1, 0), E4(0, 1, 1), E5(1, 0, 0),
E6(1, 0, 1), E7(1, 1, 0), E8(1, 1, 1), E9(x∗, y∗, z∗). If, and only if, x∗ ∈ [0, 1], y∗ ∈ [0, 1], and
z∗ ∈ [0, 1], then E9(x∗, y∗, z∗), according to Equation (14), is an equilibrium point.

(y− 1)∆I + z(L1 + αβW(P1 − P2)) + αW(P1 − P2)− ∆W = 0
(x− 1)∆I + z[L2 + βW(P1 − P2)(1− α)]− ∆W −W(P1 − P2)(α− 1) = 0

(1− x)L1 + (1− y)L2 + S1y(1− x) + E = 0
(15)

Based on the method proposed by Friedman, we calculated the evolutionarily stable
strategy of the system by analyzing the local stability of the Jacobian matrix [40]. We
obtained the Jacobian matrix (J) from Equation (15), as follows:

J =


∂F(x)

∂x
∂F(x)

∂y
∂F(x)

∂z
∂F(y)

∂x
∂F(y)

∂y
∂F(y)

∂z
∂F(z)

∂x
∂F(z)

∂y
∂F(z)

∂z

 =

n11 n12 n13
n21 n22 n23
n31 n32 n33

 (16)

where

n11 = (2x− 1){(1− y)∆I − z[L1 + αβW(P1 − P2)]− αW(P1 − P2)− ∆W}
n12 = x(1− x)∆I
n13 = x(1− x)[L1 + αβW(P1 − P2)]
n21 = y(1− y)∆I
n22 = (2y− 1){(1− x)∆I − z[L2 + βW(P1 − P2)(1− α)] + ∆W + W(P1 − P2)(α− 1)}
n23 = y(1− y)[L2 + βW(P1 − P2)(1− α)]
n31 = −z(1− z)(L1 + S1y)
n32 = z(1− z)[S1 − S1x− L2]
n33 = (2z− 1){y[L2 + S1(x− 1)] + (x− 1)L1 − L2 − E}

Based on the previous assumptions, we determined that P1 > P2, E11 > E10 and S2 >
S1, and analyzed the local stability of the equilibrium point. When the eigenvalues of the
Jacobi matrix are all negative, the equilibrium point is the evolutionary stability strategy
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(ESS) [40]. Table 4 shows the eigenvalues of the Jacobi matrix corresponding to each equilib-
rium point; the possible stable points are E2(0, 0, 1), E4(0, 1, 1), E6(1, 0, 1), and E8(1, 1, 1).

Table 4. Stability analyses for enterprise A, enterprise B, and the government.

Equilibrium
Points Eigenvalues Eigenvalue

Symbol State Stability
Condition

E1(0, 0, 0)
αW(P1 − P2)− ∆I − ∆W uncertain

Unstable point —W(P1 − P2)(1− α)− ∆I − ∆W uncertain
L1 + L2 + E +

E2(0, 0, 1)
L1 + αW(P1 − P2)(β + 1)− ∆I − ∆W uncertain

ESS 1©L2 − ∆I −W(P1 − P2)(1− α)(1− β)− ∆W uncertain
−L1 − E −

E3(0, 1, 0)
αW(P1 − P2)− ∆W uncertain

Unstable point —∆I + ∆W −W(P1 − P2)(1− α) uncertain
S1 + E +

E4(0, 1, 1)
L1 + αW(P1 − P2)(β + 1)− ∆W uncertain

ESS 2©∆I − L2 + W(P1 − P2)(1− α)(1− β) + ∆W uncertain
−L1 − S1 − E −

E5(1, 0, 0)
∆I − αW(P1 − P2) + ∆W uncertain

Unstable point —W(P1 − P2)(1− α)− ∆W uncertain
L2 + E +

E6(1, 0, 1)
∆I − L1 − αW(P1 − P2)(β + 1) + ∆W uncertain

ESS 3©L2 −W(P1 − P2)(1− α)(1− β)− ∆W uncertain
−L2 − E −

E7(1, 1, 0)
∆W − αW(P1 − P2) uncertain

Unstable point —∆W −W(P1 − P2)(1− α) uncertain
E +

E8(1, 1, 1)
∆W − L1 − αW(P1 − P2)(β + 1) uncertain

ESS 4©∆W − L2 + W(P1 − P2)(1− α)(1− β) uncertain
−E −

E9 eigenvalues with different valence Saddle point

Note: 1©: ∆I + ∆W > L1 + αW(P1 − P2)(β + 1), ∆I + W(P1 − P2)(1− α)(1− β) + ∆W > L2.
2©: ∆W > L1 + αW(P1 − P2)(β + 1), L2 > W(P1 − P2)(1− α)(1− β) + ∆I + ∆W. 3©:L1 + αW(P1 − P2)(β + 1) >

∆I + ∆W, W(P1 − P2)(1− α)(1− β) + ∆W > L2. 4©: L1 + αW(P1 − P2)(β + 1) > ∆W, L2 > ∆W +
W(P1 − P2)(1− α)(1− β).

4. Numerical Simulation and Results

To verify the validity of the evolutionary stability analysis, numerical simulations are
conducted using Matlab 2020b. In the LCTI system, the large-scale enterprise (A) is in
the main position with frequent innovation activities, and its market share is higher than
that of the small-scale enterprise (B). According to the theory of resource complementarity,
the probability of successful technological innovation is higher for firms with reciprocal
cooperation than that of opportunistic innovation. In the process of parameter setting, it is
ensured that the parameters are meaningful and the assigned values are consistent with
the research hypothesis. Therefore, the model was assigned numerical values [41–44].

4.1. The Dynamic Evolution of ESS

According to Table 4, there are four possible equilibrium points for this system,
E2(0, 0, 1), E4(0, 1, 1), E6(1, 0, 1) and E8(1, 1, 1), corresponding to Case 1, Case 2, Case 3,
and Case 4. Every case corresponds to a set of parameter values, as shown in Table 5.

Table 5. The parameter values for each case in the evolutionary game model.

W ∆W I ∆I α β P1 P2 L1 L2 E S1 S2

Case 1 4 0.5 2 1 0.6 0.4 0.55 0.45 0.7 0.5 1 1 2
Case 2 3.5 0.7 2 0.5 0.6 0.6 0.6 0.4 1.2 1 1 1 2
Case 3 4 1.5 2 0.5 0.6 0.5 0.6 0.2 2.5 0.5 1 1 2
Case 4 4 0.4 2 1.8 0.6 0.5 0.6 0.3 1.5 1 1 1 2

Case 1: When ∆I+∆W > L1 +αW(P1− P2)(β + 1) and ∆I+W(P1− P2)(1− α)(1− β)+
∆W > L2, the ESS is E2(0, 0, 1). Figure 5 shows the dynamic evolution after 50 simulations.
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Case 2: When ∆W > L1 + αW(P1 − P2)(β + 1) and L2 > W(P1 − P2)(1− α)(1− β) +
∆I + ∆W, the ESS is E4(0, 1, 1). Figure 6 shows the dynamic evolution after 50 simulations.
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Case 3: When L1 + αW(P1 − P2)(β + 1) > ∆I + ∆W and W(P1 − P2)(1− α)(1− β) +
∆W > L2, the ESS is E6(1, 0, 1). Figure 7 shows the dynamic evolution after 50 simulations.

Systems 2022, 10, x FOR PEER REVIEW 12 of 21 
 

 

 

Figure 5. Evolution of ��(0,0,1). 

.  

Figure 6. Evolution of ��(0,1,1). 

 

Figure 7. Evolution of ��(1,0,1). Figure 7. Evolution of E6(1,0,1).

Case 4: When L1 + αW(P1− P2)(β+ 1) > ∆W and L2 > ∆W +W(P1− P2)(1− α)(1− β),
the ESS is E8(1, 1, 1). Figure 8 shows the dynamic evolution after 50 simulations.
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As shown in Figure 5, for the parameter values of Case 1, E2(0, 0, 1) is the equilibrium
point, at which the system has only one evolutionarily stable strategy combination (op-
portunistic, opportunistic, participation). This is not a healthy environment for LCTI. In
all scenarios, the government chooses participation, which exemplifies the government’s
incentivization role in LCTI alliances.

As shown in Figure 6, for the parameter values of Case 2, E4(0, 1, 1) is the equilibrium
point, at which the system has only one evolutionarily stable strategy combination (oppor-
tunism, reciprocity, participation). As shown in Figure 7, for the parameter values of Case
3, E6(1, 0, 1) is the equilibrium point, at which the system has only one evolutionarily stable
strategy combination (reciprocity, opportunism, participation). These are the two most fre-
quent real-world scenarios, likely due to the disparities in the sizes of firms. Larger companies
are more willing to assume the cost of technological innovation, while smaller companies
cannot afford the risk of LCTI research and development, so most choose to free ride.

As shown in Figure 8, for the parameter values of Case 4, E8(1, 1, 1) is the equilibrium
point, at which the system has only one evolutionarily stable strategy combination (reciprocity,
reciprocity, participation). This is the ideal LCTI environment. The government provides
incentives for companies to participate in LCTI, which compensate for the time, financial
investment, and R&D costs of small-scale companies, allowing continued operation during
LCTI implementation. For example, in the field of new energy vehicles and photovoltaics,
once governments reduce their subsidies, many enterprises will face closure. This will waste a
lot of resources and lead to an imbalance in the development of local industries.

4.2. Punishment Analysis

Next, we analyzed the impact of changes in L1 and L2 on the process and outcome of the
evolutionary game. According to the values of Case 1, we set L1 = 0.7, 1.8, 2.5 and L2 = 0.5,
1.3, 2. Figure 9 shows the simulation results for 50 replications of the dynamic equations.
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According to Figure 9, increased government penalties for firm opportunism promote
reciprocal behavior during the evolution of the system to a point of stability. As L1 and L2 in-
crease, the probability of enterprises A and B choosing reciprocity rises. When L1 = 0.7→ 2.5
and L2 = 0.5→ 2, the equilibrium point changes from E2(0, 0, 1)→ E8(1, 1, 1) . Therefore,
to maintain the stability of the LCTI market, the government should increase the penalties
for corporate opportunism according to the size of the firm.

4.3. Parametric Analysis of Coefficient Parameters

To analyze the effect of changes in P1 and P2 on the process and outcome of the
evolutionary game, we set P1 = 0.6, 0.7, 0.8 according to the values of Case 4, and P2 = 0.4,
0.3, 0.2 according to the values of Case 1. Figures 10 and 11 present the simulation results
for 50 replications of the dynamic equations.
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According to Figure 10, the probability of successful reciprocal innovation is positively
related to the probability that a firm chooses reciprocity. As the value of P1 increases, more
firms choose reciprocity. According to Figure 11, the probability of successful opportunistic
innovation is inversely related to the probability of a firm choosing reciprocity. When
P2 = 0.2, firms have more to lose by choosing opportunism, and thus change from oppor-
tunism to reciprocity. In this scenario, the equilibrium point of the system changes from
E2(0, 0, 1)→ E8(1, 1, 1) . In the process of LCTI, several factors, such as the strength of the
collaborating institutions, the complexity of the low-carbon technology, and the allocation
of innovation resources among the actors, influence the values of P1 and P2. Companies
that tend to reciprocity must spend time and money finding the right research institute or
partner company to increase the probability of successful technology development.

4.4. Reward Analysis

Next, we analyzed the effect of changes in W and ∆W on the process and outcome of the
evolutionary game. According to the values in Case 3, we set W = 5, 4, 3 and ∆W = 1.8, 1.5, 1.1.
Figures 12 and 13 present the simulation results for 50 replications of the dynamic equations.
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According to Figure 12, the higher the market value of the LCTI, the higher the
probability that enterprises A and B will choose reciprocity. However, the large enterprise
A ultimately chooses reciprocity, while the smaller enterprise B chooses opportunism. This
may be because larger companies have larger assets and are more willing to continue to
expand. As a result, large companies tend to increase their market share and undertake
LCTI as the total value of the innovation market increases. While the total value of the
innovation market does increase small enterprise B’s probability of choosing reciprocity, it
is not sufficient to motivate the firm to choose reciprocity, because small enterprises cannot
afford the costs and risks of LCTI.

According to Figure 13, the higher the additional gains earned by the firm due to
opportunism, the higher the probability that large firm A chooses reciprocity and converges
to 1 faster. In this scenario, the probability of small firm B choosing opportunism increases
and eventually converges to 0. The likely reason for this is that large companies want to
accelerate innovative research through reciprocity, and then quickly take over the market
and reap the benefits. For small firm B, the higher the additional gains from opportunism,
the more attractive speculation is. This analysis shows the differences in the strategic
development goals of firms of different sizes.

4.5. Cost Analysis

To analyze the effect of changes in I and ∆I on the process and outcome of the evolu-
tionary game, we set I = 3, 2, 1 according to Case 3, and ∆I = 1.8, 1, 0.8, according to Case 4.
Figures 14 and 15 present the simulation results for 50 replications of the dynamic equations.
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According to Figure 14, the higher the cost of LCTI, the higher the probability that
a firm chooses opportunism. However, large enterprise A converges to reciprocity at I
= 2, while small enterprise B still chooses opportunism at this point, similar to the effect
of P2. According to Figure 15, the higher the additional cost of reciprocal innovation, the
lower the probability that a firm will choose reciprocity. However, large enterprise A still
chooses reciprocity, likely due to the difference in firm size. Large firms have the assets to
bear the cost of LCTI, but small firms do not. This suggests that government incentives are
necessary.

5. Discussion and Implications

Based on the above analysis and simulation, in this section we propose a reward and
punishment mechanism for LCTI under different steady states. Based on our findings, we
then suggest several policy implications.

5.1. Reward and Punishment Mechanism of LCTI

In our previous study, we found that the government’s strategic choice was always to
participate in LCTI, whereas firms of different sizes had different strategic choices. This
may be related to factors such as a firm’s risk-taking capacity, ability to pay for costs,
and resource reserves, as well as the market value of LCTI. Based on this, we propose a
government reward and punishment mechanism for different enterprise strategy choices,
as shown in Figure 16.

In scenario 1, the steady state of the system is E2(0, 0, 1), and the strategy combination
is opportunism, opportunism, participation. This is not a healthy or conducive LCTI
environment. In environments where reciprocity is absent, synergistic processes are often
interrupted or broken [45]. There is a need to impose penalties on opportunistic firms and
to document their behavior that is detrimental to benefits. This can take the form of infor-
mation disclosure, eligibility access, etc. The penalties received by firms of different sizes
are supposed to vary [7]. Otherwise, it would not be conducive to the stable development
of enterprises. Secondly, subsidies such as environmental taxes are essential, as they help
companies reduce the risks and costs of LCTI. Moreover, the subsidy coefficient should
be different for enterprises of different sizes. At the same time, governments should set
up special funds, encourage financial institutions to lend more, open up direct financing
channels, and establish a green capital monitoring system to support LCTI.

In Scenario 2, the steady state of the system is E4(0, 1, 1), E6(1, 0, 1), and only one firm
chooses reciprocity. Large-scale firms have a clear advantage, with more resources at their
disposal, so governments should develop differentiated policies. While providing the
relevant financial support to all firms, governments should increase tax incentives and
technical support for small-scale enterprises.
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In Scenario 3, the steady state of the system is E8(1, 1, 1), and the strategy combination
is reciprocity, reciprocity, participation. Reciprocal enterprises are a natural outcome of
social choice and contribute to a healthy LCTI environment [46]. This facilitates access
to more low-carbon technologies for firms of different sizes. This is also the result of
numerous scholarly studies on technological innovation [47,48]. It remains important to
scientifically define a reciprocal climate [49]. This reciprocity climate requires incentive
policies. The government should establish a statutory renewable energy quota system to
reasonably distribute resources among enterprises, and improve the application process
and protection policy for low-carbon technology patents to increase the conversion rate of
scientific research.

Scientific research institutions are another important factor in our reward and pun-
ishment mechanism, as companies can cooperate with these institutions as well as other
enterprises, increasing the rate of research implementation. In this regard, the government
should establish a risk-and benefit-sharing mechanism for LCTI to ensure fairness in the
distribution of benefits between research institutions and enterprises, and to safeguard the
rights and interests of research institutions.

5.2. Policy Implications

Reciprocity sustains LCTI. The government plays a very important role in LCTI al-
liances, as its incentivization and punishment policies influence all corporate LCTI strategy
choices. With this in mind, we propose the following policy implications.
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Forming LCTI consortiums with appropriate partner organizations, either research
institutions or relevant companies, is important, as it avoids collaboration with opportunis-
tic institutions. However, due to information asymmetry, companies must usually spend
a lot of time and money searching for appropriate partners. Therefore, the government
should help vet partner companies to reduce corporate search costs and place opportunistic
institutions on a blacklist, prohibiting them from working with other enterprises again.

The government should take responsibility for oversight by imposing penalties on
opportunistic enterprises and constructing a strict punishment mechanism [50]. The gov-
ernment should urge enterprises to consciously fulfill their social responsibilities and play
an active monitoring role to prevent opportunistic and free-riding behavior in LCTI. When
implementing tax incentives, the government must ensure that the incentives are greater
than the cost of LCTI to increase the probability of firms choosing reciprocity [51].

The construction of an LCTI information-sharing platform is crucial. This platform
will reduce the search costs incurred by enterprises, governments, and research institu-
tions; improve the quality of matches; and facilitate resource sharing and complementary
advantages for all parties, realizing a reciprocal LCTI system.

Improve the carbon emission rights trading system. Based on the carbon emissions
trading system, the results of low-carbon technology innovation have increased year by
year [24]. In Europe and the United States, carbon markets generally focus on climate
emission reduction as the main expenditure direction, and the management model is a
more independent carbon fund [52]. The regulation of carbon revenue fluctuations is also
valued. In addition, the EU carbon market has constructed a sound system for dividing the
share of funds. This has important implications for many developing countries.

6. Conclusions and Limitation
6.1. Conclusions

We constructed a tripartite evolutionary game model for a large-scale enterprise (A), a
small-scale enterprise (B), and a government based on finite rationality and information
asymmetry. Then, we carried out numerical simulations using MATLAB 2020b to analyze
the impact of different parameters. We found that the government’s strategic choice is
always to participate in LCTI by implementing reward and punishment mechanisms,
including penalties for opportunism and low-carbon tax incentives for businesses. Such
mechanisms affect both large-scale and small-scale businesses. Large firms are better able
to assume the risks of LCTI and maintain reciprocal LCTI, even in a high-cost scenario.

6.2. Limitation

However, we did not divide our evolutionary game model into multiple stages. Coop-
eration strategies between firms, governments, and research institutions can be dynamic;
for example, a firm might choose opportunism at the beginning of a partnership but reci-
procity at the end. Moreover, numerous actors can be involved in LCTI, so the construction
of a multi-subject, dynamic evolution game model is the next research direction.
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