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ABSTRACT Low-carbon technology innovation (LCTI) is an effective way to solve the problem of global
climate change and reduce carbon emissions. Therefore, using evolutionary game theory, this research
constructs a three-party evolutionary game model of LCTI involving the government, enterprises, and
consumers. Moreover, this research investigates the strategic choices of the three parties in the process of
LCTI, discusses the stability of the equilibrium point. In particular, it analyzes the influence of different
factors on the strategic choices of the three parties through numerical simulation. The results indicate that,
1) the government, enterprises, and consumers are affected to different degrees by each other’s initial
willingness; 2) the intensity of government regulation, innovation subsidies, and carbon tax rates have
different effects on enterprises and consumers; 3) consumers are more sensitive to innovation subsidies.
These results could provide references for enterprises to promote the development of LCTL.

INDEX TERMS Tripartite evolutionary game, low-carbon technology innovation, simulation analysis.

I. INTRODUCTION
Climate change caused by excessive greenhouse gas emis-

sions has attracted significant attention all over the world.
In 2015, almost 200 countries promised the Paris agreement
at the Paris climate conference, which defined the objectives
of global climate governance. As the world’s largest car-
bon emitter, China has made positive commitments to deal
with climate issues. In 2020, at the general debate of the
UN General Assembly and the Climate Ambition Summit,
Chinese President Xi Jinping announced that China aims to
have carbon dioxide emissions peak before 2030 and achieve
carbon neutrality before 2060 [1]. In 2021, the government of
China has written the ““double carbon” goal into the govern-
ment work report for the first time. China’s 14th Five-Year
Plan also points out to accelerate the promotion of green
and low-carbon development. Carbon peak and neutrality
goals have been upgraded to national strategies. Achieving
the “double carbon” goal is inseparable from science and
technology innovation [2]. Many studies have proved that
low-carbon technology innovation (LCTI) is an effective way
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to solve the problem of climate change and decrease carbon
emissions [3]-[5].

LCTI aims to reduce energy consumption, environmen-
tal pollution, and carbon emission and achieve energy
resources saving, ecological environment protection, and
energy conservation through technology innovation [6], [7].
At this stage, the government has adopted innovation
subsidies [8]-[11], carbon tax [12]-[15], and carbon emis-
sion trading systems [16]-[18] to guide enterprises to choose
LCTI. However, the development of LCTI has not reached
its expectations. Mainly because of the following reasons.
When enterprises carry out LCTI, they are often restricted
by factors such as high innovation cost and difficult promo-
tion of innovation services [19], [20]. In addition, consumers
are not enthusiastic about purchasing LCTI products due to
the influence of consumption preferences [21], [22], product
prices [23], social policy environment [24], and consumption
habits [25]. Consequently, the government needs to assume
the responsibility of administrative supervision and policy
support, take more active economic means to provide finan-
cial assistance for enterprises and consumers, promote enter-
prises to carry out LCTI, and guide consumers to purchase
LCTI products.
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At present, scholars’ research on LCTI concentrates
mainly on the application of LCTI achievements, the influ-
encing factors, and the dynamic mechanism of LCTI. Among
them, the research on the application of LCTI achievements
mainly focuses on the fields of electric power [26], [27],
construction [28], [29], new energy [22], agriculture [30],
etc. Concerning the study on the influencing factors of
LCTI, some scholars used empirical and qualitative analy-
sis methods to study the influence of government policies,
macro environment, and market on LCTI. For instance,
Pettersson et al. [31] found that climate policy could promote
the adoption of renewable energy in Sweden’s electricity
sector. Wu et al. [32] analyzed the factors affecting the
development of prefabricated construction in China by using
the factor analysis method. They concluded that the govern-
ment is the leader in the development of prefabricated con-
struction, technology, policy incentive, standardization, cost,
and entrepreneurial cognition have a positive impact on the
promotion of prefabricated construction. Bianka et al. [33]
used the DNE21 + model, and the Investment Preference
Index model to assess the impact of climate policy on the
European power sectors. They concluded that the carbon
price policy is conducive to stimulating European power
technology innovation. Bi et al. [34] used factor analysis
to analyze the effect of technology promotion, market pull,
and government regulation on LCTI. They concluded that
government regulation could positively facilitate the perfor-
mance of LCTIL. Xu et al. [35] used the structural equa-
tion model to analyze the influencing factors of technology
innovation behavior of equipment manufacturing enterprises.
They found that the willingness of technology innovation of
equipment manufacturing enterprises plays a positive role in
promoting their technology innovation behavior. Recently,
the evolutionary game theory has been gradually applied
to the research theme of green and low-carbon technology
innovation. Most researches involved evolutionary games
with different combinations between the government and
enterprises and introduced different simulation models to
analyze the effect of various factors on the evolutionary
strategy behavior of each subject. First, the game between
governments. For instance, Wang et al. [36] constructed a
two-party evolutionary game model between the central gov-
ernment and local government. They analyzed the impact
of different factors on the strategic choices of both sides.
Second, the game between the government and enterprises.
For example, Xu et al. [37] and Lyu et al. [38] established
the evolutionary game model among the government and
enterprises in the complex network environment to study the
impact of government incentives and penalties on enterprise
strategy selection from the perspective of LCTI diffusion.
The results showed that enterprises’ expectation of govern-
ment reward and punishment affects the diffusion rate of
LCTI. Xuetal. [39] also established a network evolution
game model between the government and cloud manufac-
turing enterprises. They concluded that government rewards
and punishments contribute to green collaborative innovation
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among cloud manufacturing enterprises. Yang et al. [40]
established a tripartite evolutionary game model involving the
government, domestic enterprises, and foreign enterprises.
They discussed the strategic choices of domestic enterprises
and foreign enterprises under different regulatory measures.
Third, the game between enterprises. Zhang et al. [41] and
Wang and Zheng [42] constructed the evolutionary game
model of green technology diffusion among manufacturing
enterprises. They concluded that the implementation of dif-
ferent low-carbon policies has different effects on the speed of
green technology diffusion among enterprises. Shi et al. [43]
and Zhai et al. [44] established an evolutionary game model
between two enterprises. They obtained that appropriate pol-
icy intervention is conducive to technical innovation by using
the numerical simulation analysis method. In addition, some
scholars began to pay attention to the role of public consumers
in green and low-carbon technology innovation and intro-
duced consumers as participants in the evolutionary game
model. For example, Cao et al. [45] constructed a tripartite
evolutionary game model of the government, enterprises, and
public consumers. They analyzed the role of public con-
sumers in promoting the diffusion of green technology inno-
vation. Based on their research, Wang’s research team [47-49]
analyzed the strategic choices of the government, enterprises,
and consumers by using the evolutionary game and system
dynamics methods. They found that consumers’ demand for
green products and green consumption consciousness have
an essential effect on promoting enterprise green technology
innovation.

To sum up, researchers have conducted more deep-going
studies on LCTI, most of them concentrate mainly on the
evolutionary game of different combinations between the
government and enterprises, using different qualitative analy-
sis methods and simulation models to explore the influence of
various environmental regulation measures on LCTI, ignor-
ing the demand and influence of consumers on LCTL. Thus,
this research builds a tripartite evolutionary game model
involving the government, enterprises, and consumers, ana-
lyzes the strategic choices of the government, enterprises,
and consumers in the process of LCTI, discusses the stability
of the equilibrium point, explores the influence of differ-
ent parameters on the strategic choices of the three parties
through numerical simulation. This article aims to provide
targeted suggestions for promoting LCTI, offer decision-
making support, and practical references for national man-
agers of relevant departments to make policies and contribute
to the development of the low-carbon economy.

The content of this research is as follows. Section2
describes the research problems, puts forward the basic
assumptions, gives the parameters symbols and meanings,
constructs a three-party evolutionary game model led by the
government, enterprises, and consumers. Section3 analyzes
the strategy selections of the three parties and determines the
stable equilibrium state of the model. Section4 establishes
the numerical simulation model and gives the analysis of
the corresponding results. Finally, Section5 concludes and
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proposes policy recommendations from three perspectives of
the government, enterprises, and consumers.

Il. TRIPARTITE EVOLUTIONARY GAME

MODEL CONSTRUCTION
A. PROBLEM DESCRIPTION

Evolutionary game theory is formed on the basis of biological
evolution theory. It uses the percentage of individuals who
choose different pure strategies in the group to replace the
mixed strategies in game theory. It is widely used to analyze
the decision-making choices of subjects [47-49]. LCTI is a
systematic project, it involves the interests of the government,
enterprises, universities, academic research institutions, and
consumers, and its mechanism is complex. According to the
existing research results and the purpose of this research,
this paper concentrates upon the government, enterprises, and
consumers. In this research, the government is the organizer
and leader of LCTI. The government can encourage enter-
prises to carry out LCTI and promote consumers to purchase
LCTI products through policy publicity, carbon tax pun-
ishment, innovation subsidies, and other means. Enterprises
are the main body of LCTI. Enterprises can provide LCTI
products and services for society. Consumers are buyers and
users of LCTI products. Purchasing LCTI products produced
by enterprises will stimulate enterprises to carry out LCTI
from the consumption market.

B. BASIC ASSUMPTIONS
For the three-party evolutionary game model of LCTI, the
following basic assumptions are proposed.

(1) According to the purpose of this research, there are
three participants in LCTI: the government, enterprises, and
consumers. They are all limited rational and have found
the optimal strategic solution through multiple games. The
strategies of government are (regulate, not regulate), where
“regulate” refers to human, physical, and financial resources
invested by the government to supervise and manage enter-
prises’ LCTI and provide innovation subsidies for enterprises
and consumers. The strategies of enterprises are (low-carbon
technology innovation, not low-carbon technology innova-
tion), where ‘‘low-carbon technology innovation” refers to
enterprises developing LCTI. The strategies of consumers
are (purchase, not purchase), where “purchase” refers to
consumers purchasing LCTT products.

(2) Set x (0 < x < 1) be the possibility of the government
selecting the strategy of “regulate’; while 1-x represents the
possibility of the government selecting the strategy of “not
regulate.” Similarly, y (0 <y < 1) represents the possibility
of enterprises selecting the strategy of ‘““low-carbon technol-
ogy innovation’’; then, the possibility of enterprises selecting
the strategy of ‘“‘not low-carbon technology innovation™ is
1-y. Finally, z (0 < z < 1) represents the possibility of con-
sumers selecting ‘“‘purchase’; the possibility of consumers
selecting “‘not purchase” is 1-z.

(3) When the government selects the strategy of “‘regu-
late,” it needs to invest a certain amount of human, physical,
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and financial resources in promoting and supervising LCTI.
The cost generated during this period is C;. R represents the
revenue obtained by the government when enterprises do not
carry out LCTL. If enterprises carry out LCTI, the increased
benefits of the government select “‘regulate” or “‘not regu-
late” are Ry and Rp2, such as the government’s reputation,
environmental improvement, and other social utilities.

(4) When enterprises choose ‘‘low-carbon technology
innovation,” the cost is Cj. If they choose ‘‘not low-carbon
technology innovation,” the benefit is R,. Ry; and Rap,
respectively, represents the increased benefits of LCTI by
enterprises, when the government chooses “regulate”” and
“not regulate.” If enterprises choose ‘‘not low-carbon tech-
nology innovation,” they need to pay a carbon tax to the
government as 7.

(5) When consumers purchase LCTI products, the
increased cost is C3, the increased benefit is R3;. If consumers
do not purchase LCTI products, the income obtained is R3.
When enterprises choose “low-carbon technology innova-
tion,” consumers can get some environmental benefits .

(6) o represents the cost subsidy coefficient of enterprise
low-carbon technology innovation; 8 represents the subsidy
coefficient for consumers to purchase LCTI products; y
represents the carbon tax rate; 6 represents the government
regulation intensity coefficient.

Based on the above mentioned assumptions, parameter
symbols and meanings used through this research are listed
below in Table 1.

C. MODEL CONSTRUCTION

According to the strategies available to the government, enter-
prises, and consumers, there are eight game strategy com-
binations among the three parties as follows: (Gy, Ey, C7),
(Gx, Ey, Cl—z)7 (Gx, El—y’ Cz)’ (G, El—y7 Cl—z)v (G1—x» Ey,
CZ)’ (G1—x, Eyv Cl—z)v (G1—x, El—yv Cz)v (G1—x, El—y7 Cl—z)-
Therefore, we can obtain the game matrix and the payoff
matrix of the three parties, as shown in Tables 2 and 3.

Ill. TRIPARTITE EVOLUTIONARY GAME

MODEL ANALYSIS

A. ANALYSIS OF THE GOVERNMENT'S

STRATEGIC STABILITY

As can be seen from Table 3, the regulate, not regulate, and
average expected revenue functions of the government are
Gy,Gi_y, and G, respectively. Then:

Gy = (Ri1—aCr—yT)y—BCiz+R1+yT —6C1 (1)
Gi—x = Rpy+ R ()
G_x = xGy + (1 —x)G1—x 3)

Thus, the dynamic replication equation of the government
can be obtained from equations (1-3):

Fg(x) = dx/dt = x(Gx — Gy)
=x(1 =x)[(R11 —Rip —aCy — yT)y
—BC3z+Ri — Ry +yT —0Ci] “4)
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TABLE 1. Parameter symbols and meanings.

Parameters Meanings
X Possibility of government regulate LCTI
y Possibility of enterprises carry out LCTI
z Possibility of consumers purchase LCTI products
G When the government regulates, supervision cost caused by human, physical, and financial resources
0 The government regulation intensity coefficient
R The government benefits when enterprises choose “not low-carbon technology innovation”
When enterprises choose “low-carbon technology innovation”and enterprises carry out LCTI, the
Ry government will increase the benefits, such as the social utility of the government’s reputation,
environmental improvement, etc.
When enterprises choose “not low-carbon technology innovation” and enterprises carry out LCTI, the
R government will increase the benefits, such as the social utility of the government’s reputation,
environmental improvement, etc.
a Enterprises innovation cost subsidy coefficient, that is, the ratio of innovation subsidies given by the
government to input costs for LCTI enterprises
Subsidy coefficient for consumers to purchase low-carbon innovative products, that is, the ratio of
B innovation subsidies given by the government to increased costs for consumers purchasing LCTI
products
G The cost when enterprises carry out LCTI
R, The benefits when enterprises choose “not low-carbon technology innovation”
R When the government choose “regulate,” the benefits increased by enterprises through LCTI
R When the government choose “not regulate,” the benefits increased by enterprises through LCTI
T The carbon tax levied by the government on enterprises that do not carry out LCTI
v Carbon tax rate
0 The government regulation intensity coefficient
C, The increased costs when consumers purchase LCTI products
R; The benefits obtained when consumers do not purchase LCTI products
R The increased benefits when consumers purchase LCTI products
E Some environmental benefits for consumers when enterprises engage in LCTIL

TABLE 2. The game matrix of the three parties.

Government Enterprises Purchase ConsumersNO t purchase
Low-carbon technology innovation (Gx JE,, C. ) (G.,E,,C l—z)
Regulate
Not low-carbon technology innovation (G; LEw,,C. ) (Gx ,Ev,,Ci. )
Low-carbon technology innovation (G, E,,C z) (Gl—x LE,,C.:)
Not regulate
Not low-carbon technology innovation (Gl-x LEL,C. ) (G1.; LEw,,Ci. )
TABLE 3. The payoff matrix of the three parties.

Strategy combination Government Enterprises Consumers
(G.,E,,C.) R+ Ry —aC, - pCs - 6C, R+ Ry —C +aC, Ry +E+ Ry —Cs + fCs
(G.,E,,Cv.) R+ Ry —aC, —yC, R, -C, +aC, Ri+E
(G.,E.,,C.) R+ T — BC; — 6C, R —yT R+ Ry — Cs + BCs
(G.,E.,,Cv) R +yT —6C R —yT R
(G, E,,C:) R+ Ri R+ Ry —C: Ri+E+ Ry —C;
(G, E,,C12) R+ R R, -C; R+ E
(G, Evy, C:) R R, R; + Ry —Cs
(Gix, Ery, Ci) R R, R;

The derivative of Fg(x) shows that:

Fg(x) = (1 =2x)[(Ri1 —Ri2 —aCy — yT)y

gies such that Fg(x) = 0 then:

An analysis of the government’s evolutionary stable strate-

® When (Rj; — R;p — aCy — yT)y — BC3z2 + R| —

—BC3z+ R — Ry +yT —0C1] (5) R, + yT — 6Cy = 0, then Fg(x) = 0. That means all
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x are in an evolutionary stable strategy. That is, whether
the government chooses the strategy of “regulate” or ‘“‘not
regulate.” The government’s strategic choice will not change
with time, as shown in Figure la.

@ When (R — R —aCy —yT)y— 8C3z+ R — Ry +
yT —6Ci > 0, then F(x)| _, > 0,and F;(x)| _, < 0.
x = lis anevolutionary stable strategy; the government tends
to choose “‘regulate,” as shown in Figure 1b.

@ When (R;| —R;p—aCy—yT)y—BC3z+R|—Ry+yT —
6C1 < 0, then Fj(x)| _, < Oand Fi(x)| _, > 0.x =0
is an evolutionary stable strategy; the government tends to
choose “‘not regulate,” as shown in Figure 1c.

B. ANALYSIS OF ENTERPRISES’ STRATEGIC STABILITY
The low-carbon technology innovation, not low-carbon tech-
nology innovation, and average expected revenue functions
of enterprises are E), E1_y, and E_y, respectively. Then:

Ey, =aCix+Ryz+ Ry — Gy (6)
Ey_y =Ry —yTx (7
Ey = yEy +1 _y)E]fy (8)

Thus, the dynamic replication equation of enterprises can
be obtained from equations (6-8):

Fg(y) = dy/dt = y(E, — Ey)
=y —aC+yT)x+Ryuz—C1  (9)

The derivative of Fg(y) shows that:
Fpy) =1 =2p)[(@Cy+yT)x + Rz —C2]  (10)

An analysis of enterprises’ evolutionary stable strategies
such that Fg(y) = 0 then:

® When (@Cy + yT)x + Ry1z — C, = 0, then Fg(y) =
0. Thus, all y are in an evolutionary stable strategy. That
is, whether enterprises choose the strategy of ‘‘low-carbon
technology innovation™ or ‘“‘not low-carbon technology inno-
vation,” enterprises’ strategic choice will not change with
time, as shown in Figure 2a.

@ When (¢Cy +yT)x +Ro1z— Cy > 0, then F,g(y)|y=0 >
0,and F é(y)!yzl < 0. Thus, y = 1 is an evolutionary stable
strategy; enterprises tend to choose ‘“‘low-carbon technology
innovation,” as shown in Figure 2b.

® When (¢C2 4+ yT)x +Ro1z— C, < 0, then F[E(y)|y:0 <
0, and F[E(y)|y:O > 0. Thus, y = 0 is an evolutionary
stable strategy; enterprises tend to choose ‘“not low-carbon
technology innovation,” as shown in Figure 2c.

C. ANALYSIS OF CONSUMERS’ STRATEGY STABILITY
The purchase, not purchase, and average expected revenue

functions of consumers are C,, C;_, and C,, respectively.
Then:

C,=BCx+Ey+R3+R31 —C3 (11
Ci: = Ey+R (12)
C =20+ (1-Ci_s (13)
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Thus, the dynamic replication equation of consumers can
be obtained from equations (11-13):

Fc(z) = dz/dt = (E; — E;)

= z(1 = 2)[BC3x + R31 — (3] (14)
The derivative of F(z) shows that:
Fe(z) = (1 = 29)[BC3x + R31 — C3] (15)

An analysis of consumers’ evolutionary stable strategies
such that F¢(z) = 0 then:

® When BCsx + R31 — C3 = 0, then F(z) = 0. Thus,
all z are in an evolutionary stable strategy. That is, whether
consumers choose the strategy of “purchase’ or “not pur-
chase,” the consumers’ strategic choice will not change with
time, as shown in Figure 3a.

@ When SCsx + R31 — C3 > 0F(z)|._, < O, then
F ’C(z)|Z:0 > 0, and. Thus, z = 1 is an evolutionary stable
strategy; consumers tend to choose ‘““purchase,” as shown
in Figure 3b.

@ When BC3x + R3; — C3 < 0, then F/C(z)|Z:0 < 0,
and F /C(z)|Z:0 > 0. Thus, z = 0 is an evolutionéry stable
strategy; consumers tend to choose ‘““‘not purchase,” as shown
in Figure 3c.

D. STABILITY ANALYSIS OF EQUILIBRIUM POINTS
In order to find the equilibrium point of the evolutionary game
among the three parties, we set Fg(x) = 0, FE(y) = 0,
Fc(z) = 0. Consequently, we obtain the three-party repli-
cation dynamical system, which can be expressed as:

Fe(x) =x(1 =0)[(R11 —Ri2 —aCy — yT)y

—BC3z+ R —Ry+yT —0C1]1=0
Fe(y) =y(1 = [(@Cy+yT)x + Raz— C2] =0
Fe(z) =z(1 = 2)[BC3x + R3; — C3]1 =0

According to equation (16), eight local equilibrium points
are derived: (0,0, 0), (1,0, 0), (0,1,0), (0,0,1), (1,0, 1),
(1,1,0), (0, 1, 1), (1, 1, 1).

Based on the method proposed by Friedman, the evolution-
ary stable strategy of the system can be obtained from the
local stability analysis of the Jacobian matrix [49]. There-
fore, we obtain the Jacobian matrix (A) from the above
equation (16), as follows:

Aq1 Arz Ags
A=Ay Axp A
A3z A3y Ass

(16)

where

Aip = (1 =20)[(R11 — Rz —aCy —yT)y

—BC3z+ Ry — Ry +yT —6Cy] (17
Ap = x(1 —x)(Ryy — Rz —aC, —yT) (13)
A = —x(1 —x)BC3 (19)
Az1 = y(1 = y)aCr +yT) (20)

Ap =1 =29)[(@Co+yT)x +Ryz—C] (2D
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1 1 1
14 y ¥
(a) (b) (c)
FIGURE 1. The evolution process of the government'’s strategy choice.
z zZ Z A
1 1 1
0 1 4 1 " . 1
X 7 4 X P X
1 1 1
y y y
(a) (b) ()
FIGURE 2. The evolution process of enterprises’ strategy choice.
z Z A Z
1 1 1
A ' A
0 1 | 1 1
X 1 X v 4 * X
1 1 1
y y ¥
(a) (b) ()
FIGURE 3. The evolution process of consumers’ strategy choice.
Az = y(1 — y)Ry (22) asymptotically stable. To facilitate the analysis of the symbols
Az = z(1 — 2)BC3 (23) of eigenvalues corresponding to different equilibrium points
and have generality, the stability strategy of the evolutionary
A =0 (24) o .
game is discussed in two cases:
Azz = (1 = 22)[BC3x + R31 — C3] (25) Case I: when —R1j+R12+aCy+BC3—R1+Ra+0C) < 0,

Based on Lyapunov’s indirect method, if the equilibrium
point is an evolutionary stable strategy, the eigenvalue of the
point in the corresponding Jacobian matrix is less than O,
that is, A < 0 [50]. Therefore, the eigenvalues of each
equilibrium point can be obtained by substituting each of the
eight equilibrium points into the Jacobin matrix, as shown
in Table 4.

By observing Table 4, it is clear that the second eigenvalue
A2 of the three eigenvalues of the equilibrium point (0,1,0)
is positive, concluding that this equilibrium point is not
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Cy —aCy —yT — Ry < 0,and C3 — BC3 — R31 < 0,
that is, the benefits of the government selecting to regulate
is greater than that of selecting not to regulate, the income
of enterprises carrying out LCTI is greater than that of not
carrying out LCTI, and the income of consumers purchasing
non-LCTT products is less than that of purchasing LCTI
products. Meanwhile, it can be seen from Table 4 that the
eigenvalues of the Jacobian matrix corresponding to (1,1,1)
are negative, so (1,1,1) is the evolutionary stability strategy.
As can be seen from Table 4, R3; — C3 + BC3; > 0 and
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TABLE 4. Eigenvalue of Jacobin matrix.

Strategy combination Gove;nment Ente;tprises Cons;Ltlmers
1 2 3

(0,0,0) R — R, + T — 6C, -C, Ry -G
(1,0,0) Ri— R, + 9T —6C T —C: +aC, Ry — Cs + BC;s
(0,1,0) Ri—Re—aC+ R — R, —6C C, Ry —C;
(0,0,1) —pC; + R — R + T — 6C, Ry —C, Cs — Ry
(1,0,1) BCs — R+ R, — T +6C W+ Ry —Cr +aC Cs — Cs — R
(1,1,0) —Ri+R:—R +R:+aC, +6C C.—aC,—yT Ry — Cs + fC;
(0,1,1) Ri—R:+R —R,—aC, - fC: —6C C:—Ra C; —Rs
1,1,1) —Ri+R:—R+R+aC.+ pC;+6C,  C,—aC, -y —Rx C; — BC;s — Ry

R11—C1p—aCr—BC3+R;—R,—60Cy > 0,(1,1,0) and (0,1,1)
are two unstable points. In this case, the system is stable at
the point (1,1,1), and its corresponding evolutionary stable
strategy is (regulation, low-carbon technology innovation,
purchase).

Case2: WhenR| —Ry+yT —60C; < 0,yT—Cr+aCy <
0, and R3; — C3 + BC3 < 0, the regulatory cost of the
government is greater than the regulatory income, and the
income of consumers from purchasing LCTI products is less
than the cost. At this time, it can be seen from Table 4 that
the eigenvalues of the Jacobian matrix correspond to the equi-
librium points (0,0,0) and (1,0,0) are negative, that is, (0,0,0)
and (1,0,0) are two evolutionary stability strategies; and since
C3 — R31 > 0, (0,0,1) is an unstable point. In this case, the
system is stable at point (0,0,0) and (1,0,0). Their correspond-
ing evolutionary stability strategies are (not regulate, not low-
carbon technology innovation, not purchase) and (regulate,
not low-carbon technology innovation, not purchase).

IV. NUMERICAL SIMULATION

From the whole process of LCTI, case 1 is a more appro-
priate choice, that is, the government chooses the “regulate”
strategy, enterprises choose the ‘‘low-carbon technology
innovation” strategy, and consumers choose the ‘“purchase”
strategy. The reasons involve three main aspects. First,
at present, LCTI is inseparable from the active promotion
and supervision of the government. Government participation
can promote the LCTI of enterprises. Second, as the core of
LCTI, enterprises choosing to carry out LCTI can improve
their social reputation, win the trust of consumers, and lay
a foundation for their future development. Third, consumers
are users of LCTI products. If consumers purchase LCTI
products, they can encourage enterprises to carry out LCTI
from the demand side.

To further verify the stability of the three-party evolution
of the government, enterprises, and consumers and analyze
the impact of relevant parameters on LCTI, this research uses
Matlab software to simulate case 1. Referring to the assign-
ment method in literature [30], the initial value of relevant
variables of each participant is set as follows: C; = 0.8,
C, =4,C3=05T=2,a0a =06,8=04y =03,
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0 =03,Rf =6,Rp =6,R;1 =7,Rp =2,Ry =6,
R3; =0.8.

A. INITIAL WILLINGNESS ON THE SYSTEM EVOLUTION
This section analyzes the impact of the initial willingness of
the government, enterprises, and consumers on the system
evolution under the condition that other parameters remain
unchanged. It is assumed that the initial willingness of the
government, enterprises and consumers is the same, which
is x = y = z, where x, y, and z assume the values of 0.4,
0.5, and 0.6, respectively. As can be seen from Figure 4,
with the increase of the initial willingness of the government,
enterprises, and consumers, the speed of each participant
converging to 1 is accelerating. Therefore, under the premise
of satisfying the interests of all parties, it can be seen from
Figure 4a and Figure 4b that the differences in the initial
willingness of the government, enterprises, and consumers
will have a particular effect on the evolution speed of the
system strategy, but will not change the final strategic choices
of the three parties, that is, the government selects the strategy
of “regulate,” enterprises select the strategy of “low-carbon
technology innovation,” and consumers select the strategy of
“purchase,” and the system converges to the asymptotically
stable point (1,1,1).

Figure 5a shows the effect of the change of the gov-
ernment’s initial willingness x on the strategic choices of
enterprises and consumers under the condition that other
parameters remain unchanged. We can find that the initial
willingness x of the government rises from 0.4 to 0.6, and
both enterprises and consumers will eventually converge to 1.
Meanwhile, with the increase of x, the convergence speed of y
and z gradually accelerates, and y converges to 1 quicker, and
finally, the three subjects converge to (1,1,1). It can be seen
that when the initial willingness of enterprises and consumers
remains unchanged, with the increase of the initial willing-
ness x of the government, the convergence rate of enterprises
and consumers to 1 will accelerate, and enterprises respond
more quickly to the change of the initial willingness of the
government.

Figure 5b shows the influence of the change of enter-
prises’ initial willingness y on the strategic choices of the
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FIGURE 4. The impact of the initial willingness x, y, and z on the system evolution.

government and consumers under the condition that other
parameters remain unchanged. We can find that the initial
willingness y of enterprises rises from 0.4 to 0.6, and both
the government and consumers will eventually converge to 1.
Meanwhile, with the increase of y, the convergence speed of
x and z will gradually accelerate, and the convergence speed
of z will be quicker. Ultimately, the three subjects converge
to (1,1,1). The results prove that when the initial willingness
of the government and consumers remains unchanged, with
the increase of the initial willingness y of the enterprises,
the convergence rate of the government and consumers to 1
will accelerate, and consumers respond more quickly to the
change of the initial willingness of enterprises.

Figure 5c shows the influence of the change of consumers’
initial willingness z on the strategic choices of the government
and enterprises when other parameters remain unchanged.
We can find that the initial willingness z of consumers rises
from 0.4 to 0.6, and both the government and enterprises will
eventually converge to 1. Concurrently, with the increase of
z, the convergence speed of x and y will gradually accelerate,
and the convergence speed of y to 1 is quicker. Finally, the
three subjects converge to (1,1,1). The results prove that
when the initial willingness of the government and enterprises
remains unchanged, as the initial willingness z of consumers
increases, the convergence rate of the government and enter-
prises to 1 will accelerate, and enterprises respond more
quickly to the change of consumers’ initial willingness.

B. GOVERNMENT REGULATION INTENSITY COEFFICIENT

ON THE SYSTEM EVOLUTION

This section analyzes the influence of the government
regulation intensity coefficient 6 on the system evolution
under the condition that other parameters remain unchanged.
In Figure 6, the government regulation intensity coefficient
increases from 0.1 to 0.9; at this time, the possibility of
the strategy for the government choosing ‘“‘regulate” and
the strategy for consumers choosing “purchase” gradually
decreases. In contrast, the possibility of the strategy for
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enterprises choosing ‘“low-carbon technology innovation”
gradually increases. We can see that the government regula-
tion has a certain influence on promoting enterprises LCTL.
The greater the intensity of the government regulation, the
greater the possibility of the strategy for the government
selecting ‘“‘low-carbon technology innovation.” However,
with the increase of the intensity of government supervi-
sion, the cost of human, physical resources, and financial
resources during the supervision period will also increase,
which reduces the possibility of the government choosing
“regulate.”” The government’s supervision will encourage
consumers to choose the strategy of “purchase.” At the same
time, government regulatory measures can also encourage
consumers to purchase LCTI products. Still, with the increase
of the government regulation intensity coefficient, the evo-
lution speed of consumers slows down, mainly because the
greater the intensity of government regulation, the more
enterprises produce LCTI products at one time, consumers
may have a choice barrier when purchasing, which will even-
tually lead to a decrease in the possibility of consumers’
strategy. Therefore, increasing the government regulation
intensity coefficient has a certain influence on both enter-
prises and consumers, and the influence on enterprises is
more significant.

C. ENTERPRISES INNOVATION COST SUBSIDY
COEFFICIENT ON THE SYSTEM EVOLUTION

This section analyzes the influence of enterprise innovation
cost subsidy coefficient « on the system evolution under the
condition that other parameters remain unchanged. As shown
in Figure 7, if the innovation cost subsidy coefficient for
enterprises increases from 0.1 to 0.9, the possibility of the
government selecting “‘regulate” and consumers selecting
“purchase” is gradually decreasing. In contrast, the possi-
bility of enterprises selecting ‘‘low-carbon technology inno-
vation” is gradually increasing. This is mainly because the
government gives innovation cost subsidies to enterprises,
which is conducive to reducing the cost of LCTI, improving
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FIGURE 6. Impact of the government regulatory intensity coefficient on the system evolution.

the enthusiasm of enterprises for LCTI, increasing the propor-
tion of enterprises choosing the strategy of ‘““low-carbon tech-
nology innovation” gradually. By encouraging enterprises
to choose LCTI, the government can obtain more social
benefits, but it will invariably increase the government cost.
Consequently, when the cost of government supervision is
greater than social benefits, it will eventually lead to the gov-
ernment reducing the possibility of the strategy of “‘regulate.”
Meanwhile, the innovation cost subsidy has an active effect
on consumers’ purchase of LCTI products. However, if enter-
prises produce too many products of the same type, it will
eventually lead to a barrier of choice for consumers and
reduce the possibility of the strategy of “‘purchase.”

D. CONSUMERS PURCHASE SUBSIDY COEFFICIENT ON
THE SYSTEM EVOLUTION

This section analyzes the effect of the change of consumers
purchase subsidy coefficient 8 on the evolutionary results
of the system under the condition that other parameters
held constant. In Figure 8, the purchase subsidy coefficient
for consumers increases from 0.1 to 0.9, in the meantime,
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the possibility of the government’s strategy of selecting
“regulate”” will gradually decrease, the possibility of enter-
prises’ strategy of “‘low-carbon technology innovation™ and
consumers’ strategy of “purchase” will gradually increase.
The results show that increasing the purchase subsidy
coefficient can not only mobilize consumers’ initiatives to
purchase LCTI products, but also promote enterprises to carry
out LCTI from the demand side. However, under different
consumer purchase subsidies, the possibility of enterprises
selecting the ‘“low-carbon technology innovation™ strategy
has little change, indicating that the incentive effect of con-
sumer purchase subsidies on enterprises is not apparent. Simi-
lar to the government’s analysis of enterprises innovation cost
subsidy, if consumers purchase subsidy coefficient too large,
it will eventually reduce the possibility of the government’s
strategy of choosing “‘regulate.”

E. CARBON TAX RATE ON THE SYSTEM EVOLUTION

This section analyzes the impact of the change of carbon
tax rate y on the evolutionary results of the system under
the condition that other parameters remain unchanged. It can
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FIGURE 9. Impact of the carbon tax rate on the system evolution.

be seen from Figure 9 that the higher the carbon tax rate,
the higher the possibility of strategies that the government
chooses ‘“‘regulate,” enterprises choose ‘‘low-carbon technol-
ogy innovation,” and consumers choose ‘‘purchase.” When
the carbon tax rate increases, the possibility of the gov-
ernment choosing the ‘“‘regulate” strategy also increases,
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making the government finally choose the “regulate” strat-
egy. From the above analysis, we can see that the collec-
tion of the carbon tax has little influence on the strategic
choice of the government. For enterprises, the government
raises the carbon tax rate will increase the possibility of
enterprises choosing ‘“‘low-carbon technology innovation”
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strategy, indicating that the carbon tax plays a prominent part
in promoting LCTI. For consumers, increasing the carbon tax
rate will raise the price of non-LCTI products, which will
reduce consumers’ enthusiasm to choose non-LCTI products.
As a result, the carbon tax levied by the government has
a positive incentive effect on consumers to purchase LCTI
products. Consumers will eventually choose the “purchase”
strategy. However, under different carbon tax rates, the strate-
gic possibility of consumers changes little, indicating that the
incentive influence of the carbon tax on consumers is not
obvious.

V. CONCLUSION AND RECOMMENDATIONS

Under the condition of bounded rationality, this paper builds
a three-party evolutionary game model of LCTI among the
government, enterprises, and consumers. On this basis, com-
bined with the numerical simulation method, this research
analyzes the strategic choices and influencing factors of the
three parties. The conclusions are as follows:

(1) In the process of LCTI, the strategic choice of each
participant affects the stability of the system. The govern-
ment, enterprises, and consumers eventually converge to the
optimal equilibrium state of (1,1,1). That is, the final strategy
of the tripartite game players is (regulate, low-carbon tech-
nology innovation, purchase).

(2) The government, enterprises, and consumers are
affected by each other’s initial willingness with different
effects. The government, as a regulator, has a more criti-
cal influence on the initial willingness of enterprises and
consumers, and consumers are more sensitive to the initial
willingness of the government. Enterprises and consumers
are asymmetrically influenced by each other, and enterprises
respond faster to changes in consumers’ initial willingness.

(3) Government regulation, innovation subsidies, and car-
bon tax measures are the main factors influencing enterprises’
LCTI. Raising regulation, innovation subsidies, and carbon
taxes within a specific range can help enterprises develop
LCTI. Compared with enterprises, innovation subsidies have
a more significant impact on consumers.

Combined with the above conclusions, this research pro-
poses the following suggestions.

(1) The government should play a leading role. On the one
hand, the government provides a good policy environment
for enterprises, pays attention to the combination of various
ways, increases the financial support for LCTI, and improves
the motivation of enterprises to develop LCTI activities.
Meanwhile, the government ought to pay attention to the
supervision strength, reasonably plan the supervision cost,
avoid wasting resources, reduce the enthusiasm of enterprises
for LCTI, and hinder the development of LCTI. On the
other hand, the government should also provide subsidies
for consumers, reduce consumers’ purchase costs, encourage
consumers to purchase LCTI products, stimulate enterprises
to carry out LCTI from the demand side

(2) Consumers should establish good environmental
awareness and a low-carbon consumption concept. Moreover,
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the government should strengthen the publicity of the impor-
tance of LCTI through public service advertising, news, and
other means to enhance consumers’ understanding of LCTI
products.

(3) As the main body of LCTI, enterprises should root the
concept of low-carbon development in daily operation, estab-
lish a good ‘““low-carbon environmental protection image,”
actively promote the development of LCTI, reduce environ-
mental pollution and carbon emissions through LCTI.

This research utilizes evolutionary game and numerical
simulation methods to draw some practical conclusions. Still,
there are also the following shortcomings: besides the initial
willingness of participants, government regulation intensity,
innovation subsidies, and carbon tax measures, LCTI is also
influenced by some other factors. In the future, the influenc-
ing factors and more stakeholders of LCTI will be fully con-
sidered, and more fruitful research results may be obtained.
Due to the limitation of conditions, there is a lack of using
actual data for numerical simulation, which needs further
strengthened in future research.
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