Environment and Ecology Research 11(4): 676-688, 2023
DOI: 10.13189/eer.2023.110413

http://www.hrpub.org

Evolutionary Game Analysis of Low-Carbon
Transformation of Multi-Subject Construction
Enterprises under Government Involvement

Pei Chang”, Boi-Yee Liao

Engineering Technology Management Program, International College, Krirk University, Thailand

Received May 23, 2023; Revised August 15, 2023; Accepted August 29, 2023

Cite This Paper in the Following Citation Styles

(a): [1] Pei Chang, Boi-Yee Liao , "Evolutionary Game Analysis of Low-Carbon Transformation of Multi-Subject
Construction Enterprises under Government Involvement,” Environment and Ecology Research, Vol. 11, No. 4, pp. 676

- 688, 2023. DOI: 10.13189/eer.2023.110413.

(b): Pei Chang, Boi-Yee Liao (2023). Evolutionary Game Analysis of Low-Carbon Transformation of Multi-Subject
Construction Enterprises under Government Involvement. Environment and Ecology Research, 11(4), 676 - 688. DOI:

10.13189/eer.2023.110413.

Copyright©2023 by authors, all rights reserved. Authors agree that this article remains permanently open access under
the terms of the Creative Commons Attribution License 4.0 International License

Abstract Reducing carbon emissions in the
construction industry and promoting the low-carbon
transformation of the construction industry are of great
significance for achieving China's "dual carbon™ target.
This paper introduces factors such as government
reputation costs, pollution compensation, and low-carbon
subsidies, and constructs a multi-subject construction
enterprise low-carbon transformation evolutionary game
model with construction enterprises as the main body,
government environmental regulation policy guidance, and
public participation. The paper first analyzes the payment
matrix of the tripartite subjects under different strategy
choices, discusses the conditions for the strategy of the
tripartite subjects to tend to equilibrium, and finally
analyzes the stability of the equilibrium solution of the
evolutionary game, and gives policy recommendations for
China's low-carbon transformation goals in the
construction industry. The research results indicate that: (1)
The main factors influencing the government's choice of
environmental regulation strategies are government
management costs, reputation costs for not implementing
environmental regulation, and fines for non-low-carbon
construction enterprises; (2) The main factors influencing
the choice of low-carbon transformation by construction
enterprises are the cost of low-carbon transformation
technology, the strength of government environmental
regulation, and fines; (3) The main factors affecting
whether consumers participate in purchasing low-carbon

buildings are the level of environmental awareness in
society and pollution subsidies.

Keywords  "Dual Carbon" Target, Environmental
Regulation,  Construction  Industry,  Low-Carbon
Transformation, Evolutionary Game Model

1. Introduction

Ambient air pollution is a global concern [1]. The 58th
session of the Intergovernmental Panel on Climate Change
(IPCC) was held in Switzerland from March 13-19, 2023.
During the session, the Synthesis Report of the Sixth
Assessment Report titled "Climate Change 2023" was
completed [2]. The report indicates that from 2011 to 2020,
the global surface temperature was approximately 1.09C
higher than that of 1850-1900. The land temperature
increased by about 1.59<C, and the temperature above the
ocean increased by about 0.88 <C. The rate of global surface
temperature rise since 1970 has been faster than any other
50-year period in at least the past 2000 years. In 2019,
about 79% of global greenhouse gas emissions came from
energy, industry, transportation, and building sectors.
Although there has been some progress in policies and
legislation to slow down climate change since the previous
report in 2014, "global warming may exceed 1.5<C in the
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21st century." Global emissions reduction and cooling are
urgent. As the world's largest carbon emitter and energy
consumer, China also faces enormous pressure to reduce
carbon emissions.

China's government has always attached great
importance to global ecology and low-carbon development
within China. On September 22, 2020, Chinese leader Xi
Jinping solemnly declared at the 75th United Nations
General Assembly that "China will adopt more powerful
policies and measures and strive to peak carbon dioxide
emissions before 2030 and achieve carbon neutrality before
2060." The "Action Plan for Peak Carbon Emissions
Before 2030," released by the Chinese government in
October 2021, states that the following goals should be
achieved by 2025: optimization of China's energy structure,
with the proportion of non-fossil energy consumption
reaching about 20%; a 13.5% reduction in energy

677

As one of China's three pillar industries, the construction
industry has seen rapid development, but at the same time,
its energy consumption and greenhouse gas emissions have
continued to increase. According to the "2022 China
Building Energy Consumption and Carbon Emissions
Research Report," the total carbon emissions from China's
building industry throughout the entire process increased
from 3.938 billion tons in 2011 to 5.08 billion tons of
carbon dioxide in 2020, with its proportion increasing from
39.38% in 2011 to 50.9% in 2020 [5]. Promoting
sustainable building development is an effective approach
to addressing global environmental problems [6]. The low-
carbon transformation of the Chinese construction industry
is urgent. Zhang [7] suggests that promoting the low-
carbon transformation of the Chinese construction industry
is an effective approach to resolving the contradiction
between the development of the construction industry and

consumption per unit of GDP compared to 2020, and an 18% environmental protection. The changes in China's total

reduction in carbon dioxide emissions per unit of GDP
compared to 2020 [3]. In the Communist Party of China's
20th National Congress Report, released in October 2021,
the Chinese government emphasized that "active and
steady efforts should be made to achieve the goals of peak
carbon emissions and carbon neutrality [4]. 'Green' is an
inherent requirement for China's development in the next
five years."
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building carbon emissions over the past decade are shown
in Figure 1.

Government involvement in low-carbon building supply
chain management can effectively reduce building carbon
emissions and save energy. The effective implementation
of low-carbon buildings requires the participation of
government, construction enterprises, and the general
public.
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Figure 1.

Schematic diagram of the total carbon emissions from China's construction industry in the past decade



678 Evolutionary Game Analysis of Low-Carbon Transformation of
Multi-Subject Construction Enterprises under Government Involvement

2. Research Status

The transformation from traditional buildings to low-
carbon buildings is an important measure to reduce carbon
emissions and an inevitable choice for China's sustainable
development. Domestic and foreign scholars have
conducted extensive research on the low-carbon
transformation of construction enterprises and the
reduction of carbon emissions in the production process.

In 1928, John Von Neumann [8] established the
fundamental principles of game theory, which marked the
formal birth of the theory. Evolutionary game theory is a
theory based on bounded rationality and limited
information that emphasizes dynamic equilibrium and does
not require participants to be perfectly rational. Gao et al.
[9] argue that this theory is a practical technique that can
be used to examine the behavioral relationship between
firms, governments, and the public. Cohen et al. [10] used
a prisoner's dilemma model to study the barriers to
greenhouse gas emissions reduction in the Israeli
construction industry and concluded that government
agencies should provide incentives to both builders and
consumers in order to promote the construction of high-
level green buildings. Illankoon et al. [11] conducted a
study on four green building rating tools worldwide and
provided recommendations for green building rating tools
in Australia. Chen et al. [12] explored the evolution process
and stable strategy of corporate governance of pollution
behavior in China from 2009 to 2018, based on data from
30 provinces, by constructing a three-party evolutionary
game model with enterprises as the main body, government
supervision, and public participation. Lu et al. [13]
considered the reputation cost of the government,
constructed a three-party game model of government,
building enterprises, and consumers, studied the process of
mutual influence among the three parties in the low-carbon
transformation of building enterprises, simulated specific
scenarios, and conducted numerical analysis. Fan & Hui
[14] used evolutionary game theory to study the strategy of
promoting green building between the government and
developers, and concluded that the government's leading
strategy depends on the developer's choice, and the leading
strategies of the two are independent and interdependent.
Tao et al. [15] developed an evolutionary game model to
investigate the equilibrium relationship between general
contractors and material suppliers in the construction
supply chain. Meng et al. [16] constructed four scenarios in
an evolutionary game model to investigate the impact of
government incentive measures on promoting the
development of green and low-carbon buildings. Li et al.
[17] explored how the Chinese government can better

guide enterprises to participate in green innovation
behavior through measures such as adjusting regulatory
costs, green innovation income, and economic penalties in
environmental regulation.

Currently, there are not many studies on the evolutionary
game of low-carbon transformation in multi-subject
construction enterprises. Existing literature mostly focuses
on game analysis based on complete rationality or bounded
rationality among subjects, while the promotion of low-
carbon buildings involves more multi-subject game
problems. In this paper, by introducing government
reputation costs, pollution compensation, and low-carbon
technology upgrade subsidies, we construct a multi-subject
evolutionary game model of low-carbon transformation in
construction enterprises, with the construction enterprise as
the main subject, government policy guidance, and public
participation. Through studying the strategy choices of all
parties, we explore the intrinsic rules, influencing factors,
and stable equilibrium strategies of low-carbon
transformation in  Chinese construction enterprises,
providing ideas for how to quickly promote low-carbon
buildings, reduce greenhouse gas emissions, and improve
government regulatory mechanisms.

3. Evolutionary Game Model of Low-
Carbon Transformation of Multi-
Subject Construction Enterprises
under Government Involvement

3.1. Problem Description

The low-carbon transformation of construction
enterprises involves many aspects, such as the
improvement of social environmental awareness, intense
competition in the construction market, government policy
guidance, social responsibility of construction enterprises,
consumer choices, etc. This process involves repeated
games played by multiple participants (government,
construction enterprises, and the public), and the game
outcomes are jointly determined by the game rules,
information asymmetry, and the judgments of the
participants. This paper attempts to construct an
evolutionary game model of low-carbon transformation in
construction enterprises with the participation of the
government, construction enterprises, and the public,
starting from the supply-demand stakeholders in the low-
carbon building supply chain. The relationship among the
tripartite subjects is shown in Figure 2.
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Figure 2. Diagram of tripartite subjects’ relationship in low-carbon buildings

As the maker and overseer of policies for low-carbon
building transformation, the government plays an
important role in the transformation of construction
enterprises. On the one hand, the government issues
various policies to guide the building industry towards low-
carbon development under the "dual-carbon" target. On the
other hand, due to the externality of the environment, the
government may be seen as free-riding, which can lead to
public distrust and affect government credibility.

The low-carbon transformation of construction
enterprises involves multiple stakeholders, including the
government, building enterprises, and the public, who
interact and engage in a game. As the main actor in this
model, the decision of a construction enterprise to adopt
low-carbon transformation is influenced by government
policies and public pressure on energy conservation and
emissions reduction. However, as an "economic actor," the
decision of a construction enterprise is also affected by the
high cost of low-carbon transformation and the ultimate
benefits.

The public is both the consumer of low-carbon building
products and an informal regulator of low-carbon
environments. Whether the public purchases low-carbon
building products directly impacts the production of low-
carbon buildings and the circular development of the entire
supply chain. Relying solely on the public's sense of social
responsibility to promote the purchase of low-carbon
building products is clearly unrealistic. Therefore, it is
crucial to explore ways to encourage the public to purchase
low-carbon products more actively.

3.2. Model Assumptions

The low-carbon building supply chain involves multiple
participating entities. This paper selects a simplified supply
chain composed of the government, construction
enterprises, and the public for analysis. Based on
stakeholder theory and evolutionary game theory, the
following assumptions are made:

Assumption 1: All three parties are limited rational
individuals with learning abilities, and information is not
fully symmetrical among them.

Assumption 2: All three parties make independent

decisions based on maximizing their own interests.

Assumption 3: During the development process of the
low-carbon transformation of the construction enterprises,
the three parties dynamically adjust their decisions until an
evolutionarily stable strategy is achieved.

Assumption 4: The low-carbon transformation products
produced by the construction enterprises are visually and
qualitatively no different from their original products.

Assumption 5: The government's revenue mainly comes
from taxation of the construction enterprises.

The government has two strategies, actively regulating
and not regulating, with probabilities of x and 1-x
respectively. The government's strategy space is G
(regulation, non-regulation); Construction enterprises have
two strategies, low-carbon transformation and no
transformation, with probabilities of y and 1-y respectively.
The construction enterprises' strategy space is C (low-
carbon transformation, non-low-carbon transformation).
The public has two strategies, choosing to participate in the
purchase of low-carbon buildings or not, with probabilities
of z and 1-z respectively. The public's strategy space is P
(participation, non-participation). Where x, y, and z €
[0,1] are functions of time, and there are a total of eight
game strategy combinations among the supply chain
participants.

3.3. Parameter Setting

(1) The government's parameter variables

R The revenue obtained by the government through
taxation and other means during the low-carbon production
of building enterprises. Rg,: The revenue obtained by the
government through taxation and other means when
building enterprises do not engage in low-carbon
production. Government revenue is directly related to
building enterprise revenue. Low-carbon production by

building enterprises requires additional costs for
technological transformation, so Ry <Ry, . Cy: The
government's cost of environmental regulation

management, which refers to the various management costs
such as manpower, materials, and time that the government
needs to invest in when implementing environmental
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regulation strategies. C,, : The government's reputation
cost, which refers to the adverse effects caused by
environmental degradation and public dissatisfaction with
the government when the government only considers
taxation and does not regulate construction enterprises.
Cg : The government's subsidy to transformation
enterprises, which refers to the government's support for
low-carbon transformation building enterprises under
environmental regulation decisions, such as reducing taxes
and providing subsidies. C,: The transfer cost of building
enterprises, which refers to the portion of the low-carbon
transformation cost that building enterprises transfer to the
government when the government does not regulate the
environment. By : The government's compensation to the
public for pollution, which refers to the government's
subsidy to the public when implementing environmental
regulation and building enterprises do not engage in low-
carbon production.

(2) Construction enterprises' parameter variables
R, The revenue generated by construction enterprises
when carrying out low-carbon production. R_, : The

revenue generated by construction enterprises when not
carrying out low-carbon production, as additional costs are
incurred to control carbon emissions when implementing
low-carbon production, so R, <R, . R, . Derived

revenue of the construction enterprise refers to the
incentive effect that consumers' purchasing behavior has on
the enterprise. The increase in sales and the reduction of
waste treatment costs brought about by low-carbon
buildings enable enterprises to obtain more additional
income than normal production. C_: Transformation

technology cost of the construction enterprise refers to the
costs generated by the enterprise in conducting
technological innovation, product development, etc. when
undergoing low-carbon transformation. B_ : Pollution

compensation by the construction enterprise refers to the
subsidy provided by the enterprise to the public when the
enterprise does not engage in low-carbon production and
the public chooses low-carbon buildings. F : Enterprise
fine refers to the punishment imposed by the government
on construction enterprises that have not engaged in low-
carbon production when environmental regulations are

E.. = yz(R,, —C,, —C3 )+ yl-2)R,, ~C,. —C,s)
+@-y)(R,, ~C,, +F -

Egz = yZ(Rgl _ng

+ (1_ y)Z(RQZ

implemented.

(3) The public's parameter variables
R - The additional benefits for the public. When people

choose to purchase low-carbon buildings, they receive
additional benefits such as positive social evaluations,
including satisfaction and praise from others. W :
Environmental benefits. Due to the externality of the
environment, when construction companies conduct low-
carbon production, no matter whether the public buys low-
carbon buildings, they will obtain certain environmental
benefits. C,: The extra cost of the public refers to the part

that construction enterprises transfer the cost of low-carbon
transformation to the public when the government does not
regulate the environment, that is, the cost that the public
spends more on purchasing low-carbon construction
products than ordinary construction products. When the
government does not regulate the environment, the
construction companies will transfer part of the cost to the
government and the public, that is, C,>C,+C,-

3.4. Model Construction

According to the parameter settings, the payoff matrices
for the tripartite game of the Evolutionary Game Model of
Low-Carbon Transformation of Multi-Subject
Construction Enterprises under Government Involvement
are obtained (see Tables 1 & 2).

Due to the information asymmetry among the
government, construction enterprises, and the public, all
three parties in the game will adjust their strategies through
learning and imitation. Based on the payoff matrix, the
expected revenue functions of the government,
construction enterprises, and the public in the game model
of low-carbon transformation and evolution in construction
enterprises can be obtained.

(1) Expected Return of the Government
The expected revenue of the government is Egl when

actively regulated, Egz when not regulated, and the

average revenue of the government in this game model is
denoted as E, - expressed as follows:

1)
B, )+ (- y)Xt-2)R,, ~Cy, + F —B,)
—Cy)+y@l-2z)R,,—C,,—C,) @
—Cg,)+(@—-y)1-2z)(R,, —Cy,)
E, = XEy, +(1-X)E,, 3
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Table 1. Payoff matrix for the game among different entities under government regulation decision x

Construction Enterprises' Low-Carbon Transformation: y

Government Revenue Construction Enterprises' Revenue Public's Revenue
Public Purchase: z Ri—Cu-Cy Ry+Rs—C, +Cy R, +W
Public Non-purchase: 1-z R1—Cy-Cy Ry-C.+Cy W

Construction Enterprises' Non-Low-Carbon Transformation: 1-y

Government Revenue Construction Enterprises' Revenue Public's Revenue
Public Purchase: z R,-Cyu+F-B, R.-F-B, B.+8,
Public Non-purchase: 1-z R,-Cu+F-B, R,-F B,

Table 2. Payoff matrix for the game among different entities under non-regulation decision 1-x

Construction Enterprises' Low-Carbon Transformation: y

Government Revenue Construction Enterprises' Revenue Public's Revenue
Public Purchase: z Ry—C,-C, Rc1+Rc3_Cc+Cg +Cp R,+W-C,
Public Non-purchase: 1-z Ry-Cy-C, R.-C.+C,+C, W-C,

Construction Enterprises' Non-Low-Carbon Transformation: 1-y

Government Revenue Construction Enterprises' Revenue Public's Revenue
Public Purchase: z R.-Cy R, -B, B,
Public Non-purchase: 1-z R.—Cp Ry 0

Due to the information asymmetry among the government, construction enterprises, and the public, all three parties in
the game will adjust their strategies through learning and imitation. Based on the payoff matrix, the expected revenue
functions of the government, construction enterprises, and the public in the game model of low-carbon transformation
and evolution in construction enterprises can be obtained.

(2) Expected Return of Construction Enterprises

The expected revenue of construction enterprises is E, when engaging in low-carbon transformation, g, when not

engaging in low-carbon transformation, and the average revenue of construction enterprises in this game model is denoted
as E_, expressed as follows:

Ey = xZ(Ry + Rys —C, +Cg3)+ x(1-z)Ry, —C, +Cg3)+

4)
(1-x)z(Ry + Ry —C, +C, +C,) +(1—x)Y1—2z)R, —~C, +C, +C,)
E., =xz(R, —F —B.)+x(1-z)R.,, —F) 5)
+ (l_ X)Z(RCZ - Bc )+ (1_ XX:L_ Z)Rcz
_E_c_ = yEcl + (1_ y) Ec2 (6)

(3) Expected Return of the Public
The expected revenue of the public is Epl when participating in low-carbon behavior, Epz when not participating in
low-carbon behavior, and the average revenue of the public in this game model is denoted as Ep , expressed as follows:
Ep = xy(R, +W )+ x@—y)B, +B,)

+(1—x)y(Rp +W_Cp)+(1—x)(1—y)Bc ©)
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By = XYW +x(1-y)B, + (1= x)yW ~C, }+ (1-x)1-y)o ®)

E,=2E, +(1-2)E,, ©)

Based on the Malthusian dynamic equation, we can derive the replicator dynamic equations for the government,
construction enterprises, and the public. The equations are as follows:

(4) Replicator dynamic equation for the government when choosing environmental regulation strategies
F(x)=dx/dt=x(E,, —E;) =x(1-x)(E,, - E,,) (10)
—x@-0)[(C, ~Cpy~F +B,)y+C,, ~Cy, + F —B,]

(5) Replicator dynamic equation for construction enterprises when choosing low-carbon transformation strategies
F(y)=dy/dt=y(E,; -E)=y(I-Y)(E, - E,) 1)
=y(l- y)[((:gs +F-C, —Cp)x+(R03 +B,)z+R, -R, —-C, +C, +Cp]
(6) Replicator dynamic equation for the public when choosing to purchase low-carbon building strategies
F(z)=dz/dt=2(E, -E,)=2(1-2)(E,, - E,,) (12)
= 2(1-2)|(R, - B,)y+8B,]

3.5. Stability Analysis of Evolutionary Game

Based on the tripartite replication dynamic equation of the game constructed in section 3.4, an equilibrium strategy
analysis can be carried out.
By setting F(x)=0, F(y)=0, F(z)=0, the boundary of the evolutionary game can be obtained:

(C,-C,—F+B,)y+C,-C,+F-B, =0 (13)
o +F-C,~C,+(R,+B,)e+R, ~R,~C,+C, +C, =0 (14)
(R, -B,)y+B, =0 (15)
From the above equation, it can be derived that:
= Cu-Cp-F+B, (16)
C,-Cyi—F+B,
o R, ~Ry+C.~C,~C, — (R, +B,)z (17)
C,+F-C,-C,
. B (18)
8 R
(1) Analysis of the Strategy Stability of the Government
. . ' ' ' Cgl_CQZ_F+Bg
From F(x)=0, it can be obtained that X'=0, x'=1, y'= :
C,-C,;—F+B,
C,-C.,-F+B
F'(X) _ dF(X) _ (1—2X) ( g 93 g)y (19)
dx +Cy, -C, +F-B,
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1)  When y :M F(x)=0, F'(x)=0. At this point, the proportion of government strategy selection

C,-Cy—F+B,
remains stable and is not affected by time changes.
Cgl—ng—F+Bg . ' '
2) When y>——"——% x=0 and x=1 are two stable points of X. Due to F'(X)|,o>0,F'(x),4<0,
C,-C,;—F+B,
x=1 is an evolutionary equilibrium point. That is, when the benefits of government environmental regulation
outweigh the costs, based on the assumption of "rational economic agents," the government tends to choose the
"regulation” strategy.
Cy—Cp—F+B,

3) When Y< , X=0 and x=1 are two stable points of X. Due to F'(X)‘X:O <0, F'(X)‘X:l >0,
C,-Ci—-F+B,
x=0 is an evolutionary equilibrium point. In this case, the government tends to choose the "non-regulation”
strategy.

Based on the above analysis, it can be concluded that reducing the government's management costs through effective
means, increasing the government's reputation costs for not implementing environmental regulations, and increasing the
fines for construction enterprises that do not undergo low-carbon transformation can promote the government's decision
to implement environmental regulations.

(2) Analysis of the Strategy Stability of the Construction enterprises
R,-Ry+C.-C,-C,-(R;+B,)z

From F(y)=0, it can be obtained that y'=0, y'=1, y

Cg3+F—Cg—Cp
C.+F-C -C )x+(R,+B.)z
F'(y):dz(y):(l—Zy)( g3 g p) ( c3 c) (20)
y +RC1—R52—CC+CQ+Cp

R,-R,+C, —Cg —Cp -(R;+B,)z F(
C,+F-C,-C,
enterprises strategy selection remains stable and is not affected by time changes.
2) When x> RCZ_R(:1+CC_CQ_Cp_(R03+Bc)Z ,
C,+tF-C,-C,

1) When y_ y)=0, F'(y)=0. At this point, the proportion of construction

y=0 and y=1 are two stable points of Yy . Due to

F '(y)| y—0 >0.F ’(y)| 4= <0, y=1 is an evolutionary equilibrium point. In this case, construction companies
tend to choose the "low-carbon transformation" strategy.
3) When X < RCZ_R01+CC_C9_Cp_(Rc3+Bc)Z ,
C,s+F-C,-C,

y=0 and y=1 are two stable points of y . Due to

F'(y)‘ 0 <0.F '(y)| y= >0, y=0 isan evolutionary equilibrium point. In this case, construction companies

tend to choose the "non-low-carbon transformation" strategy.

Based on the above analysis, it can be concluded that construction companies are encouraged to choose the strategy of
"conducting low-carbon transformation” by implementing measures such as increasing the derived benefits from the
public's purchase of low-carbon buildings, reducing the technology costs of low-carbon transformation for construction
companies through technological innovation, increasing pollution subsidies for the public by construction companies, and
increasing fines for construction companies that do not undergo low-carbon transformation. Reducing the government's
management costs through effective means, increasing the government's reputation costs for not implementing
environmental regulations, and increasing the fines for construction enterprises that do not undergo low-carbon
transformation can promote the government's decision to implement environmental regulations.

(3) Analysis of the Strategy Stability of the Public

!

From F(z)=0, it can be obtained that z'=0, z'=1, y'=——=¢

F'(2) =dZ§Z) — (1-22)|(R,-B,)y+B] (21)
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1) When y'= B, , F(2)=0, F'(z)=0. At this point, the proportion of the public strategy selection remains
B,-R
p
stable and is not affected by time changes.
When - ?CR ,since z&(01), the positive and negative values of F/(z)=(1-2z)[R -B,)y+B,] are determined
™ p
by the shape of the straight line (Rp - Bc)y+ B, =0, as follows:

2) When y'> B, , 2=0 and z=1 aretwo stable points of Z.Due to F'(z)‘ <0, F'(z)‘ >0, Z= 0 is
B.-R R B
p

an evolutionary equilibrium point. In this case, the public tends to choose the strategy of "not participating in
purchasing low-carbon buildings".

3) When y'< B, , 2=0 and z=1 are two stable points of Z . Due to F’(z)‘ >0, F’(z)‘ <0, z=1is
B.-R B B
p
an evolutionary equilibrium point. In this case, the public tends to choose the strategy of "participating in
purchasing low-carbon buildings".

Based on the above analysis, it can be concluded that the public will not participate in the low-carbon transformation
process of the construction industry when the benefits of purchasing low-carbon buildings cannot offset the additional
costs incurred. Therefore, measures such as increasing the pollution compensation paid by the construction industry to
the public and increasing the additional benefits of selecting and purchasing low-carbon buildings can promote the public
to choose the strategy of participating in purchasing low-carbon buildings.

3.6. Stability Analysis of Evolutionary Game Equilibrium Solutions

The replicator dynamic equations (10)~(12) reflect the process of strategic game selection by interest entities with
bounded rationality through learning and simulation. In the process of group dynamic evolution, it is difficult to directly
judge which equilibrium solution the government, construction enterprises, and consumers will ultimately tend to.
However, the local stability of the group evolution equilibrium point can be analyzed by the Jacobian matrix.

The Jacobian matrix of the system of this model is as follows:

CdF(x)  dF(x) dF(x) |
dx dy dz
dF(y) dF(y) dF(y) (22)
dx dy dz
drF(z) dF(z) dF(z)
| dx dy dz |

By setting up Equations (10) to (12), i.e., the replicator dynamic equations of the government, Construction enterprises,
and the public, and letting:

F(x) = x1-X)[(C, ~C,s ~F +B,)y+C,, ~C,, +F —B, |=0
F(y) = y@-y)[(Cyy + F~C, —C,)x+(Rys +B,)2+ Ry, R, ~C,+C +C ]=0 (23)
F(z)=2(l-2)[(R, —B,)y+B.]=0

It can be seen from the above equation that there are a total of 8 equilibrium solutions, namely E (111), E,(11,0),
E,(1,01), E,(011), E,(10,0), E4(010), E,(0,01) and E,(0,0,0).

According to Lyapunov's indirect method, when the characteristic roots of the Jacobian matrix of an equilibrium
solution of the three-party game replication dynamic equation are all negative, the equilibrium solution is an evolutionarily
stable strategy; when the characteristic roots of the Jacobian matrix of the equilibrium solution are all positive When , the
equilibrium solution is an unstable strategy; when the characteristic roots of the Jacobian matrix of the equilibrium
solution have both positive and negative numbers, the equilibrium solution is a saddle point.

Firstly, we analyze the equilibrium point E,(0,0,0), and the Jacobian matrix at this point is:

C,,-C, +F-B, 0 0
J= 0 Ry-Ry-C,+C,+C, 0 (24)
0 0 B,
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Table 3. Equilibrium point stability judgment table

Equilibrium

Point Eigenvalues

Eigenvalue Sign Judgement Stability Judgement

E,111) C,+C;-C-Cp R,-R;-R3+C,-Cpy—F-B,-R

T

E,(110) CytCy—Cy—Cpp Ry, -Ry+C.-Cyy—F R,
E,101) C,-C,+B,-F R,+R,-R,-C +C,+F+B,-B,
E,(011) C,+Cp,~Cp~Cpy Ry-Ry-Ry+C,~B,~C,~C,-R,
E, (1,0,0) C,u~Cp+B,~F» C+F+R,~R,-Cy R,
E,(01,0) C,+C,,~Cy—Cyo Ry—Ry+C,—C,~C, R,

E,(0,01) C,-C,-F+B, R,+B +R,-R,-C +C,+C,-B;

E, (0,0,0) Cpo—Cy+F By Ry~R,~C,+C, +C, B,

Saddle point or asymptotically

All eigenvalues can be negative /
stable point

Exist positive values Saddle point or unstable point
Saddle point or asymptotically

All eigenvalues can be negative 4
stable point

Saddle point or asymptotically

All eigenvalues can be negative 4
stable point

Exist positive values Saddle point or unstable point

Exist positive values Saddle point or unstable point
Saddle point or asymptotically

All eigenvalues can be negative /
stable point

Exist both positive and negative values Saddle point

As mentioned earlier, construction enterprises need to
incur additional costs to control carbon emissions when
engaging in low-carbon production, so R <R . When

the government does not regulate the environment,
construction enterprises will shift part of the low-carbon
transformation costs to the government and the public, i.e.,
C,>C,+C, , and therefore

Rcl_Rcz _Cc+cg +Cp :(Rcl_Rcz)+(Cg +CP _CC)<0 ' Clearly' BC
is a positive number. According to Lyapunov's indirect
method, the equilibrium point E,(0,0,0) must be a saddle

point. Similarly, the asymptotic stability of other
equilibrium points can be obtained.

According to table 3, in the evolutionary game model of
low-carbon transformation of multi-subject construction
enterprises under government involvement, the equilibrium
point E,(0,0,0) is a saddle point. Equilibrium points
E,110) . E/100) and E,0.0) have npositive
eigenvalues of the Jacobian matrix, indicating that they
may be saddle points or unstable points. Equilibrium points
E(1)).E,(101),E,(0L1) and E,(0,0,1) have negative
eigenvalues of the Jacobian matrix, indicating that these
four equilibrium points can be evolutionarily stable
strategies under specific circumstances. Regarding the
equilibrium point E (0,01 , it is difficult to

satisfy Cyu~Cpo—F+B, <0
Rq+B,+R,-R,~C,+C,+C, <0 in real life. It is challenging to
achieve the goal of building low-carbon transformation

solely through the efforts of the public. If viewed from the
perspective of the government, E,(0,11) and E,(111).

where enterprises carry out low-carbon transformation and
the public actively participates in environmental protection
behaviors, are ideal evolutionary stable strategies. If the
equilibrium point E,(0,11) is to be an evolutionarily

stable strategy, it needs to satisfy C,+C,;—C,,—Cy3 <0

simultaneously and

and R,-R,-R;+C -B, -C,-C, <0, which requires both
increasing environmental regulation management costs and
reducing government reputation costs, which is obviously
unreasonable. Therefore, in the case of government
environmental regulation, proactive transformation of
construction enterprises, and extensive participation of the
public, the ideal stable state of construction enterprise low-
carbon transformation can be achieved when A<0 and B<0
are simultaneously satisfied, and the equilibrium point
E,(111) at this time is the evolutionarily stable strategy.

4. Results

The study shows that there are eight equilibrium
solutions in this model, but only four equilibrium points
can become evolutionarily stable strategies under specific
conditions. Through analysis, it is difficult to achieve a
gradually stable strategy when only one or two parties
participate in building a low-carbon transformation. When
both ¢ +c,-C,-C,<0 and R,-R -R,+C,-C,-F-B,<0 are
satisfied, the equilibrium point E, (1,1,1) , which involves
government supervision, proactive transformation by
construction enterprises, and public participation, can
achieve an ideal stable state in the multi-subject building
low-carbon transformation evolutionary game model.

The following conclusion was obtained through analysis:
Whether the government, construction enterprises,
and the public adopt environmental regulatory
strategies primarily depends on the relationship
between their benefits and costs.

Factors such as the cost of low-carbon transformation

technology, the intensity of  government

environmental regulations, the level of social
awareness of environmental protection, and pollution
compensation will directly influence the outcomes of

1)

2)
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low-carbon  transformation  for  construction
companies.

3) The model constructed in this paper aids the
government in formulating more appealing and
effective policies and incentives to drive the
development of low-carbon construction. By
analyzing the interactions and decision-making
processes among participants, the government can
better predict the impact of policies on the low-carbon
transformation of construction enterprises.

4) By applying evolutionary game theory to China's low-
carbon construction sector, this study not only
deepens the understanding of participant behavior and
strategies but also provides vital insights into
decision-making, cooperation, competition, and
market  evolution for  scientific  research.
Simultaneously, this application contributes to
optimizing economic benefits and promoting the
sustainable development of China's low-carbon
construction industry in parallel with this endeavor.

5. Conclusions and Suggestions

The low-carbon transformation of construction
enterprises involves multiple parties, and the decision-
making behaviors of any party directly affect the overall
energy-saving and carbon-reducing level of the
construction industry. In the context of the global climate
crisis, this study innovatively introduces government
reputation costs, pollution compensation, and low-carbon
technology upgrade subsidies, constructing a tripartite
entity game model for the transformation of low-carbon
construction enterprises. Firstly, we establish a payment
matrix for the government, construction enterprises, and
the public under different strategy choices. We then discuss
the conditions under which the strategies of the three
parties tend towards equilibrium, and finally analyze the
stability of the equilibrium solution of the evolutionary
game. Multi-subject collaborative development ensures the
low-carbon and sustainable development of the
construction industry. In China's low-carbon construction

sector, policies, technologies, and market factors are
constantly evolving. The application of evolutionary game
theory can better assist researchers in anticipating these
changes and addressing corresponding developments in the
low-carbon construction sector. The conditions and results
of this model can provide ideas for policy optimization of
China's construction industry's low-carbon transformation.

Based on existing research results, the following

recommendations are proposed for the low-carbon
transformation of the building industry:
1) The low-carbon transformation of China's

construction industry cannot be achieved overnight
and should be gradually promoted.

2) The government should increase environmental
protection publicity to raise public awareness of
environmental protection, increase support for low-
carbon transformation of enterprises, moderately
reduce regulatory management costs, and then give
full play to its leading role.

3) Construction enterprises should enhance their sense
of social responsibility, fully recognize their main role
in low-carbon transformation, and take on their social
responsibilities. Construction enterprises can only
win greater space for future development by seizing
opportunities and actively carrying out technological
upgrades and a low-carbon transformation.

4)  When the public participates in low-carbon and
environmental protection behaviors, they are easily
influenced by the strategies of other main entities.
Therefore, the government should increase
propaganda efforts, improve the participation of the
public in regulatory systems, and accelerate the
construction of the public's participation in the
environmental protection regulatory system to
enhance public participation.
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Table 4. Specific data of Column/Row
Parameter Meaning Parameter Meaning
Rgl Revenug for government When construction enterprises Cgl Government's environmental regulatory management cost
engage in low-carbon production
Rgz Revenue fo_r government when cqnstructlon enterprises do ng Government's reputation cost
not engage in low-carbon production
R Revenue for construction enterprises when engaging in c Government subsidies to construction enterprises for low-
L Jow-carbon production 93 carbon transformation
R Revenue for construction enterprises when not engaging in C Partial transformation costs transferred by construction
€2 low-carbon production 9 enterprises to the government
R c3  Derivative revenue for construction enterprises Cc Transformation technology costs for construction enterprises
R p  Additional utility for the public C p  Additional costs for the public
Bg ES[I)I::Son compensation paid by the government to the W Environmental welfare for the public
B Pollution compensation paid by construction enterprises to E Expected revenue for the government in environmental
¢ the public 9 regulation
E Fines for enterprises Eg2 Expectgd revenue for the government without environmental
regulation
Expected revenue for construction enterprises when = .
E E .
“ transitioning o low-carbon production g  Average expected revenue during the government's game
E Expected revenue for construction enterprises when not E Expected revenue for the public's participation in environmental
€2 transitioning to low-carbon production pt protection
E Average expected revenue for construction enterprises in E Expected revenue for the public without participation in
¢ the game process P2 environmental protection
E Average expected revenue for the public in the game
P process
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