:' frontiers ‘ Frontiers in Environmental Science

’ @ Check for updates

OPEN ACCESS

Delu Wang,
China University of Mining and Technology,
China

Dongsheng Liao,

Guangxi Minzu University, China
Chenglong Wang,

Chongging University, China

Wenwen Ly,
lvwenwen084@163.com

Jun Li,
346996050@qg.com

04 August 2025
01 September 2025
11 September 2025

Lv W and Li J (2025) How carbon taxes and
subsidies affect the implementation of low-
carbon housing? An evolutionary game
theory analysis.

Front. Environ. Sci. 13:1679245.

doi: 10.3389/fenvs.2025.1679245

© 2025 Lv and Li. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science

Original Research
11 September 2025
10.3389/fenvs.2025.1679245

How carbon taxes and subsidies
affect the implementation of
low-carbon housing? An
evolutionary game theory analysis

Wenwen Lv* and Jun Li*

Logistics Department of Wuhan Fourth Hospital, Wuhan Fourth Hospital, Wuhan, China

Introduction: Subsidy policies and carbon tax policies are effective means of
encouraging the development of low-carbon residential buildings. However,
how to utilize these two policy tools of carbon tax and subsidies to more
efficiently incentivize the development of low-carbon residential buildings
remains a topic worthy of further exploration. This paper explores the
mechanisms by which carbon tax and subsidies incentivize the
implementation of low-carbon residential buildings and clarifies the boundary
conditions for the effectiveness of these two policy tools.

Methods: We built a stochastic evolutionary game that couples three agent
groups—government, real-estate developers, and homebuyers—and explicitly
incorporates policy shocks (carbon tax vs. subsidy) and environmental noise. A
series of Monte-Carlo simulations was run to trace the share of low-carbon
developers and buyers over time; critical thresholds and noise boundaries
separating qualitatively different regimes were identified with bifurcation analysis.
Results and discussion: The evolutionary process of low-carbon housing
development, whether under a carbon tax policy or a low-carbon subsidy
policy, includes three stages: (1) the initial stage, where relying solely on
government subsidies or carbon taxes is insufficient to effectively implement
low-carbon housing under various noise intensities; (2) the development stage,
where as the proportions of real estate developers adopting low-carbon
strategies and homebuyers purchasing low-carbon housing increase, a
chaotic relationship emerges between the implementation of carbon taxes,
subsidies, and low-carbon housing under certain noise intensities; and (3) the
stable stage, where low-carbon housing can be successfully implemented and a
qualitative leap is achieved when a certain threshold proportion of real estate
developers and homebuyers adopt low-carbon strategies.

low carbon subsidies, carbon tax, low carbon housing, evolutionary game, low-
carbon economy

1 Introduction

The carbon emissions from China’s construction industry are the largest single source
of national carbon emissions. In 2023, electricity consumption in building construction
alone consumed 9.0 x 10°® tons of standard coal equivalents. However, the promotion of
low-carbon housing can effectively reduce carbon emissions from the construction sector
Yao and Shao (2025). “Low-carbon housing” refer to residential buildings that minimize
greenhouse gas emissions throughout their entire life cycle while maintaining or even
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exceeding the standard level of indoor comfort (Yao et al., 2023a).
Subsidy policies and carbon tax policies are effective means of
encouraging the development of low-carbon residential buildings
(Liu Y. et al,, 2024; Wang et al., 2025; Yu, 2020). However, how to
utilize these two policy tools of carbon tax and subsidies to more
efficiently incentivize the development of low-carbon residential
buildings remains a topic worthy of further exploration. This paper
explores the mechanisms by which carbon tax and subsidies
low-carbon  residential

incentivize the implementation of

buildings and clarifies the boundary conditions for the

effectiveness of these two policy tools.

1.1 Advantages of carbon tax and subsidies

1.1.1 The scope of application for carbon taxes and
subsidies is broader

Carbon tax, subsidies, and carbon trading are three common
low-carbon incentive policies (Yang et al, 2024). However,
carbon emissions

compared with scope of

application for carbon taxes and subsidies is broader (Hu and

trading, the

Tian, 2024; Ouyang et al, 2024). Given the complex trading
mechanisms and high implementation costs, carbon trading has
been primarily implemented in large-scale enterprises within
specific industries. For instance, the power industry is currently
the only sector included in the national carbon trading market. This
selective inclusion is justified by two main factors: firstly, the carbon
emission data from the power industry are more transparent and
credible compared to other sectors; secondly, the power industry
contributes significantly to the nation’s overall carbon emissions. In
contrast, subsidies offer a more flexible and inclusive approach, as
they can be widely applied across various industries, particularly
benefiting enterprises with low carbon emissions and even
individual citizens.

For residential products, significant carbon emissions arise during
both the construction and use phases. These emissions are generated
by construction firms and individual residents, respectively. Although
real estate developers are key stakeholders in the residential sector,
they do not directly emit carbon and thus cannot engage in carbon
market transactions. While natural persons can theoretically
participate in carbon market transactions, carbon emission
exchanges have established stringent criteria for their involvement.
Undoubtedly, these stringent criteria effectively preclude the majority
of residents from participating in the carbon trading market, thereby
undermining the fairness of the carbon trading mechanism. In
contrast, carbon taxes and subsidies offer greater flexibility and can
more effectively embody the principle of fairness.

1.1.2 The implementation costs of carbon taxes and
subsidies are lower

Compared with carbon taxes and subsidies, the process of
carbon trading is more complex (Luo et al, 2024; Xian et al,
2024; Yao and Shao, 2022). Carbon trading encompasses a
variety of legal relationships across different stages, including
total amount setting, quota allocation, and carbon emissions
trading, and involves multiple entities such as governments,
carbon trading platform institutions, emitters, carbon fixers,
financial institutions, and approval institutions. The -effective
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implementation of carbon trading relies on accurate carbon
emissions data, stringent government regulation, efficient trading
platforms, and extensive oversight from all sectors of society. In
contrast, carbon taxes and subsidies are characterized by their
directness and simplicity. Low-carbon subsidies represent direct
financial support provided by the government to low-carbon
projects or technologies, eliminating the need for complex
market mechanisms or regulatory frameworks, and are relatively
easy to implement and manage. Moreover, unlike carbon trading,
carbon taxes and subsidies do not require detailed carbon emissions
data and incur lower management costs.

1.2 Corporate decision-making under
carbon tax and subsidy constraints

Existing research indicates that carbon taxes influence corporate
low-carbon strategies through price signals, yet the magnitude of
this effect hinges on factors such as the tax rate level, policy
credibility, and the method of revenue recycling (Wu et al,
2024). A stable and gradually increasing carbon tax can prompt
energy-intensive firms to accelerate the phase-out of carbon-
intensive assets. Conversely, fluctuations or instability in the tax
rate can undermine firms’ willingness to adopt low-carbon strategies
(Xu and Liu, 2024). Moreover, firm heterogeneity—specifically size,
financing structure, and absorptive capacity—further amplifies
with
Environmental, Social, and Governance (ESG) performance are

differences  in  responses:  Companies superior
more sensitive in their emission reduction and Research and
Development (R&D) responses to carbon taxes. Studies suggest
that recycling tax revenues to firms in the form of reduced social
security contributions can effectively alleviate competitiveness
concerns and reinforce long-term emission reduction incentives,
whereas one-off transfers to households may generate substitution
effects. Overall,

complementary policies such as R&D subsidies and green

when implemented in conjunction with
finance, carbon taxes can more effectively drive corporate
decarbonization.

To spur innovation in certain fields, subsidies have been widely
applied in areas such as agriculture, new energy vehicles, clean
energy generation, high-tech, pharmaceuticals, and transportation.
Depending on the target of the subsidy, the methods can include
subsidies to manufacturers, retailers, or consumers (Lin and Zhang,
20245 Lyu et al,, 2024; Yao et al, 2023b). The vast majority of
scholars concur that government subsidies exert substantial
incentive effects and effectively bolster firms’ innovation
capabilities. Low-carbon subsidies, which are typically disbursed
in the form of rewards, are utilized to spur the development of low-
carbon industries. Empirical studies have examined the impact of
subsidy policies on low-carbon development and have revealed that
low-carbon subsidies not only foster the growth of low-carbon
industries and clean energy but also significantly enhance the
sales of low-carbon products. any researchers (Liu D. et al., 2024;
Yu et al, 2024; Zhang and Yu, 2024), using game theory, have
constructed models of emission reduction strategies for firms and
consumers and explored the optimal subsidy strategies for low-
carbon subsidies, providing valuable references for governments to

formulate effective subsidy policies.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1679245

Lv and Li

1.3 Optimization of carbon tax and subsidy
policies

On the one hand, the government can reduce the economic costs
incurred by enterprises in the process of low-carbon transition
through subsidies, thereby improving the ecological environment
(Lyu et al, 2024). On the other hand, subsidies mean that the
government has to bear a higher fiscal burden, and the possibility of
corporate subsidy fraud may also lead to the failure of the subsidy
policy (Long et al., 2024). Although carbon taxes can motivate low-
carbon behavior of enterprises, excessive taxes will increase the
burden on enterprises, thereby curbing low-carbon innovation.

Low-carbon subsidies are a form of government-led, non-
repayable financial payments to the recipients. The emphasis on
optimizing subsidies is closely related to their mechanism of action:
subsidies have both substitution and income effects, which increase
the nominal income of the subsidized entities and affect the relative
price system of enterprise products and input-output behavior.
Existing research shows that different subsidy measures, targets,
and intensities will affect the actual effect of subsidies (Cheng et al.,
20245 Li et al., 2024). Therefore, although different subsidy measures
have the common mechanism of incentive effect, they still show
complex effects.

Overall, carbon taxes show regional differences in motivating
corporate green behavior (Chai et al., 2025; Xia et al, 2024). In
regions with high carbon intensity, carbon taxes exert a substantial
inhibitory effect on carbon emissions. However, in areas with
medium and low carbon intensity, such an inhibitory effect has
yet to materialize. The academic community has reached a
consensus on this perspective: although the imposition of carbon
taxes facilitates industrial structure transformation, it exerts a
significant negative impact on economic growth, resident
consumption, and corporate income. As a result, carbon taxes
fail to achieve the dual dividend effect of carbon reduction and
economic growth in the short term. A carbon tax rate that is too low
will be insufficient to meet carbon reduction targets, while an
excessively high rate can have a pronounced adverse impact on
the economy and lead to a decline in policy effectiveness. Therefore,
exploring the appropriate tax rate and method of taxation is crucial
for motivating corporate green behavior.

1.4 The contributions of this paper

Existing research has achieved relatively rich results in the impact
mechanisms of carbon taxes and subsidies. However, these studies still
have some shortcomings. In terms of research methods, even though
many papers have conducted detailed analyses using evolutionary
game models, they have failed to take into account the persistent
stochastic disturbances existing in real life. That is to say, there are also
stochastic disturbances in the process of strategy adjustment for both
sides of the game. At this time, using only the general evolutionary
game model will hardly reflect the real world. In addition, the
incentive mechanisms of carbon taxes and subsidies for low-
carbon residential buildings have not yet been clarified, especially
the boundary conditions for the effectiveness of carbon taxes and
subsidies are still unclear. This also to a great extent restricts the full
play of the efficiency of environmental policies.
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In response to the limitations of existing research, this thesis
makes the following contributions:

A stochastic evolutionary game model that considers the impact
of noise factors has been established by introducing Gaussian white
noise. This improvement overcomes the shortcoming of existing
models that fail to account for the uncertainty of a noisy
environment, making the model more realistic and enhancing the
reliability of the research findings.

The thesis elucidates the boundary conditions for the
effectiveness of carbon taxes and subsidies in promoting low-
carbon residential buildings. This achievement provides a
foundation for improving the incentive efficiency of carbon taxes
and subsidies, aiding in the optimization of environmental policy
design and enhancing the effectiveness of these policy instruments.

2 Evolutionary game model of
government subsidies

It is evident that environmental noise, housing buyers, real estate
developers, and government subsidies all exert significant influence
on the adoption of low-carbon housing. Consequently, this paper
constructs evolutionary game models under both deterministic and
uncertain conditions to investigate the impact of government
subsidies on the adoption of low-carbon housing within these
distinct contexts.

2.1 Assumptions

Assumption 1: It is assumed that the selling price of low-carbon
houses is P,, while the selling price of regular traditional buildings
is Py, and Pyr > Py >0.

Assumption 2: For real estate developers, the cost per unit to
construct conventional housing is C,;, while the cost per unit to
build low-carbon housing is Cy,, and Ci, > Cy; > 0.

Assumption 3: There are two distinct groups of consumers on the
market; one prefers to purchase conventional houses, and the other
prefers low-carbon houses. Low-carbon housing has a utility value of
M,, whereas conventional housing has a utility value of M.

In this study, we categorize consumers in the market into two
distinct groups: those who prefer to purchase traditional houses and
those who prefer to purchase low-carbon houses. This binary
classification is based on extensive empirical research and
theoretical support.
that
preferences for houses can be effectively divided into two major

Firstly, empirical studies have shown consumer
categories based on their environmental consciousness. For
instance, the research by Vazquez and Hallack (2024) has found
that consumers can be divided into a group that prioritizes
environmental sustainability and a group that prioritizes
This

supported across various industries, including the housing

traditional house attributes. market segmentation is

sector, indicating that there are indeed significant preference
differences among consumers when choosing houses.
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Secondly, this classification reflects the different values and
preferences for environmental sustainability among different
consumer groups. Consumers who prefer low-carbon houses
typically place greater emphasis on environmental benefits,
energy efficiency, and long-term cost savings, while those who
prefer traditional houses may prioritize other factors such as
initial costs, location, and design (Du et al., 2023; Wang et al., 2023).

Moreover, research in behavioral economics has shown that
consumers often rely on heuristic methods and bounded rationality
in the decision-making process (Li et al., 2023; Zhang et al., 2023).
This binary classification simplifies the decision-making process by
main  motives house

focusing on the two driving

selection—environmental sustainability =~ and  traditional
preferences. This simplification not only makes the analysis more
feasible but also captures the main differences in consumer behavior,

thereby providing more targeted policy recommendations.

Assumption 4: The government’s low-carbon subsidies to
property developers do not exceed the additional cost of low-
carbon housing, and the subsidies to house buyers do not exceed
the premium for low-carbon housing.

Assumption 5: The market demand for low-carbon housing
depends on consumer surplus.

2.1.1 Government subsidies
The total subsidy provided by the government to real estate
developers is given in Equation I.

wy = e(c. —¢p) (1)

Where w; represents the total quantity of government aid given
to developers of real estate, and ¢ represents the subsidy coefficient.
Price subsidies and other types of subsidies are the two ways the
government supports  customers.

Equation 2 gives the

subsidy formula.

wy=a,+a, 2

Where w, represents the total quantity of government subsidy
given to house buyers, a; the price subsidy, and a, the purchase
tax subsidy.

2.1.2 Carbon tax

The government sets guidelines for low-carbon housing. Low-
carbon housing is that which complies with the guidelines and
ordinary housing is that which does not. The carbon tax rate is T.

2.1.3 Consumer surplus

The purchase strategy of house buyers has a certain degree of
randomness, and it is not easy to gauge the true utility worth of
housing purchases. This paper discusses consumer excess. The
consumer surplus function introduced in this paper are shown as
Equations 3, 4.

Mcc = ,ucnc - Tcpc (3)
Mnn = ‘Llnl’]n - Tnpn (4)

Whereas M., stands for the surplus of consumers who buy low-
carbon residential units per unit area, M,, for the surplus of
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consumers who buy low-carbon housing per unit area, y_ for the
preference coefficient of house buyers for low-carbon living, and u,
for the non-preference coefficient of house buyers for low-carbon
living; 7. stands for the utility value of low-carbon housing, #,, B for
the utility value of normal houses, where #.>#,; 7c for the price
sensitivity of buyers who favour low-carbon housing; and 7,, for the
price sensitivity of buyers who favour ordinary houses.

2.2 Model construction and analysis under
subsidy scenarios

A game payment matrix is created, as shown in Table 1,
assuming that the government offers low-carbon subsidies to
both homebuyers and real estate developers.

If at time ¢, y represents the percentage of real estate developers
who build low-carbon housing and 1 — y represents the percentage
of real estate developers who build ordinary housing, then z
represents the percentage of buyers who buy low-carbon housing
and 1 -z represents the percentage of buyers who buy ordinary
housing. The following can be ascertained in light of the game
payment matrix:

The profits made by real estate developers from building low-
carbon housing is Fag = (1 —2)(—c. +wy) + 2 (pe — ¢ + wy). The
profits made by real estate developers from building ordinary
housing is Fy; = z(—c,) + (1 = 2) (p, — cu). The average profits of
real estate developers is F4 = (1 - y)Fa1 + yFa. The replication
dynamic equation is given in Equation 5.

d —
= y(Fa-Fa) = y(1-y)[(-cc+wi = pa+c) +2(pc + p,)]

(5)

The profits of house buyers purchasing low-carbon housing is
Fg = yM,.', while the profits from purchasing ordinary housing is
Fg1 = (1= y)Mpm, and the
E = (1-2)F4 + zF 5. The replication dynamic equation is:

dz

E:Z(FgZ_F_d) :Z(l_z)(yMcc,_Mrm"'yMnn) (6)

average income is

A continuous evolution process termed an evolutionary game is
one in which organizations gain knowledge from one another.
Changes are made to the replication dynamic equations of real
estate developers and house buyers because 0 < y<1,0<z <1, and
1 -y and 1 -z do not significantly alter the group’s evolutionary
behavior. The modified replication dynamic equation are given as
Equations 7, 8:

dy = y[(—cc+wi — pp+¢u) + z(pe + pa)]dt (7)
dz=2z(1-2)(yM.' — M, + yM,,,)dt (8)

In reality, the strategies employed by homebuyers and real estate
developers are fraught with uncertainty. On the one hand, the
dynamic evolution of the complex system involving homebuyers
and real estate developers remains to be fully understood. Both
homebuyers and real estate developers utilize a variety of strategies,
which are significantly influenced by uncertain factors such as risk,
policy, and expected income. On the other hand, factors like income
levels, environmental awareness, and societal perceptions of low-
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TABLE 1 Game Payment Matrix (Low carbon subsidies).

Ordinary houses 1-z

10.3389/fenvs.2025.1679245

House buyers

Low carbon houses z

Real estate developers Ordinary houses 1-y

Low carbon houses y

carbon housing substantially impact the behavior of homebuyers.
Moreover, moral hazards and psychological shifts may affect the
decision-making of both real estate developers and homebuyers due
to their shared speculative psychology. Consequently, uncertainty
also characterizes the evolutionary process of the behavior of real
estate developers and homebuyers.

To address the inherent uncertainty in the decision-making
processes of real estate developers and homebuyers, we introduced a
stochastic element into the evolutionary game model. This
stochastic element is incorporated into the replicator dynamics
equations for real estate developers and homebuyers in the form
of Gaussian white noise. The specific form of the stochastic element
is described as follows:

Noise Type: We employ Gaussian white noise to simulate
stochastic disturbances. Gaussian white noise is a widely accepted
method for simulating random fluctuations in dynamic systems,
characterized by a mean of zero and a constant power
spectral density.

Distribution Assumption: It is assumed that the Gaussian white
noise follows a normal distribution with a mean of zero. This
assumption is based on the central limit theorem, which states
that the sum of a large number of independent random variables will
tend toward a normal distribution, regardless of the distribution of
the individual variables.

Intensity Setting: The intensity of the noise is denoted by g,
which reflects the magnitude of the stochastic disturbances.

The modified replicator dynamics equations incorporating
Gaussian white noise are presented in Equations 9, 10.

dy(®) = y(@®)[(—cc + w1 = pn+cn) + 2 () (pe + pn)]dt
+oy(t)dw(t) )
dz(t) =z(t)[y (O)Ms' — M, + y ()M, ]dt + oy (H)dw(t) (10)

The standard one-dimensional Brownian motion, an irregular
motion representing how the game subject changes in response to
outside interference, is followed by w () among them. The Gaussian
white noise symbol is dw(t). The increment Aw(t) = w(t +h) —
w(t) follows a normal distribution N (0, V) when ¢ >0 and step
size h>0; o is a normal number showing the magnitude of the
random disturbance.

Lemma: For stochastic differential equations:

dx(t) = f(t,x(t)dt + g(t, x(t))dw(t), x (t,) = xo

IfV (t,x) € C*2 (R, x R%) and the constants ¢; and ¢, (both ¢;
and c, are positive) exist and to achieve ¢;|x|’ <V (f, x) <c,|x|?,
then there is:

Frontiers in Environmental Science

Pn—¢Cn —Cn
M, 0
—C. +w; Pc—cc+w1
0 Ue'

1. If the constant A (A >0), make LV (t,x) < — yV (t, x), then the
zero solution P moment of the above stochastic differential
equation is exponentially stable, and
Elx (t, x)|P < (ca/c1)|xo|Pe™ holds.

2. If the constant A (A >0), make LV (¢, x) < — yV (¢, x), then the
zero solution P moment of the above stochastic differential
equation is exponentially instability, and

E|x (¢, x0)|? = (ca/c1)|x0Pe™” holds.

The following inferences can be made based on the
aforementioned lemmas, and the evolutionary stability of real

estate developer’ and house buyers’ strategies can be assessed.

Proposition 1: For Equation 3, if V (t,x(¢)) = A(£), A(¢) € [0,1],

ci=c=1, y=1, p=1, then: 1) z(t)s% and
%20 is the requirement for the exponential stability of

1+cp—cctpn—wi 1+cp—Cctpn—wy
n >

. . petp 9 d b 20

is the requirement for the exponential unstability of the zero

solution moment.
Proof 1:
Since

the zero solution moment; 2) z (t) >

cl=c2=1, y=1, p=1 there is
y() [(wy — pu) +2(t) (Pec + Pn + ¢ — )] < — y(t). When the zero
instant of solution of Equation 9 is exponentially stable. Since
y(t) e [0,1], so [(wy—putcc—cn)+2(t)(pe+ pa)]+1<0,

z(t) < C"_C‘;ﬁ'}:l_wl and C"_C‘gﬁ“;l_w‘ >0. Therefore, The zero

moment exponential stability condition of Equation 3 must satisfy
< Cn—Cctpn—l-wy Cn—Cctpn—l-w; >0.

z() === 0 'fmd Potpn 0 S .
When the zero instant of solution of Equation 9 is exponentially

unstable, there is y (£)[(wy — pn) + 2(£) (P + pu + cc — cu)] = ¥ (1).
Since y(t) € [0,1], so [(wy = pu+cc—cn)+z(E)(pe+pa)l=1,

z(t) < C"_C‘;C 1:,};1—101 and C"_C‘;ﬁ”;‘ "% > 0. Therefore, The zero
moment exponential unstability condition of Equation 3 must
satisfy z (t) > m";;;}:"*wl and W";ﬁiﬁ”*w‘ >0.

This suggests that when the percentage of house buyers choosing
low-carbon housing meets z (¢) < C”_C‘;‘i”l; "% and C"_C‘;C ‘:”I; w0,
real estate developers will ultimately decide to construct ordinary

housing. Property developers are more likely to construct low-
1+cp—cctpa—wi 1+cp—cctpa—wi >0.

i  Petpn Petpn

Therefore, actively promoting low-carbon consciousness among

carbon housing when z (t) > and
house buyers during the early phases of low-carbon subsidies plays a
positive guiding role in developing low-carbon housing strategies for
real estate developers.

Proposition 2: For Equation 3, if V (£, x(¢)) = A(t), A(¢) € [0,1],
c=c=1y=1,p=1,then: 1) y(t)sMAi'j‘X,} - and Mﬁng}‘,zo is
the requirement for the exponential stability of the zero solution

frontiersin.org
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z(1)

ESS (1, 1)
1+cen—ce+ pn—wi

Pe+ pn

Cn—Cet+ pn—1—wm

pc+pn
ESS (0, 0)
Mm—1 M +1
Mon+ Mee' Mo+ Mee'
FIGURE 1

The regional distribution of the three circumstances
(Carbon subsidies).

My +1 M+l
My +M o My +M o =

exponential unstablllty of the zero solution moment.

and

moment; 2) y (t) > > 0 is the requirement for the

The proof process for Proposition 2 is similar to Proposition 1.
This suggests that when the proportion of low-carbon residential
buildings reaches y(t) < ST ":Ml - an nd MM":MI
eventually opt to buy ordinary houses. House buyers are more likely
to choose low-carbon housing when y (£) = 22mland Mul_>

My +M o Myp+M o =
This finding, therefore, provides a theoretlcal foundation for

>0, house buyers will

encouraging the diffusion of low-carbon housing and aids the
government in developing subsidy measures to direct the low-
carbon behavior of real estate developers.

In conclusion, three circumstances can be used to categorize the
development of low-carbon behavior among property developers
and house buyers:

1. When the proportion of real estate developers and homebuyers

who use low-carbon strategies equals z<c"c‘;f’# and
y< MM Sy the system will ultimately evolve to ESS (0,0),

which means that neither homebuyers nor real estate

developers will use low-carbon strategies. In this scenario,

government low-carbon  subsidies cannot effectively
motivate real estate developers and homebuyers to adopt
low-carbon strategies.

2. Homebuyers and real estate developers will adopt low-carbon
strategies as a result of the incentive provided by real estate
subsidies when z () 2% and y(t)> "1;\’41 , which

will eventually cause the system to evolve towards ESS (1,1).

TABLE 2 Game payment matrix (carbon tax).

10.3389/fenvs.2025.1679245

3. The system’s direction of evolution is ambiguous when

c,,—cc+p,,—1—w1< <1+c,,—cc+p,,—w1 M,,—-1 < _ M+l
i 2O s <Y (OSi

Under the influence of noise, real estate developers and
house buyers’ strategies might change in the direction of
(1,1) or (0,0), i.e., developers might build low-carbon houses
or other types of houses, and buyers might choose to buy low-
carbon houses or other types of houses. The evolutionary

system is currently in a state of chaos.

Figure 1 displays the regional distribution of the three
circumstances.

2.3 Model construction and analysis under
the carbon tax scenario

Table 2 displays the game payment matrix for the carbon
tax situation.

The profits made by real estate developers from building low-
carbon housing is Fg, = —¢. (1 — z) + z(p. — ¢.). The profits made
by real estate developers from building ordinary housing is
Fyy=z(-c,—T)+ (1 -2)(pn—cn —T). The average profits of
real estate developers is F; = (1 — y)F4 + yF4,. The replication
dynamic equation is given in Equation 11:

dy

& y(Fa -

dt F_d):y(l_y)[T_Cc+Cn+Pcz+PnZ_Pn] (11)

The profits of house buyers purchasing low-carbon housing is
Fg = yM..', while the profits from purchasing ordinary housing is
Fgi= (1-y)Mym,  and  the  average
F_g = (1 -2)Fy +zF . The replication dynamic equation is the
same as Equation 6.

The modified replication dynamic equation is given in

income is

Equation 12:
dy = y[T —cc + ¢y + pez + puz — py)dt (12)

Proposition 3: For Equation 3, if V (t,x(t)) = A(t), A(¢) € [0,1],
cl=c2=1, y=1, p=1, then: 1) z(t)s% and
% >0 is the requirement for the exponential stability of the
zero solution moment; 2) z (t) > lfT;ff;n”*P " and lfT;if;:W >0 is the

requirement for the exponential unstability of the zero solution moment.

The proof process for Proposition 3 is similar to Proposition 1.

The evolution of low-carbon behavior among real estate
developers and homebuyers under carbon taxes can also be split
into three categories, similar to low-carbon subsidies:

Homebuyers

Ordinary housing 1-z

Low carbon housing z

Real estate developers

Ordinary residential buildings 1-y pn—cn—T -, - T
Mo 0
Low carbon housing y —c. Pe—cc
0 M
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FIGURE 2

The regional distribution of the three circumstances (Carbon tax).

1. When the proportion of real estate developers and homebuyers
who use low-carbon strategies equals z (£) < ~~" P apg
Mpy~1 ;

y()< MV the system will ultimately evolve to EnSS (0,0),

which means that neither homebuyers nor real estate
developers will use low-carbon strategies. In this scenario,

government low-carbon  subsidies cannot effectively

motivate real estate developers and homebuyers to adopt
low-carbon strategies.
2. Homebuyers and real estate developers will adopt low-

carbon strategies as a result of the incentive provided by
z(t) > 7”:;’;:”’"
y(t)= MAiTX/}“» which will eventually cause the system to
evolve towards ESS (1,1).

3. The system’s direction of evolution is ambiguous when
=1-T+c.—cu+py 1-T+cc=Cp+pu M,u—1 M+l

< < ml < < Mmdl

ET A0 s it <Y (8 S 37,0

Under the influence of noise, real estate developers and

real estate subsidies when and

or

house buyers’ strategies might change in the direction of
(1,1) or (0,0), i.e., developers might build low-carbon houses
or other types of houses, and buyers might choose to buy low-
carbon houses or other types of houses. The evolutionary
system is currently in a state of chaos.
Figure 2 displays the regional distribution of the three
circumstances under the carbon tax.

3 Simulation

The average selling price of business real estate in China in
2022 was 9,860 yuan/m? and the profit for ordinary housing was
986 yuan/m’. Low-carbon housing may generate lesser earnings
than conventional housing due to the rising costs and high selling
price of such housing. Considering that the earnings of low-carbon
housing are 5% less than that of ordinary housing, this comes to
936 yuan/m’.

Although carbon tax policies have been implemented in
29 countries and regions worldwide, China has not yet
implemented a carbon tax. European countries with higher tax
rates, such as Sweden’s carbon tax of $127/tCO,e. On the other
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hand, carbon taxes in developing countries are generally low,
ranging from $4/tCOe to $8/tCO,e. Based on the carbon tax
rates of developing countries, China’s initial carbon tax rate was set
at 40 yuan ($6.3). Because the carbon emissions of residential
buildings in northern China are 2.25tCO,/m” over their entire life
cycle, the carbon tax can be set at 110 yuan/m2 (Yao et al., 2023a).
Therefore, the relevant parameters are set to: p, = 9860,
pe = 10700, ¢, =8874, c.=9764, w; =100, w, =100. The
following parameters were chosen based on the literature
(Zheng and Yu, 2022): ., =50, n, =40, 7. =1, 7, = 1, 0, = 0.3,
0, =0.4.

3.1 Evolutionary game simulation under
subsidies

The following are the three evolutionary scenarios for
implementing low-carbon subsidies on low-carbon housing:

Scenario 1: y <0.38 and z<0.48

Scenario 2: y>0.49 and z>0.68

Scenario 3: 0.38 < ¥ <0.49 or 0.48 <z <0.68

MATLAB was used to simulate the implementation effect of
low-carbon housing to validate the three evolutionary scenarios of
implementing low-carbon subsidies on low-carbon housing in noisy
environments. Two noise environments have been set: 0 =2 dB
and o =10 dB.

3.1.1 Scenario 1

In this case, the replicated state equation’s initial solutions are as
follows: yo = 0.3,z = 0.4; yo = 0.1, 29 = 0.3 and y, = 0.2,z = 0.2.
Figures 3, 4 depict evolutionary game simulation diagrams obtained
under the influence of noise.

Through the above simulation, it can be concluded that
under the condition of y<0.38 and z<0.48, even under the
interference of noise, the low-carbon strategies of real estate
developers and homebuyers both evolve towards 0; that is, the
homebuyer’s strategy is not enough to buy low-carbon housing,
while the real estate developer’s strategy evolves to build
ordinary housing.

3.1.2 Scenario 2

In this case, the replicated state equation’s initial solutions are as
follows: yo = 0.5, 29 = 0.7; yo = 0.6, 29 = 0.8 and yo = 0.7, 29 = 0.7.
Figures 5, 6 depict evolutionary game simulation diagrams obtained
under the influence of noise.

Through the above simulation, it can be concluded that under
the condition of y >0.49 and z > 0.68, even under the interference of
noise, the low-carbon strategies of real estate developers and
homebuyers both evolve towards 1; that is, homebuyers’
strategies evolved into purchasing low-carbon housing, while real
estate  developers’ evolved into low-

strategies building

carbon housing.

3.1.3 Scenario 3

In this case, the replicated state equation’s initial solutions are as
follows: yo = 0.2,z = 0.8; yy = 0.4, 29 = 0.6 and y, = 0.8, zp = 0.2.
Figures 7, 8 depict evolutionary game simulation diagrams obtained
under the influence of noise.
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FIGURE 3
Evolution trend of real estate developers’ strategies in the context of low-carbon subsidies (Scenario 1).
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FIGURE 4
Evolution trend of homebuyers' strategies in the context of low-carbon subsidies (Scenario 1).
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FIGURE 5
Evolution trend of real estate developers’ strategies in the context of low-carbon subsidies (Scenario 2).

The above simulation leads to the conclusion that when  resulting in a chaotic market. Their strategies may evolve in the
0.38<y<0.49 and 0.48<z<0.68, real estate developers and  direction of (0,0) or the direction of (1,1).
homebuyers’ strategies are unstable. Noise causes real estate The three low-carbon subsidy scenarios for the development and
developers’ and homebuyers’ strategies to fluctuate more, evolution of low-carbon housing have been proven.
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Evolution trend of homebuyers' strategies in the context of low-carbon subsidies (Scenario 2).
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FIGURE 7
Evolution trend of real estate developers’ strategies in the context of low-carbon subsidies (Scenario 3).
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FIGURE 8
Evolution trend of homebuyers’ strategies in the context of low-carbon subsidies (Scenario 3).

Frontiers in Environmental Science 09 frontiersin.org


mailto:Image of FENVS_fenvs-2025-1679245_wc_f6|tif
mailto:Image of FENVS_fenvs-2025-1679245_wc_f7|tif
mailto:Image of FENVS_fenvs-2025-1679245_wc_f8|tif
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1679245

Lv and Li

10.3389/fenvs.2025.1679245

0.6 T T

0.5

T T T
— - —Y,=0.3 2;=0.4 Noise=2
——¥,=0.1 z;=0.4 Noise=10
—¥,=0.2 ;=03 Noise=2 |
——y,=0.3 2;=0.4 Noise=10
—>—y,=0.1z,=0.4 Noise=2 |
¥,=0.2 ;=0.3 Noise=10

FIGURE 9

Evolution trend of real estate developers' strategies in the context of carbon tax (Scenario 1).
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Evolution trend of homebuyers’ strategies in the context of carbon tax (Scenario 1).

3.2 Evolutionary game simulation under
carbon taxes

The following are the three evolutionary scenarios for
implementing carbon taxes on low-carbon housing:

Scenario 1: y<0.45 and z<0.48

Scenario 2: y>0.49 and z>0.68

Scenario 3: 0.38 < ¥ <0.49 or 0.48 <z <0.68

3.2.1 Scenario 1

In this case, the replicated state equation’s initial solutions are as
follows: yo = 0.3,z = 0.4; yy = 0.1, 29 = 0.4 and y, = 0.2, zp = 0.3.
Figures 9, 10 depict evolutionary game simulation diagrams
obtained under the influence of noise.

Through the above simulation, it can be concluded that
under the condition of y<0.45 and z<0.48, even under the
interference of noise, the low-carbon strategies of real estate
developers and homebuyers evolve towards 0; that is, the
homebuyer’s strategy is not enough to buy low-carbon
housing, while the real estate developer’s strategy evolves to
build ordinary housing.
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3.2.2 Scenario 2

In this case, the replicated state equation’s initial solutions are as
follows: yy = 0.70, zo = 0.80; y¢ = 0.56, zo = 0.68 and y, = 0.65,
z9 = 0.70. Figures 11, 12 depict evolutionary game simulation
diagrams obtained under the influence of noise.

The above simulation shows that when y>0.56 and z >0.68,
even with noise interference, real estate developers’ and
homebuyers” low-carbon strategies both evolve towards 1, that is,
the homebuyer’s strategy evolves to buy low-carbon housing, and
the real estate developer’s strategy evolves to build low-carbon
housing. This means that, if y>0.56 and z>0.68, carbon tax
policies can effectively encourage the implementation of low-

carbon housing.

3.2.3 Scenario 3

In this case, the replicated state equation’s initial solutions are as
follows: yo = 0.2,z = 0.7; yy = 0.5, z9 = 0.5 and y, = 0.8, zp = 0.4.
Figures 13, 14 depict evolutionary game simulation diagrams
obtained under the influence of noise.

It is clear from the simulation above that, when 0.38 < y <0.49
and 0.48<z<0.68, real estate developers’ and homebuyers’
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FIGURE 11

Evolution trend of real estate developers’ strategies under the carbon tax scenario (Scenario 2).

FIGURE 12

Evolution trend of homebuyers' strategies under the carbon tax scenario (Scenario 2).
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Evolution trend of homebuyers’ strategies under the carbon tax scenario (Scenario 3)

strategies are unstable due to the impact of the carbon tax. The
tactics of real estate developers and homebuyers fluctuate more as a
result of noise, and the market is in a chaotic condition. Their tactics
could develop in either the direction of (0, 0) or (1, 1).

The three carbon taxes scenarios for the development and
evolution of low-carbon housing have been proven.

4 Conclusion

We assessed the efficacy of carbon taxes and subsidies in
fostering low-carbon housing development by juxtaposing these
two environmental policies against carbon trading policies. To
examine the impacts of carbon taxes and subsidies on the
proliferation of low-carbon housing, stochastic evolutionary
game models were constructed and analyzed. Irrespective of
whether it is a carbon tax or a subsidy, the promotion of low-
carbon housing can be categorized into three distinct phases: the
initial stage, the development stage, and the stable stage of low-
carbon housing development under the influence of either a
carbon tax or a subsidy.

4.1 The initial stage

In the context of low-carbon subsidies, when real estate

developers and homebuyers embrace low-carbon strategies in

nCetpu—l-wy Myy-1
Petpn My +M

of low-carbon housing enters the initial phase. In the context of

proportion, z < and y< the implementation

carbon taxes, when real estate developers and homebuyers embrace

z< =1-T+cc=Cpt+pn
- Petpn

the implementation of low-carbon housing enters the

low-carbon in and

M1
ys Mo+Me
initial phase. The willingness of homebuyers and real estate
their

comparatively low, and carbon taxes or subsidy policies have

strategies proportion,

developers to reduce carbon footprint is currently
little impact. In this case, the government should implement
some policies, such as a carbon tax and subsidy programs
concurrently, to encourage the growth of low-carbon housing to
reach the development and stable stage as soon as feasible. Our

model indicates that relying solely on government subsidies or
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carbon taxes is insufficient to effectively achieve widespread
implementation of low-carbon residential buildings across various
noise intensities. This finding underscores the necessity for
additional policy interventions and market mechanisms to
overcome initial market resistance and inertia.

4.2 The development stage

Even though homebuyers and real estate developers are more
ready to adopt low-carbon strategies during the development stage,
it is unclear how these groups will ultimately evolve. In the case of

implementing low-carbon subsidies, when
Cn=Cetpn—l-wy T+cp—cctpp—w Mp,—1 M+l EPR
i S2(O) s or <y (D < it s

the development stage. In the case of implementing carbon tax,

—1-T+c.—Cut+pp 1-T+c.~Cptpn Myy—1 M+l s
< < m=1l < M
PetPn <z(t)< Petpn r M +Moo = Y )< Mun+M’ it

is the development stage. The government should actively assist

when

homebuyers and property developers in raising the expectations of
the low-carbon housing market during the development stage to
promote the prosperity of the low-carbon housing market. The
stochastic evolutionary game model demonstrates that minor
changes in initial conditions or policy parameters can lead to
significant deviations in the evolutionary trajectory. At this stage,
the relationship between carbon taxes, subsidies, and the
implementation of low-carbon residential buildings becomes
more complex and exhibits chaotic states under certain noise
intensities.

4.3 The stable stage

The role of the carbon tax and subsidy policies in promoting the
development of low-carbon housing is significant as real estate
developers’ and homebuyers’ readiness to adopt low-carbon
practices grows. Real estate developers and house buyers are
moving towards low-carbon strategies, which is a stable stage of
development. The stable stage in the situation of low-carbon
% and y(t)ZAffn';—”;}m. The
stable stage in the situation of carbon taxes occurs when

1-T+c.~Cutpp M+l
Petpn M +Mor

subsidies occurs when z () >

z2

and y> . In the stable phase, the system
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reaches a critical point where low-carbon residential buildings can
be successfully implemented, leading to a qualitative change.

5 Limitations and future work

Although this study has thoroughly investigated the incentive
mechanisms of carbon taxes and subsidies on the development of
low-carbon housing, there are still some limitations. For example,
the model fails to fully reveal nonlinear dynamic characteristics,
such as tipping points and chaotic dynamics, which may be crucial
in the actual implementation of policies. In addition, the
simplification of model assumptions, such as the perfectly
rational behavior of market participants, may limit the ability to
explain actual market behavior. At the same time, the study has not
fully considered the combined effects of carbon taxes and subsidies
with other environmental policies, as well as the heterogeneity of
different regions and industries.

Future research can further explore these nonlinear dynamic
characteristics, integrate the theories of behavioral economics,
analyze the combined effects of policy packages, and expand the
scope of empirical data. These improvements will help to more
comprehensively understand the impact of policies on the low-
carbon housing market and provide a more scientific basis for
policy-making.
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