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Abstract

Achieving the “Dual Carbon” goals requires accelerating the near-zero energy transition
of office buildings. Existing research focuses on isolated economic or technical dimen-
sions, neglecting the dynamic evolution of tripartite collaboration among the government,
developers, and users, and lacking integrated quantification of key drivers like carbon
reduction, energy savings, and comfort benefits. To address this, this study develops a
tripartite evolutionary game model that incorporates technical parameters, simulated with
data from a nearly zero-energy office building (NZEOB). Results show that the transition is
stage-dependent, shifting from initial government drive to long-term market sustainment.
The economic benefits from energy savings emerge as the core decision factor in current
technology adoption, often exerting a stronger influence than carbon reduction benefits,
while improvements in comfort can effectively accelerate market acceptance. Technology
pathways need to align with developmental stages; low-cost technologies are advisable
in the early phase to lower entry barriers, whereas medium to later stages should focus
on technologies with high combined benefits and system integration. Policy instruments
should be dynamically optimized, with an emphasis on strengthening penalty mechanisms
to establish rules in the early stage, shifting toward performance-linked incentives in the
mid-to-late stages, and emphasizing compensation mechanisms to build trust. This study
offers a basis for multi-party collaboration and stage-adapted strategies.

Keywords: building; tripartite evolutionary game; decision analysis; cost reduction and
efficiency increase; office building

1. Introduction

The world is confronted with the dual challenge of meeting carbon neutrality goals
and decarbonizing the construction industry. The building sector is a significant source of
energy consumption and greenhouse gas emissions; according to the International Energy
Agency, it accounts for approximately 40% of global final energy use [1]. Consequently,
the impact of building energy consumption on carbon emissions has become a focal point
of contemporary carbon neutrality targets, with research mainly focusing on energy con-
servation [2], sustainable energy adoption [3], and the design of novel energy-saving
technologies [4].

Against this backdrop, China’s national strategy, which aims to achieve carbon peak-
ing by 2030 and carbon neutrality by 2060 and is commonly termed the “Dual Carbon”
goals, provides a critical policy impetus and research context for systematically exploring
decarbonization pathways in the building sector. The green, low-carbon transformation
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of the construction industry, especially through the development of nearly zero-energy
buildings (NZEBs), represents a core pathway for attaining these objectives.

With advances in new technologies and energy sources, NZEBs have attracted growing
attention for their marked potential to reduce building operational energy consumption.
From a carbon emission perspective, however, the key stakeholders involved in the low-
carbon building transition, including the government, developers, and users, often hold
divergent views on costs and benefits, leading to conflicting objectives and coordination
difficulties. The widespread adoption of NZEBs essentially depends on the interaction and
coordination of strategies among these three parties. Yet existing research remains insuffi-
cient in uncovering the dynamic game-theoretic mechanisms of multiple stakeholders and
in integrating techno-economic parameters. Most studies treat building types uniformly,
while for office buildings, a category of public buildings characterized by high energy
consumption and significant energy-saving potential, inappropriate transition strategies
can adversely affect not only green leasing premiums and the performance of energy-saving
technologies, but also occupant productivity and health [5]. Under the “Dual Carbon”
framework, integrating social factors with environmental and economic considerations in
building design is crucial [6]. This requires research to look beyond the operational energy
savings of NZEBs and to holistically consider embodied carbon from the construction
phase, operational carbon, and related carbon-offset measures. Therefore, it is important
to investigate the dynamic effects of varying costs and energy-saving benefits of different
technologies across market stages, and to systematically reveal their phased impact on
tripartite decision-making behavior.

Therefore, to reveal the interactive decision-making relationships among the govern-
ment, developers, and users, this study focuses on office buildings and constructs a tripartite
evolutionary game model. Through mathematical modeling and simulation, a sensitivity
analysis of relevant influencing factors is conducted to identify optimal pathways for tri-
partite cooperation. The aim is to thoroughly investigate stakeholder relationships specific
to nearly zero-energy office buildings (NZEOBs) in order to promote their development
and offer practical insights for achieving the “Dual Carbon” targets.

The main contributions of this paper are as follows: (1) To clarify the mechanism for
NZEOB transition, a tripartite evolutionary game model centering on the government,
developers, and users is developed. The decision-making demands and behaviors of these
three stakeholders across different time periods are examined. (2) By integrating parameters
from the literature and actual cases, a game model incorporating the techno-economic
parameters of NZEOBs is constructed to quantify and compare the promotion effectiveness
of different technological pathways. (3) Key factors influencing tripartite coordination
are identified. The simulations demonstrate that both subsidy—penalty policies and green
premiums exhibit optimal ranges. Building on this, we propose stage-specific policy
portfolios and market cultivation strategies, offering actionable guidance for stakeholders
to design their implementation roadmaps.

2. Literature Review
2.1. Nearly Zero-Energy Office Buildings and Techno-Economic Research

Office buildings currently account for 25% of total carbon emissions, making them a major
source of fossil energy use [7]. To achieve carbon neutrality, reducing emissions and energy
consumption has become a key focus for the built environment. This is pursued through
technical means, encompassing both passive and active strategies such as renewable energy
adoption, energy storage, and improved indoor climate design [8]. Within this hierarchy, the
most effective approaches are low-energy buildings, nearly zero-energy buildings (NZEBs),
and zero-energy buildings (ZEBs). Currently, ZEBs are considered a priority for energy
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conservation and curbing fossil fuel use [9], but few buildings meet their stringent technical
and economic requirements. Scholars have proposed that by 2030, NZEBs will become the
primary goal for low-carbon building retrofits, with targets including 30% of new buildings
becoming NZEBs and 30% of existing buildings being retrofitted to NZEB standards [10].
For office buildings to meet NZEB targets, typical measures include integrating re-
newable energy, optimizing envelope performance, and improving architectural form [11].
Carbon reduction pathways span the entire building lifecycle, including design, construc-
tion, operation, and demolition, highlighting the need for early intervention starting from
government planning and schematic design [12]. Technically, research has evolved from
passive strategies [4] to integrated optimization of active systems [13-15], and more re-
cently to incorporating photovoltaics, energy storage, and smart management under a
“passive-first, active-optimization” approach [16-18]. However, most existing studies fo-
cus predominantly on the energy performance of individual technologies [19]. Balancing
multiple factors to achieve optimal outcomes at minimal cost remains a key challenge for
stakeholders [20]. In the low-carbon transition, simply increasing renewable energy use
may not fully address emissions and could lead to a “high emissions with high recycling”
pattern without alleviating user costs, while aggressive technical upgrades often raise costs.
In this context, research has evolved beyond assessing direct economic savings to include
implicit benefits like environmental gains and improved comfort, aiming for cost reduction
and efficiency enhancement. Some studies use cost-benefit analysis (CBA) to evaluate the
lifecycle benefits of energy-efficient buildings [21,22], while others apply system dynamics
(SD) to highlight integrated measures such as energy-saving awareness for NZEB promo-
tion [23]. However, these studies overlook differentiated strategic choices and dynamic
interactions among stakeholders across stages. Global NZEB promotion still faces barriers in-
cluding high costs, technological complexity, weak regulation, and limited engagement [17,24],
underscoring the need for systematic investigation into stakeholder synergies [19].

2.2. Application of Game Theory in NZEB Research

Evolutionary game theory has become a key tool for analyzing multi-party strategic
interactions. Unlike traditional game theory, which assumes perfect rationality, it empha-
sizes bounded rationality and simulates long-term strategy evolution through replicator
dynamics [25], making it well suited for studying green technology diffusion driven by
learning and imitation. To systematically review the relevant literature, this paper selects
representative studies focusing on stakeholder game analysis in the green and low-carbon
building sector and summarizes their core elements in Table 1.

Table 1. Salient literature review.

Source Key Decision Variables Application Area Main Findings
Retrofit costs, subsidies, penalties, Residential Ea_rly pengltles encourf:\ge ent'erprls,e part1c1pat'10n
[25] o 1 . in retrofits, but meeting residents” demands is
willingness to pay building retrofits .
equally essential.
Supervision cost. penalties Government leads early stage, withdraws as
[26] P subsi die/sp ! NZEB promotion market matures; high supervision costs or
insufficient penalties hinder optimal outcomes.
Loss aversion, loss sensitivity, Government regulation guides early renovation
[27] gain sensitivity, regulation Residential stages, while owners’ participation depends more
intensity, subsidies, building retrofits on expected returns and perceived risks than on
perceived risks subsidies alone.
Subsidy and penalty intensity, Low-carbon building ngher subsidies or penallt 1es may reduce
[28] . . . . enthusiasm for LCBs, as perceived risks and losses
risk perception, loss perception (LCB) promotion

can offset policy effects.
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Table 1. Cont.

Source Key Decision Variables Application Area Main Findings
Clients’ overestimation of potential loss is the
P ial 1 ial o . i i f ing,
[29] otentia loss, social pressure, Public building retrofits main ba?rler to energy performance contracting,
subsidies, penalties and social pressure helps compensate for weak
economic incentives.
Retrofit costs and benefits, policy Decision-making is driven by costs and benefits,
[30] incentives, willingness to pay, Office building retrofits and the effectiveness of government supervision
coordination costs hinges on project profitability.
1 . . 1 licy ch
Subsidies, punishment, lifecycle . g Occu.pants respor}d wealf y to poticy changes ar}d
. Commercial building require a supportive environment, while financial
[31] awareness, energy-saving . ,
retrofits support strongly encourages developers
performance
green efforts.
Ultra-low energy Land cost adjustments and carbon fines effectively
Land purchase costs, carbon . . . . .
[19] emission fines. subsidies consumption green motivate government involvement, with optimal
/ buildings promotion thresholds identified for both.
. Publi tiny effectivel 1 t
. . Carbon reduction LDHE SCrUtiny SHIectively Suppiements
[32] Penalties, subsidies, carbon quota, behavior under government regulation, with penalties and
: carbon price, public scrutiny . . subsidies outperforming increased monitoring or
emission trading scheme . o .
non-financial incentives.
Government reputation, Subsidies and penalties shape enterprise and
incremental costs, comfort s . consumer decisions; dynamic mechanisms
[33] ) . Green building promotion a0 .
benefits, dynamic reward and stabilize the game, with government gradually
punishment mechanisms exiting as markets develop.
Dynamic and static subsidies, Phasing out subsidies aids green building
[34] government supervision, Green building development; ideal state correlates positively with
punishment, carbon promotion supervision and punishment, and negatively with
emission reductions subsidy levels.
. . D i d with stati lty i timal,
Dynamic reward and punishment, Green ynamie reward with static penatty 1s ophimal, as
- e . contractors respond to incentives while
[35] supervision probability, Construction .
. 1. . . government supervision responds to both
construction probability incentives - 1 .
subsidies and penalties.
1 . Subsidi tial f ti
Subsidies, mandatory regulation, Green technology LDSICIES are essentia’ Tof promotng green
[36] . PP technologies, while penalties only accelerate
participation costs diffusion . : . .
adoption without altering the final outcome.
Government funding peaks in the fast
' ' with e
Risk preferences, policy Green technology convergence range with owners most sensfqve to
[37] . . e incentives and contractors to costs. Adoption
incentives, costs, market returns diffusion . . . .
decisions are shaped by policy signals, market
returns, and risk expectations.
< 1: . 11 bsidies t tructi it t
Incremental cost, subsidies, policy Green building S.’u )SICIES 10 CONSITUCHON WIS promote green
[38] . . building development, while homebuyer subsidies
cost, incremental benefits development .. . .
remain ineffective due to passive demand.
Subsidies and penalties, Government strategies under state payment
. Green technology ; - .
technology cost-benefit, e depend on regulation and penalties, while
[39] e diffusion in PPP . .
consumer preference coefficient, projects consumer payment is shaped by income

regulation costs

and subsidies.

A review of the above studies reveals that existing research has predominantly focused

on general green buildings and residential buildings, examining the influence of factors

such as subsidies, penalties, and residents” willingness to pay on participant decision-
making [25-27]. Some studies have targeted the public building retrofit market, highlight-
ing the critical impact of factors such as potential losses [29], user coordination costs [30]

and developers’ lifecycle awareness [31] on retrofit decisions, while also exploring differen-

tiated incentive strategies such as optimized subsidy schemes. However, these studies pay
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relatively limited attention to the specific building type of nearly zero-energy office build-
ings. Unlike residential buildings, office buildings, as high-energy-consumption public
structures, exhibit more pronounced operational and maintenance costs and energy-saving
benefits [40]. Consequently, promoting NZEOBs requires attention to co-benefits such
as improved employee productivity, health cost savings, brand value, and green rental
premiums [6,24,41,42]. Existing game models have not yet systematically incorporated
these factors into their analytical frameworks.

Furthermore, most studies emphasize the dynamic optimization of government-led
macro-level policy instruments, examining the influence of factors such as public supervi-
sion [32], dynamic reward-penalty mechanisms [33], subsidy strategies [34,38], and risk and
loss perception [28] on participant decisions. Although some research identifies technological
cost as a core constraint [19,31] and analyzes the role of policy instruments in green technology
diffusion [35,36,39], revealing stage-wise characteristics of market development [37], most
existing game models simplify technological factors into exogenous cost parameters. They
do not systematically differentiate and quantify how the comprehensive performance of
technological measures, including incremental cost, operational energy savings, and carbon
reduction, dynamically influences the strategic choices of participants across different market
stages, thereby failing to provide strategic guidance for technology promotion pathways.
Concurrently, most models fail to holistically consider building carbon emissions and carbon
offset measures, nor do they internalize carbon reduction performance as a core benefit, which
weakens the linkage between policy analysis and the “Dual Carbon” goals.

2.3. Research Gaps

Although existing studies provide a theoretical basis for stakeholder participation
in promoting energy-efficient buildings, the following research gaps remain: (1) There
is a lack of research on stage-specific multi-party benefit decisions that promote NZEOB
development within the specific context of the “Dual Carbon” goals. This gap leaves
office buildings, a key target for near zero-energy transition, without sufficient evidence
to support practical policy formulation. (2) Research lacks an in-depth exploration of
the unique behavioral mechanisms of stakeholders in the low-carbon transition of office
buildings. For example, a quantitative analysis integrating the government’s economic
costs and carbon reduction performance, as well as users’ energy savings, comfort, and
productivity gains, is still needed. (3) Most existing game models fail to adequately capture
how the multidimensional impacts of various NZEB technologies influence the strategic
decisions of the three stakeholders. (4) Most studies on enhancing NZEB cost-effectiveness
employ static analytical methods, with limited examination of how stakeholder strategies
evolve in response to dynamic changes in costs and benefits.

3. Evolutionary Game Model Analysis
3.1. Stakeholder Demand Analysis

Local governments play a pivotal role beyond fiscal subsidies for market entry. Their
core function is constructing a long-term policy framework balancing incentives with
constraints. This includes raising mandatory energy efficiency standards, using environ-
mentally friendly materials and low energy standards in demonstration projects, and imple-
menting refined carbon management systems. Government decision-making dynamically
balances short-term expenditure, long-term emission reductions, and regulatory credibility.
Policy effectiveness lies in translating national strategies into stable market expectations,
directing resources toward green innovation and high-quality building supply [43].

For developers, incremental construction and operating costs constitute the major
costs, while other costs are often negligible [44,45]. As technology integrators and market
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suppliers, their decisions are central to the NZEOB transition. Under the objective of
profit maximization, developers must carefully assess the substantial incremental costs
associated with adopting various technologies [46]. Their motivation for transition stems
from multiple anticipated returns, including complying with stringent regulations to avoid
penalties, meeting policy requirements to secure green financial support, and gaining
product premiums and enhancing long-term market competitiveness by building a green
brand and offering healthier, more comfortable office spaces [47]. Simultaneously, develop-
ers must account for potential risks related to non-compliance or performance shortfalls,
including the cost of compensating users for failing to deliver promised green performance
as stipulated by policy or market agreements. Therefore, developer behavior responds to
costs, policy signals, and market demand.

Users are the end-users and primary operators of energy efficiency in NZEOBs, and
their choices constitute a fundamental source of market demand. User decision-making
involves not only sensitivity to direct economic costs, such as rent and operational energy
expenses, but also a growing emphasis on the long-term value of the office environment for
employee health, work efficiency, and talent attraction [47]. Research shows that enhancing
perceptions of green products’ functional and emotional value drives purchase intention.
Thus, incentivization requires more than price subsidies, which necessitates verifiable
energy savings, perceptible comfort improvements, and transparent carbon information to
make green choices commercially competitive.

Therefore, this paper constructs a tripartite evolutionary game model to analyze the
NZEOB promotion process, with Figure 1 illustrating the interactive benefits among the three
parties. In this framework, the government influences developer and user behavior through
policies such as subsidies and penalties. Developers decide whether to invest in NZEOBs
based on policy costs and market returns, while users make purchasing decisions considering
building performance, price, and incentives. User purchase willingness serves as a key market
signal that affects developers” expected profits, while developers’ supply choices in turn shape
user options. Through this model, the study aims to reveal the dynamics of tripartite strategic
interaction and identify collaborative pathways to promote large-scale NZEOB development,
thereby supporting carbon reduction goals in the building sector.

. - Government
Supervision, Incentives, J Guides market development and

and Innovation Promotion A

provides consumption subsidies

environmental protection.
‘saprjod

Enhances government
reputaﬂon, and promotes

£10yemBar sayemunioy pue
uonedonred joxrew saseamuy

Drives implementation

speqpady 19sn sapraoid pue
JUSWILIZA0S 31} UT JSNI) SadUBUY

Developer

Shifts demand trends and creates incentive-driven mechanisms.

Figure 1. Impact mechanism of nearly zero-energy office building development.
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3.2. Model Assumption

Based on the analysis of relevant stakeholders in the NZEOB promotion process above,
this study treats the government, developers, and users as players in the game model, applying
evolutionary game theory to analyze their tripartite interactions. Each stakeholder pursues
utility maximization; in practice, stakeholders’ strategies depend on cost-benefit comparisons
and are adjusted based on actual conditions. These strategies will significantly affect the
overall development trend and performance of the NZEOB market. The parameters of the
tripartite evolutionary game model are defined and summarized in Table 2.

Table 2. The tripartite evolutionary game payoff matrix.

Players Parameters Definition
C Costs of implementing active regulation
G Losses of credibility and public trust when choosing not to regulate
Economic benefits for governments from developers building NZEOBs
Wh (e.g., reduced investment in drainage and
electricity)
Government R Subsidy provided by governments to developers for NZEOB construction
! under active regulation
R Subsidy provided by governments to users for NZEOB adoption under
2 active regulation
W Carbon reduction performance for governments from
2 developers building NZEOBs
C Additional construction and operation costs of
3 developing NZEOBs compared to conventional buildings
v Indirect benefits from NZEOB development, including enhanced
corporate reputation and green brand value
Developer . . -
p Economic penalty imposed on developers when they choose conventional
buildings while the government actively regulates building practices
M; Market price of conventional building
M, Market price of NZEOB
0 Direct economic benefits from using NZEOBs due to
energy savings
D Environmental pollution and health damage caused to users by
developers not building NZEOBs
L Expected loss for users when NZEOB demand is unmet by developers
Indirect benefits gained from using NZEOBs, (e.g.,
User E thermal comfort, air quality, and lighting), reflected in improved occupant
health, enhanced work efficiency, and
associated reductions in healthcare costs
Compensation paid by developers to users in the
S scenario where the developer chooses conventional buildings, the user

chooses NZEOB adoption, and the
government actively regulates

(1) Assume that in the government group, the proportion implementing active supervi-
sion policies is x, and the proportion not implementing supervision policies is (1 — x),
0 < x < 1; the proportion of the developer group choosing to develop NZEOBs is v,
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@)

®)

4)

and the proportion not developing is (1 — y), 0 < y < 1; and the proportion of users
approving NZEOBs is z, and the proportion not approving is (1 — z),0 <z < 1.
When the government chooses active supervision, it incurs costs C; for promotion,
guidance, and regulation of NZEOBs. Developers of NZEOBs help achieve the gov-
ernment’s energy-saving and emission-reduction goals, which in turn yield carbon
reduction performance benefit W5. According to policies for urban green and low-
carbon development released in recent years, developers constructing green buildings
of different ratings can receive corresponding subsidies [48]. When the government
actively regulates, it provides a subsidy R; to developers and an incentive Ry. Simul-
taneously, as developers develop NZEOBs, this generates economic benefits W1 for
the government, such as reduced investment in drainage and power infrastructure,
and avoided economic losses. If the government does not regulate, it incurs losses Cp
in credibility, public praise, and authority.

Developing NZEOBs allows developers to command a sales price premium. Let M;
and M, denote the market prices of an NZEOB and a standard building, respectively.
However, developers face additional costs Cs for energy-efficient envelopes, high-
efficiency equipment, prefabrication, renewable energy, and carbon offsets—with
the goal of reducing energy loss and CO, emissions [6,49,50]. If developers choose
a development strategy, they will obtain additional benefits V, such as enhanced
corporate image and brand value. Developers who choose to build standard buildings
under government supervision are subject to an economic penalty, P.

Users gain a direct economic benefit, denoted as Q, from reduced energy costs by
choosing an NZEOB, which primarily stems from savings on electricity bills due to
lower energy consumption. Simultaneously, they obtain indirect benefits, denoted as
E, from improved indoor environmental quality, including aspects such as thermal
comfort and air quality, which contribute to occupant health and comfort [51]. Fur-
thermore, these fundamental improvements can generate derived economic impacts,
such as potential gains in work efficiency and reductions in healthcare costs [52-54].
Regardless of whether users choose NZEOBs, the development of standard buildings
by developers leads to excessive carbon emissions, resulting in environmental pollu-
tion and health damages, denoted as D [32]. The parameter L captures the subjective
utility loss and psychological risk users face when compelled to choose conventional
buildings, reflecting their heightened sensitivity to anticipated higher energy costs
and inferior comfort levels. This perception of potential loss has been identified as
a critical barrier to user adoption decisions [27,29]. The parameter S represents the
compensation paid by developers to users under active government supervision when
developers choose conventional buildings while users opt for NZEOB adoption. This
mechanism directly hedges against users’ expected losses L, mitigating their perceived
risk and utility gap caused by the lack of green supply, and embodies the institutional
safeguard for sustaining market trust [55].

3.3. Model Establishment

Based on the above analysis, we developed a payoff matrix for the tripartite evolu-

tionary game involving the government, developers, and users, thereby establishing the

corresponding evolutionary game model. From this matrix, the payoff functions for each

participant were defined. This allows for the derivation of their average expected payoffs

and replicator dynamic equations. The payoff matrix for the tripartite evolutionary game is

shown in Table 3.
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Table 3. Payoff matrix based on evolutionary game.

. Government (x) Government (1 — x)
Strategy Selection
Users (z) Users (1 — 2) Users (z) Users (1 — 2)
Wl—Cl—Rl—R2+W2 Wl—Cl—R1+W2 —C2+W1 —C2+W1
Developer (y) My +V — C3 + Rq vV — C3 + R4 My +V — C3 vV — C3
E—M2+R2+Q _Ml E—M2+Q —Ml
_Cl +P —C1 + P —Cz _CZ
Developer (1 — y) M;—P-S§ M; —P My My
-M1+S—-—D-L —-M; —D —-M;—D-L —-M; —D

The expected payoffs for the government when supervising and not supervising
NZEOBs are denoted by U and Uy, respectively. The average expected payoff is repre-
sented by Ug. The equations are shown below:

Ug; = yz(W1 —C1—R1—Rp + Wa) + y(1—z)(W;—C; — Ry + Wa) +z(1 —y)

(P—-Cy) + (1 —y)(1 —2z)(P -Cy) 1

Ug, = yz(W1 —C2) +y(1 —z)(Wy —Co) +z(1 —y)(—C2) + (1 —y)(1 —2)(—-C2) )
Ug = xUg+(1 —x)Ug, €))

The replicator dynamics equation for the government’s strategy selection is as follows:

F(x) = % =x(Ug; —Ug)=x(1 —x)[y(W2 — Ry — P) —yzRy + (P — C; + C3)] 4)

The expected payoffs for the developer when constructing and not constructing
NZEOB:s are denoted by Ug; and Uy, respectively. The average expected payoff is repre-
sented by Uy. The equations are shown below:

Udy =xz(My +V —C3+Ry) +x(1 —2)(V—-Cs+Ry) +z(1 —x)(My+V —C3) 5)
+ (1 —-x)(1-2z)(V—-0C3)
Udy; = xz(My —P —S)+ x(1 —z)(M; —P)+z(1 —x)(M; —S)+ (1 —x)(1 —z)M; (6)
Us = yUn+(1 —y)Ug @)
The replicator dynamics equation for the developer’s strategy selection is as follows:
d
F(y) = % =y(Udy —Uy) =y(1 —y)[zMy + x2S +V — C3 — M; + x(R; + P)] (8)
The expected payoffs for the user when approving and not approving NZEOBs are

denoted by Uy and Uy, respectively. The average expected payoff is represented by Uy.
The equations are shown below:

Uny =xy(E—My + Ro+ Q) +x(1 —y)(S—M; —D—-L)+y(1 —x)

9
(E-My+Q) + (1 —%)(1—y)(—M—D — L) ©)

Uup = xy(—Mi)+ x(1 —y)(—M; —D)+y(1 —x)
(10)

(=My)+ (1 =x)(1 —y)(~=M D)
Uy, = zUu; +(1 —Z)UUZ (11)
The replicator dynamics equation for the user’s strategy selection is as follows:
da

F(z) = Ei =z(Uuy — Uy) =z(1 —2)[y(E — My + Q + xRo + My + L) + x(1 —)S — L] (12)
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(1 = 209[A1(1 = y) + yA7 — yzRy]
I = y(1 — (A — Ay +25)

z(1 = z)(S(1 — y) + yRy

In the above evolutionary game system, settings F(x) = 0, F(y) = 0, and F(z) = 0 yield
the steady states of the system. According to Friedman [56], there exist eight pure-strategy
equilibrium points: E; (0,0, 0), E; (1,0, 0), E3 (0,1, 0), E4 (0,0, 1), E5 (1,1, 0), E¢ (0,1, 1),
E; (1,0,1), and Eg (1, 1, 1). In the context of the differential equation system, the stability
of each equilibrium point can be analyzed by examining the local stability of the Jacobian
matrix of the system. The Jacobian matrix | is obtained by taking the partial derivatives of
the replicator dynamic equations and can be expressed as follows:

x(1 = x)(A7 — zRy — Ay) -x(1 = x)yRy
(1 = 2)=(My + x5) + A1 — %) + xAg] Y1 = (M + 1) (13)
z(1 — z)(Ag — Az + xRy + S(1 — x)) (1 — 2z)[yAg + A3(1 — y) + yxRy — S(1 — x)(1 — y)]

A1 =P—C1+C2,A2=V—C3—Ml,A3=S—L,A4=R1 +P+A2,A5=M2+S+A2,

A6=E—M2+Q+M1,A7=W2—R1—C1+C2

According to the Lyapunov indirect method, if all eigenvalues of the Jacobian matrix
at an equilibrium point are negative, that equilibrium state is considered an Evolutionarily
Stable Strategy (ESS). A detailed asymptotic stability analysis of these eight equilibrium
points is conducted, and the corresponding eigenvalues for each are presented in Table 4.

Table 4. Equilibrium points and their eigenvalues.

Equalization Point Eigenvalue A\ Eigenvalue A, Eigenvalue A3
E;1(0,0,0) Aq Ay —L
E; (1,0,0) —Aq Ay Az
E3(0,1,0) Ay —Ay Ag
E4(0,0,1) Ay As L
Es (1, 1, 0) —Ay —Ay A6 + Ry
Es(0,1,1) A7 — Ry —As —Ae
E; (1, 0, 1) —Aq Ay + A5 — A *Ag,
Eg (1, 1, 1) —A7 + R2 A2 —A4 —A5 _A6 — R2

3.4. Stability Strategy Analysis Across Different Scenarios

Behavioral strategies within the NZEOB market evolve in distinct phases. The combi-
nation of stable strategies at each stage reflects a shifting balance between policy guidance,
market response, and public awareness. Based on the stability analysis results of the
system’s equilibrium points, eight scenarios are identified, as summarized in Table 5.

In the early stage, stakeholders generally have insufficient awareness of NZEOBs
and low-carbon concepts. The government lacks regulatory motivation to implement
constraining policies, while the benefits for developers cannot cover their incremental costs.
Under these conditions, the system’s ESS manifests as E; (0, 0, 0), corresponding to a state
of market inaction. Theoretically, as some users, having met their basic needs, develop
a higher demand for better work environments [57], the system could shift to E4 (0, 0, 1).
Alternatively, leading enterprises might achieve profitability through technological advan-
tages, pushing the system towards E3 (0, 1, 0). However, according to Conditions 4 and 5
(Table 5), factors such as expected losses or the difficulty in sustaining substantial brand
premiums make it challenging to meet the equilibrium conditions. Consequently, these
states are difficult to achieve widespread adoption in practice.

As environmental issues gain prominence, local governments begin establishing
a regulatory framework. At this point, C; < P + Cp, meaning that active government
regulation can reduce reputational loss and generate penalty revenue. However, with
Ry + P+ V < C3 + My, developers face high incremental costs and insufficient returns.
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Even with penalties in place, the economic benefits of constructing conventional buildings
remain more attractive. Simultaneously, according to the condition S < L, users experience
a perceived gap between expected and actual building performance, and the compensation
offered by developers is considered inadequate, leading them to prefer conventional
buildings. Consequently, the system’s ESS becomes E; (1, 0, 0).

Table 5. Stability conditions for the equilibrium points of the tripartite evolutionary game system.

Equalization Point Policy Paradigm Asymptotic Stability Condition
E1(0,0,0) Market Inaction P-Ci+Cy<0,V-C3—M;<0,L>0 1
E> (1,0,0) Government Mandate Ci—C,—P<0,R{+P+V—-C3—-M;<0,S—L<0 2

. . W27R1*C1+C2<0,C3*V+M1<0,
E;(0,1,0) Technology Pioneering E—My+Q+M <0 3
E,4(0,0,1) Demand Leadership P—Ci+Cy<0,My+5+V —-C3—-—M;<0,L<0 4
s . R1+C1*C27W2<0,C3*R1*P*V+M1<0,
Es(1,1,0) Supply Side Incentives Ry +E— My+Q+M <0 5
. Wz—Rl—Rz—C1+C2<0,C3—Mz—S—V+M1<O,
E¢ (0,1,1) Market Maturity My —E —Q— My <0 6
E;(1,0,1) Demand-Side Incentives G-G-P<OR +fj ]SVE 5 S5+V -G —=M<0, 7
Eg(1,1,1) Collaborative Equilibrium Ri=Wa+Ry+Cy = Cy<0,C+ My =Ry = P =M, — 8

S—V<0,M2—R2—E—Q—M1<O

As the government increases incentives for both developers and users, the system’s
ESS transitions to E7 (1, 0, 1). User demand is activated by policy incentives, satisfying
Condition 7. However, the revenues and subsidies obtained by developers remain insuffi-
cient to offset the incremental costs of adopting new technologies. Regarding the equilib-
rium point Es5 (1, 1, 0), its stability condition, which requires that —R; + P + V < C3 + Mj,
implies that users must choose NZEOBs despite high price premiums—a scenario that is
typically unstable.

As the government refines its reward and penalty mechanisms and market premiums
increase, the transition begins to confer brand advantages and long-term competitiveness
for developers. The system reaches the equilibrium point Eg (1, 1, 1), which remains stable
under Condition 8. At this point, the government’s carbon reduction performance and
reduced reputational risk outweigh its total expenditures. Meanwhile, the sum of various
benefits for developers surpasses their incremental costs, and the green premium paid by
users is fully offset by the energy-saving and indirect benefits they gain. This scenario
is considered the optimal strategy for promoting the low-carbon transition of NZEOBs.
As market mechanisms mature further, a point is reached where, under Condition 7, the
benefits of active government regulation become lower than its costs. The system then
converges to the equilibrium point (0, 1, 1), marking entry into the market’s self-driven
maturity stage.

3.5. Evolutionary Paths Across Different Stages

The evolution of the NZEB market is a nonlinear one characterized by multiple stable
states and dynamic feedback among the three stakeholders. Based on the above scenario
analysis and lifecycle theory [58], this paper divides the process into the following four
stages. Each developmental stage corresponds to a different possible pathway for the
NZEOB market under low-carbon goals.

Initial Stage: Policy-Driven, Government-Led. The system converges to E; (1, 0, 0).
At this stage, governments strengthen the supervision and promotion of NZEB initiatives.
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However, the lack of positive feedback from developers and users results in a transition that
remains predominantly government-driven. Consequently, strategies are uncoordinated
and evolutionary progress is slow.

Development Stage: Subsidy Mechanisms and Behavioral Shifts. More effective com-
pensatory measures, combined with rising public environmental awareness, encourage
users to express green demand and support the transition under policy assurances. How-
ever, developers often still adopt a non-development strategy, as subsidies and revenues
remain insufficient to fully offset high development costs, and market response falls short
of expectations due to discrepancies in user experience. The system aligns with equilibrium
point E7 (1, 0, 1), revealing a supply side lag.

Collaborative Stage: Strategic Convergence through Consensus. At this stage, the
NZEOB transition begins to confer brand advantages and long-term competitiveness for
developers. Developers become willing to invest in technology and accept moderate risks,
while users actively choose NZEOBs driven by expectations of long-term benefits. Positive
interaction among all three parties sets the market on a stable growth trajectory, with the
system reaching equilibrium point Eg (1, 1, 1). This stage marks a critical shift in which
market mechanisms gradually take over from strong government intervention, forming the
core of a sustainable NZEOB sector.

Mature Stage: Market-Led, Endogenously Driven. In this stage, developers achieve
higher returns through technological progress and economies of scale, while users form
stable market demand based on proven benefits and environmental identity. Market
mechanisms take the lead, and government regulation and subsidies gradually recede. The
system stabilizes at equilibrium point E¢ (0, 1, 1), where a sustainable market transaction
relationship is established between developers and users.

Progress toward the ideal collaborative equilibrium Eg depends on optimizing govern-
ment penalty and subsidy strategies, enhancing technical performance, while establishing
reasonable green premiums and brand value to strengthen endogenous drivers. Numerical
simulation and visualization help clarify strategic interactions and the impact of key vari-
ables, providing theoretical support and decision-making evidence for policy and market
optimization.

4. Numerical Simulation
4.1. Data Sources and Parameter Settings

To deeply analyze how the system stabilizes at the ideal equilibrium and explore the
evolutionary paths of each party, we conducted numerical simulations using MATLAB
2022b. Parameter settings in this study are derived from relevant policy documents,
literature reviews, case studies, and market research [59-75].

To establish a practical quantitative foundation, we selected an NZEOB project lo-
cated in China’s hot summer and cold winter climate zone as our simulation case. The
project covers a total construction area of 78,335.3 m?, with 39,328.5 m? above ground.
Compared to standard new constructions, buildings of this type show significant potential
for improvements in energy saving, carbon reduction, user experience, and energy manage-
ment [49]. Studying this specific building type enables a better assessment of the technical
applicability and economic feasibility of NZEOBs in this climate zone, thereby enhancing
the empirical basis and policy relevance of the evolutionary game simulation.

Table 6 summarizes the technical measures adopted during the construction and oper-
ation phases of the project and the results of their cost-benefit analysis. The technical data
are primarily drawn from a case study-based research report focusing on an actual certified
NZEB office project in Sichuan Province [61]. These data were further integrated and
analyzed with reference to standards such as the Standard for Building Carbon Emission
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Calculation and the Technical Standard for Nearly Zero Energy Buildings, and were used
to calculate the incremental costs, energy-saving benefits, and carbon reduction potential
of the NZEB technologies [59,60].

Table 6. Technical measures for NZEBs and their cost-benefit performance in construction
and operation.

Energy and Carbon Specific Measures Incremental Annual Energy Carbon Reduction
Performance Strategies P Cost (yuan) Savings (kW-h) (t COy)
High-Performance Insulated
Roof System
. High-Performance Insulated Walls ” 5 3
High-Performance High-Performance Insulated 1110 9:3x10 5410
Envelope . .
Glazing Units
Passive Shading System
Prefabricated Construction
Renew.a'ble Energy Solar Photovoltaic (PV) System 2.5 x 100 6.8 x 10° 1.9 x 103
Utilization
Energy-Efficient HVAC System
High-Efficiency Energy-Efficient Lighting and 7.6 x 10° 9.3 x 10° 2.6 x 10
Equipment System Electrical System
Smart Building Management System
Green Carbon Offsetting Vertical Greening p _ 5
and Ecological Measures Sponge City Design 1.3 <10 5.9 %10
Integrated Technologies Total (All Measures) 2.2 x 107 2.5 x 106 1.0 x 10*

Based on the calculation results from Table 6, the incremental cost of the main func-
tional spaces is calculated as C3 = 5.6 x 10% yuan/m?. This parameter covers the additional
investments during both the construction and operation and maintenance phases. The
energy-saving benefit Q is monetized using the indirect benefit method [45], calculated
as Q = AE x e x T, where AE is the annual energy saving per unit area, ¢ is the elec-
tricity price, and T is the operational period [25]. Considering the lease term and equip-
ment renewal cycle of office buildings, the operational period is set to 5 years, yielding
Q =2.2 x 10? yuan/m?. The carbon reduction performance is derived from the case build-
ing’s carbon reduction potential and benchmark carbon prices. Referring to recent and pro-
jected carbon market trends [62,63], the benchmark price for sustainable development in the
collaborative stage is set at 300 yuan/ton, resulting in W, = 0.8 x 102 yuan/m?. The effec-
tive value of W increases progressively with carbon market development [64]. Market price
parameters are determined based on market research and the literature. The rental price of
conventional office buildings is 45 yuan/m? /month, converted to M; = 27 x 10 yuan/m?.
Referring to studies on the premium range of LEED-certified office buildings [42,65], a
benchmark premium of 13.3% is applied, yielding M, = 30.6 x 10?> yuan/m?. This pre-
mium follows an initial increase followed by stabilization, consistent with the influence of
consumer preferences on green premiums, as discussed by Lv and Zhao [66].

For parameters that are not directly quantifiable, their values across different time
periods are assigned following a logic based on relevant policy instruments, the parameter-
setting methodology from the existing literature, and the stability conditions derived
from the system’s evolutionary inequalities. The penalty parameter P is set according to
existing policies and related studies [32,67], imposing fines of 2 to 10 times the average
carbon price on entities exceeding their carbon emission quotas. Referring to the five-
year carbon emission baseline of 0.3 t COy/ m? for conventional buildings [68] and the
projected carbon price trend, the value of P is designed to increase progressively with
market development [25]. The brand value V is set following Song et al.’s [69] approach
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to quantifying implicit benefits. It is assumed to be positively correlated with the penalty
intensity P and to increase progressively with market development, reflecting the long-
term benefits developers gain from green branding as the market matures. The trends for
government regulatory costs C; and non-regulation costs C, are informed by the literature
examining reputation loss and its stage-dependent variation [25,32]. Specifically, C; is
assumed to decrease with improved management efficiency and market maturity, while
C, exhibits an initial increase followed by a subsequent decrease. The value ranges for
subsidy parameters R and R, draw on green building subsidy policies and the relevant
literature [19,70,71]. Their variation follows the phased policy logic outlined in the “Work
Plan for Accelerating the Establishment of a Dual Control System for Carbon Emissions’ [72],
aiming to stimulate market initiation in early stages and gradually transition to market-
based mechanisms as the sector matures.

The setting of users’ indirect benefit E is based on studies linking indoor environ-
mental quality to work efficiency [54,73]. Given that green buildings can bring a produc-
tivity increase of 1.7% to 8%, combined with the number of users in the case building
and urban per capita income data [74], the value range for E is approximately 0.5 to
2 x 102 yuan/m?, and it is assumed to increase progressively with enhanced user experi-
ence [5,33]. The users’ expected loss L is set with reference to prospect theory, expressed
hereas L = A[(My — M) — QJf, where A represents the degree of loss aversion and  is
the risk aversion coefficient, capturing users’ subjective perception of loss associated with
forgoing the unquantifiable benefits. Following Gao et al. [27], this study adopts A = 1.1
and B = 0.88. The compensation S is directly tied to the users’ expected loss L. Following
the logic of compensation mechanisms in environmental regulation games [55] and the pro-
gressive strengthening of ecological compensation under China’s “Dual Carbon” goals [75],
S is assumed to increase progressively with market maturity. The values of parameters
during each period are provided in Table 7.

Table 7. Values for each parameter during different periods.

Period C1 C2 W2 R] R2 C3 1% P M1 Q E M2 S L
Initial Stage 5 9 02 02 01 56 01 0.4 27 22 05 296 02 05
Development Stage 4 10 02 04 02 56 02 0.8 27 2.2 1 30 1 0.9
Collaborative Stage 3 12 08 15 1 56 12 3 27 22 2 30.6 3 15
Mature Stage 2 1 0.8 1 05 56 3 6 27 22 2 30.6 4 1.5

4.2. Simulation of Evolutionary Stable Strategy

We simulate the evolution of tripartite strategies during the collaborative and mature
stages by conducting 100 simulation runs. The data are uniformly selected between 0 and
1, corresponding to different initial conditions for the three participants. The simulation
employs the parameter values obtained from Table 5. This setup enables us to visualize
the strategic evolution process over time and observe the final decision outcomes for all
stakeholders. As illustrated in Figure 2, the evolutionary stable points corresponding to
the four distinct phases yield different convergence results, where x, y, and z denote the
strategy probabilities of the government, developers, and users.

Figure 2 illustrates the evolutionary trajectories of the system converging to equilib-
rium points across different development stages. In the initial stage, all trajectories rapidly
converge to (1, 0, 0), with developer and user strategies approaching 0 while government
regulation rises to 1, reflecting the unilaterally government-driven characteristic of the early
market. In the development stage, trajectories converge to (1, 0, 1), where user strategy
converges significantly faster than developer strategy, revealing a market imbalance char-
acterized by supply side lag. In the collaborative stage, all trajectories stably converge to
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(1, 1, 1) with diminishing fluctuations, demonstrating mutually reinforcing policy—market
dynamics and positive tripartite interaction for sustainable development. In the mature
stage, the system converges to (0, 1, 1). The probability of government regulation gradually
declines to 0, while the strategies of developers and users remain steady at 1. This indicates
market mechanism maturation and a corresponding reduction in government intervention.

(c) (d)

Figure 2. Evolution process of the system in different development periods. (a) Initial Stage: evolution

towards equilibrium point (1, 0, 0); (b) Development Stage: evolution towards equilibrium point
(1,0, 1); (c) Collaborative Stage: evolution towards equilibrium point (1, 1, 1); (d) Mature Stage:
evolution towards equilibrium point (0, 1, 1).

4.3. Impact of Different Energy-Saving and Carbon Reduction Technological Measures on
Tripartite Strategies

To examine how different technological measures affect the evolution of the three-
party strategies, specifically how varying combinations of incremental costs and benefits
influence system equilibrium, this study adopts the five technology scenarios outlined in
Table 6. Each scenario adjusts key parameters: the developer’s incremental cost Cs, the
user’s energy-saving benefit Q, and the government’s carbon reduction benefit W,. These
adjusted parameters are incorporated into the evolutionary game model for simulation.

Figure 3 illustrates the impact of different technological measures on the strategies
of the three stakeholders across various stages. The simulation results show that in the
initiation stage, various technological measures have limited impact on the three-party
strategies. This is mainly because users lack direct experience with technological perfor-
mance and their decisions are policy-driven, meaning that performance differences are not
yet reflected in market signals. In the development stage, a reduction in incremental cost
C3 can quickly incentivize developers to shift toward the development strategy. Adopting
solar photovoltaic systems and green carbon offsetting measures at this stage reduces the
time required for developers to reach the development strategy threshold (y > 0.5) by
more than 40% compared to applying high-performance envelope technologies with higher
costs. However, due to insufficient energy-saving benefits, the demand side fails to meet
the stability condition My — Ry — E — Q — M; <0, making it difficult for the system to
ultimately achieve a stable equilibrium. In the collaborative stage, technology combinations
with higher energy-saving benefits Q enable the system to converge more rapidly to (1,1,1).
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Among these, integrated technological measures allow the system to achieve a stable state
at the fastest speed. In the mature stage, the sufficient economic returns and enhanced
brand competitiveness brought by integrated technologies can support the market in main-
taining development strategies, while other single-technology pathways tend to push the
system toward instability.

C3=0.3, W2=0.05, Q=0
-« C3=0.6, W2=0.14, Q=0.6
C3=1.9, W2=0.2, Q=0.8
= C3=2.8, W2=0.4, Q=0.8
C3=5.6, W2=0.8, Q=2.2

C3=0.3, W2=0.05, Q=0
e C3=0.6, W2=0.14, Q=0.6

C3=1.9, W2=0.2, Q=0.8
—---C3=2.8, W2=0.4, Q=0.8
C3=5.6, W2=0.8, Q=2.2

C3=0.3, W2=0.05, Q=0
C3=0.6, W2=0.14, Q=0.6
C3=1.9, W2=0.2, Q=0.8
- C3=2.8, W2=0.4, Q=0.8
C3=5.6, W2=0.8, Q=2.2

€3=0.3, W2=0.05, Q=0
C3=0.6, W2=0.14, Q=0.6
€3=1.9, W2=0.2, Q=0.8
=+ C3=2.8, W2=0.4, Q=0.8
C3=5.6, W2=0.8, Q=2.2

Figure 3. Evolutionary process considering the technological measures: (a) initial stage; (b) develop-
ment stage; (c) collaborative stage; (d) mature stage.

Figure 4 illustrates the impact of technological measures on the three-party strategies
across two stages. The simulation results indicate that high energy-saving benefits Q can
effectively offset the inhibitory effect of high incremental costs C3 on developers’ early
stage decisions. As shown in Figure 4a, although integrated technological measures are
constrained by higher costs (Cz = 5.6) in the early phase and thus slower to encourage de-
veloper transition, their substantial energy-saving benefits (Q = 2.2) significantly accelerate
the convergence of user strategies toward stability, reducing the total system convergence
time by more than 80% compared to adopting energy-efficient envelopes or high-efficiency
equipment systems alone. Figure 4b,d show that compared to high-efficiency equipment
system measures, although envelope measures achieve a twofold increase in carbon reduc-
tion benefits W5, the total system convergence time is reduced by only approximately 2.4%.
When applying green carbon offsetting measures, despite their carbon reduction benefits
and cost advantages, limited energy-saving benefits lead users to prefer conventional build-
ings. This demonstrates that in technology selection, the driving effect of energy-saving
benefits Q is significantly stronger than that of carbon reduction performance W5.

Therefore, in the early development stage, priority should be given to low-cost entry
strategies, adopting technologies such as solar photovoltaic systems to quickly initiate
the market and accumulate initial returns. However, maintaining market stability still re-
quires technologies with higher energy-saving benefits, such as high-performance building
envelopes. As the market enters the collaborative stage, strategic focus shifts toward tech-
nologies with prominent energy-saving performance, where integrated measures demon-
strate significant advantages. In the mature stage, decision-making should pursue system
integration through multi-technology coupling to enhance energy-saving performance
while balancing comfort and carbon reduction, thereby maximizing overall benefits and
maintaining stable market development.
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Figure 4. Impact of technological measures on developer and user strategies: (a) developer’s strategy
in the collaborative stage; (b) user’s strategy in the collaborative stage; (c) developer’s strategy in the
mature stage; (d) user’s strategy in the mature stage.

4.4. Impact of Users’ Indirect Benefits on Tripartite Strategies

Figure 5 shows that the impact of users’ indirect benefit E on strategy evolution varies
across stages. In the development stage, increasing E effectively enhances users’ expected
utility from choosing NZEOBs, thereby accelerating the convergence of their strategies
toward adoption. However, developers’ decisions remain constrained by economic factors
such as incremental costs, and the system stabilizes at (1, 0, 1). In the collaborative stage,
once economic conditions such as energy-saving benefits are satisfied, increasing E effec-
tively shortens the time required for the system to reach a cooperative equilibrium. In the
mature stage, E, together with energy-saving benefit Q, constitutes the core dimensions
of user value assessment. If E falls below the threshold for users” willingness to pay, their
strategies converge toward non-adoption, consequently discouraging developers from
investing. Therefore, E plays a key role in maintaining market stability in the middle and
later stages. Beyond direct economic benefits, continuously improving comfort and health
performance is equally important for long-term NZEOB market stability.

Figure 5. Evolutionary process considering the indirect benefits: (a) development stage; (b) collabora-

tive stage; (c) mature stage.
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4.5. Impact of Compensation Paid by Developers to Users on Tripartite Strategies

Figure 6 illustrates the effect of compensation S across stages. The results show
that user decisions are highly sensitive to whether the compensation adequately covers
their expected loss (S > L). In the early and development stages, when S exceeds L, the
equilibrium probability of user adoption jumps from 0 to 1, exhibiting a significant marginal
effect. A further increase in S can satisfy developers’ profit expectations, enabling the system
to converge toward a cooperative equilibrium. In the collaborative and mature stages,
raising S accelerates the system’s convergence toward the ideal equilibrium. Moreover,
if the compensation fails to cover the expected loss, users lack fundamental trust in the
market and may reject adoption even when the comprehensive utility is considerable.
Therefore, compensation S serves as an incentive to stimulate market transition in the early
stages, and in the mid-to-late stages, it functions as an institutional safeguard to maintain

user trust and stabilize market expectations.

Figure 6. Evolutionary process considering compensation: (a) development stage; (b) collaborative
stage; (c) mature stage.

4.6. Impact of Carbon Price and Penalty Multiplier on Tripartite Strategies

Figure 7 shows the impact of carbon price and penalty intensity on tripartite strategies.
With the penalty multiplier fixed at five, increasing the carbon price from 60 yuan/ton
to 300 yuan/ton simultaneously raises the government’s penalty revenue P and carbon
reduction benefit W;. In the development stage, this increase gradually satisfies the
conditions for developers to profit from NZEOBs, thereby pushing their strategies toward
adoption. In the collaborative stage, it reduces convergence time by 44.6% for developers
and 25.4% for the government. Holding the carbon price constant while increasing P
from one to five reduces the convergence time by 46.7% for developers and 26.0% for the
government. This indicates that, in influencing developers’ decisions, directly adjusting
the penalty multiplier is more direct and effective than waiting for carbon price signals
to take effect. The carbon reduction benefit W; has a relatively low direct impact on
developers’ and users’ decisions; its primary role is to provide performance incentives
for the government’s long-term regulation. Therefore, in promoting the NZEOB market
transition, particularly in the early stages, increasing penalty intensity is a more direct and
effective policy intervention than raising the carbon price.

4.7. Impact of NZEOB Market Premium on Tripartite Strategies

Figure 8 illustrates the impact of the market selling price, denoted as M, on the
strategies of the three stakeholders. In the collaborative stage, the results show that when
the NZEOB market premium increases from 3.7% (M, = 28) to 18.5% (M, = 32), developers’
returns increase and strategies converge faster. However, when the premium is raised
to 26% (M, = 34) and exceeds a critical threshold, developers’ participation probability
becomes unstable. This is because excessively high premiums exceed users” willingness
to pay based on expected energy-saving and comfort benefits, reducing user demand and
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thereby weakening developers’ anticipated revenues, leading to strategic instability for
both parties. As the market matures, users become more sensitive to price, the convergence
speed of their strategies slows under the same premium increase, and the critical premium
threshold decreases. Therefore, a moderate premium promotes NZEOB market develop-
ment, but an excessive premium suppresses participation from both developers and users.
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Figure 7. Evolutionary process considering the carbon price and penalty multiplier: (a) system
evolution in the development stage (carbon price); (b) system evolution in the collaborative stage
(carbon price); (c) government’s strategy in the collaborative stage (carbon price); (d) developer’s
strategy in the collaborative stage (carbon price); (e) government’s strategy in the collaborative stage
(penalty multiplier); (f) developer’s strategy in the collaborative stage (penalty multiplier).
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Figure 8. Evolutionary process considering the market premium: (a) developer’s strategy in the
collaborative stage; (b) user’s strategy in the collaborative stage; (c) developer’s strategy in the mature

stage; (d) user’s strategy in the mature stage.
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4.8. Impact of Government Subsidies to Developers and Users on Tripartite Strategies
Figure 9 shows the impact of government subsidies on all three parties. Both developer
subsidies Ry and user subsidies R; exhibit clear effective ranges and critical thresholds. In
the development stage, higher Ry temporarily incentivizes developers to adopt NZEOBs,
but high costs and insufficient returns prevent sustained commitment. In the collaborative
stage, increasing R; accelerates developer convergence, but excessive levels increase fiscal
burden and reduce regulatory willingness. Regarding user subsidies R;, their impact on
both users and developers is limited in the development stage, and excessively high values
tend to push the government toward passive regulation. In the collaborative stage, raising
Ry can moderately accelerate the convergence of user and developer strategies, but it also
faces a threshold beyond which the government shifts to passive regulation. In summary,
developer subsidy R is more direct and effective in driving system transition during
early stages but must be kept within its critical threshold. Both types of subsidies must be

dynamically aligned with market stages.

R1=05
e RY =2
R1=5
R1=10

J -

probability

7 R1=05
02r% = s RY =2
% R1=6
—-A--R1=10

o
™

e
o

I
~

probability

R2=05

02} menR2=2 |4
R2=5

—-A--R2=10

(e)

Figure 9. Evolutionary process considering the subsidies: (a) system evolution in the development
stage (R1); (b) system evolution in the collaborative stage (R1); (c¢) government’s strategy in the
collaborative stage (R1); (d) system evolution in the development stage (Ry); (e) system evolution in

the collaborative stage (Ry); (f) user’s strategy in the collaborative stage (Rp).

4.9. Comprehensive Parameter Sensitivity Analysis
To enable comparison of the relative influence of different parameters on a consistent
scale and to identify key driving factors across distinct market stages, this section conducts
a local sensitivity analysis using a uniform perturbation of 50% of each parameter’s baseline
value. To accurately capture the market characteristics of each stage, the initial conditions
are set near the equilibrium point of the corresponding stage: (x, y, z) = (0.9, 0.1, 0.1) for
the initial stage, (0.9, 0.1, 0.9) for the development stage, (0.9, 0.9, 0.9) for the collaborative
stage, and (0.1, 0.9, 0.9) for the mature stage. This approach captures the comprehensive
influence of each parameter under typical policy intervention scenarios. The sensitivity

rankings for each stage are presented in Table 8.
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Table 8. Parameter sensitivity rankings across stages.
Participants Initial Stage Development Stage Collaborative Stage Mature Stage
Cy 0.2222 Ry 0.01443 Cy 0.00842 M 0.07413
Cq 0.01231 |4 0.01188 W 0.00381 M, 0.06543
Government P 0.00761 Co 0.00964 Cq 0.00305 C1 0.04022
R; 0.00070 Ry 0.00624 R; 0.00299 Co 0.03272
W» 0.000067 Cy 0.00480 R 0.00256 Ry 0.03119
1% 0.0000363 P 2.4898 M, 0.07408 Q 0.5818
Ry 0.0000180 S 2.0000 M> 0.06646 E 0.5740
Developers S 0.0000171 Cs 0.3571 Cs 0.01520 My 0.07414
M, 0.0000147 M; 0.3071 P 0.01114 M, 0.06541
P 0.0000087 M, 0.0268 S 0.01096 Cs 0.02880
L 0.23768 L 22222 M, 0.07240 E 0.25288
S 0.15240 S 2.0000 M, 0.05819 Q 0.23698
Users M, 0.00052 M 0.0544 Q 0.03662 My 0.07369
M, 0.00030 M, 0.0365 E 0.03436 M, 0.06184
Q 0.00030 Cs 0.0101 R; 0.02683 R, 0.00268

The results indicate that in the initial stage, government decisions are primarily
driven by regulatory costs Cy, reputation loss Cp, and penalty intensity P, with the core
objective being to establish market rules at a feasible cost. As the market enters the
development stage, the sensitivity of user subsidies R, and developer brand value V
increases, signaling a policy shift toward activating demand. By the collaborative and
mature stages, carbon reduction performance W; and market prices M; and M, become
sensitive parameters, indicating that government decision-making has transitioned toward
market-driven mechanisms and environmental benefit returns.

Developer strategies are constrained in the early stages by external policy parameters
such as incremental costs C3, compensation S, subsidies Ry, and penalties P. As the market
evolves into the collaborative and mature stages, decision-making focus increasingly centers
on the two economic variables of market prices M; and M, and project cost C3. In the
mature stage, the sensitivity of energy-saving benefits Q and comfort benefits E increases
in developer decisions, suggesting that leading enterprises have integrated end-users’ core
utility into their strategic assessments.

For users, decisions in the early stages are dominated by compensation S and expected
loss L. From the collaborative stage onward, energy-saving benefits Q, comfort benefits
E, and market prices M; and M, emerge as the dominant sensitive factors. This reflects a
behavioral shift in which users move from risk aversion to rational evaluation that fully
accounts for buildings’ comprehensive utility.

5. Discussion

Promoting the development of NZEOBs represents a central pathway for achieving
the “Dual Carbon” goals in the building sector. The evolutionary game analysis conducted
in this study reveals that the government, developers, and users play dynamically evolv-
ing and complementary roles throughout the transition process, collectively forming the
foundation for achieving these goals.

5.1. Stage Dynamics of Transition and Evolution of Tripartite Roles

Simulation analysis reveals that the evolution of the NZEOB market exhibits four
distinct stages. In the initiation stage, market participants lack awareness of green technolo-
gies, and developers’ overall willingness is low. Users base their decisions on compensation
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S and expected loss L. Penalties P, together with government costs C; and C,, establish
initial market rules. In the development stage, users recognize long-term benefits under
compensation S. Developers are incentivized by penalties P and compensation S, but re-
main constrained by incremental costs C3 and market returns M; and M, requiring them to
carefully balance policy incentives against cost-benefit considerations. In the collaborative
stage, carbon reduction performance W, becomes a government priority. Energy-saving Q
and comfort E drive user choices, while market prices M; and M, replace external policy
as developer drivers. In the mature stage, the market becomes endogenously driven by Q
and E, with market mechanisms dominant. Users choose based on comprehensive utility,
developers compete on green value, and green premiums stabilize through consensus.

5.2. Differentiated Driving Effects of Incremental Benefits

Regarding incremental benefits, energy-saving economic benefits Q, carbon reduction
performance W5, and users’ indirect benefits E play distinct yet synergistic roles in driving
the transition of nearly zero-energy office buildings. As directly monetizable economic
returns, energy-saving benefits Q provide essential economic support for policy incentives
and early user participation in the initial development stage. This aligns with the “economic
priority” fundamental logic observed in behavioral decision-making by Xie and Liu [30].
As the market matures, users’ expectations regarding energy-saving benefits continue
to strengthen, and Q becomes a key factor driving user decisions in the self-sustaining
market stage. Carbon reduction performance W5, while holding significant environmental
value and serving as both a facilitator and long-term value anchor, depends on external
mechanisms such as carbon markets for its realization and represents a public benefit
with inherent uncertainty. The analysis shows that its direct influence on developer and
user decisions remains limited, resulting in a relatively indirect incentive effect on the
market at the current stage. Meanwhile, indirect benefits E, such as comfort and health,
demonstrate positive market influence. In the collaborative and mature stages, increases
in E effectively enhance user satisfaction and, together with Q, form the core dimensions
of users’ comprehensive utility. If E falls too low, users may choose to withdraw due to
mismatched perceived value.

Therefore, technology promotion and policy design should first ensure that energy-
saving technologies deliver clear economic benefits to build market acceptance. Once
secured, performance evaluation and information disclosure can promote market awareness
of health and comfort benefits, driving continuous quality improvement. Policies should
also develop carbon asset mechanisms to convert NZEOB carbon reductions into tradable
assets, strengthening economic incentives for carbon performance.

5.3. Technology Pathways Must Dynamically Align with Market Development

In terms of technological measures, promotion is not merely a matter of selecting the
optimal technology, but requires dynamic alignment with the stage of market development.
In the short term, adopting technologies with relatively low incremental costs, such as solar
photovoltaics, can lower barriers on the supply side, while gradually introducing high-
performance building envelopes and high-efficiency equipment systems consolidates the
demand base through substantial energy-saving benefits. In the collaborative and mature
stages, the focus shifts toward achieving optimal systemic synergy. Multi-technology
integrated solutions can enhance energy performance while improving user comfort and
delivering significant carbon reduction outcomes. By transforming the productivity gains
associated with health and comfort into tangible market competitiveness, these strategies
help establish long-term and stable market demand.
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5.4. Dynamic Alignment of Policy Instruments and Market Mechanisms

Effective policy intervention must be precisely aligned with the stage of market de-
velopment. In the development stage, increasing penalty intensity and carbon prices can
incentivize developers to shift toward adoption. However, simulation results indicate
that penalty P serves as the core driver of strategy transition for both government and
developers, while carbon reduction benefit W, plays a limited direct role in system con-
vergence. Therefore, in the early stage of transition, strengthening penalty mechanisms
serves as a more effective tool for establishing market rules and breaking initial deadlock,
complemented by financial subsidies or cost reductions for users. As the market matures,
carbon pricing becomes better suited as a complementary policy instrument for shaping
long-term expectations.

Moreover, the design of government subsidies must balance incentive intensity with
fiscal sustainability. Analysis shows that developer subsidies R; are crucial for reducing
costs and initiating market activation. User subsidies R, can moderately accelerate the
convergence of user and developer strategies in the collaborative stage. However, both
types of subsidies have critical thresholds. Once exceeded, the government’s fiscal burden
intensifies, reducing its regulatory willingness and weakening overall policy effectiveness.
Therefore, subsidy strategies should be dynamically adjusted according to market stages.
Fixed subsidies can be adopted in early stages to activate supply, while in later stages,
differentiated subsidies linked to energy-saving and carbon reduction performance should
be introduced to improve funding efficiency.

The compensation mechanism S serves as a key tool for maintaining user trust and
driving market transition. A moderate level of S can effectively hedge against users’
expected losses and accelerate market convergence. Excessively low S may undermine
trust and lead to strategic regression. Therefore, in the early stage, compensation aims to
provide basic safeguards. As the market matures, it should evolve into a market-based
performance guarantee contract. Specifying compensation standards for failure to meet
energy efficiency targets in contracts, thereby linking compensation directly to actual
building performance, can more effectively reduce users’ risk perception and stabilize
long-term market demand.

Finally, the market pricing mechanism itself requires careful balancing. Developers’
decisions are highly sensitive to incremental costs C3 and sales premiums M;. A mod-
erate green premium is a necessary economic return to incentivize supply; however, an
excessively high premium can suppress effective user demand and ultimately lead to
market contraction. In this process, the government should help reduce uncertainty in
value assessment by promoting information transparency, performance certification, and
guarantees, thereby enabling the market to spontaneously form an equilibrium price that
simultaneously incentivizes supply side innovation and ensures demand-side affordability.

Thus, policymakers, developers, and users follow distinct decision-making logics
across stages. The government’s role evolves from administrative penalties in the early
stage to fiscal incentives and market guidance in the middle stage, and finally to mecha-
nism refinement and market fairness maintenance in the mature stage. Developers shift
from extreme cost sensitivity in the early stage to proactive investment in technologies
that build long-term green brand value. Users move from passive behavior driven
by information asymmetry to active choice based on a comprehensive assessment of
economic and comfort-health benefits. Table 9 summarizes this synergistic framework
for aligning technological pathways, policy instruments, and market mechanisms across
NZEOB transition stages.
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Table 9. Synergistic framework for NZEOB transition across stages.

Stage

Market Mechanism Focus

Technology Pathway Strategy

Policy Instruments

Initiation Stage

Establish rules and
initiate market

Low-cost pilots to
demonstrate feasibility;
cultivate awareness of brand value
V through green labeling

Establish penalty P; compensation S
against user loss L; provide pilot
subsidies Rq

Prioritize low-cost
technologies (e.g., PV
system) to incentivize developers

Strengthen developer subsidies Ry;

Development Stage Reduce_ supply costs and by reducing C3; introduce . maintain penalty b;
activate demand . introduce compensation S to
high-performance envelopes and secure user trust
equipment to cultivate stable
demand via Q
Adopt multi-technology coupling
to enhance Q, E, and W5; maximize Link subsidies Ry and R; to
. Form value consensus and )
Collaborative Stage . . benefits through smart performance; deepen carbon
establish green premium . .
operations to support green markets to assetize W»
premium M, — M;
. . Ph i idies;
Enhance £ while ensuring 0; cvernment ensures marke
. Rely on endogenous value translate health gains into brand &9
Maturity Stage fairness and carbon market

to drive competition

value to sustain long-term
market stability

regulation; rely on Q and E for

market-driven growth

6. Conclusions and Recommendations
6.1. Conclusions

This study examines the effects of stakeholder decisions during China’s NZEOB
transition by constructing a tripartite evolutionary game model to simulate the promotion
process. Numerical simulations of the interactive behavioral evolution were conducted
using case data from an NZEOB project in a hot summer and cold winter region. The
analysis focuses on the strategic interactions, evolutionary paths, and revenue—decision
dynamics under different energy-saving measures at the ideal equilibrium. Although the
model parameters are based on a Chinese case, the analytical framework developed, the
multi-stakeholder interaction mechanisms revealed, and the logic of synergistic evolution
among policy instruments, technological pathways, and market mechanisms provide a
theoretical perspective and decision-analysis tool with universal reference value for other
countries and regions facing similar challenges in building energy conservation and low-
carbon transition. The main conclusions are as follows:

(1) The market transition follows a stage-dependent dynamic that relies on tripar-
tite synergy. It evolves from initial reliance on external policy tools such as penalties
and compensation toward self-sustaining growth increasingly shaped by energy-saving
benefits, comfort experience, and market value. (2) Regarding the driving effects of in-
cremental benefits, energy-saving benefits Q serve as direct economic returns, forming
an essential foundation for market formation and driving user decisions. Carbon reduc-
tion performance W, has limited direct incentive effects on market participants at the
current stage. Comfort and health benefits E become critical for maintaining stability in the
mid-to-late stages, together with Q, forming the core dimensions of users” comprehensive
utility. (3) Technology selection should be guided by economic viability and follow the
logic of dynamic adaptation. In the early development stage, priority should be given to
low-cost technologies guided by economic feasibility, gradually introducing technologies
with prominent energy-saving benefits. Long-term synergy requires integrating multi-
technology solutions to enhance comprehensive benefits. (4) Policy instruments should
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evolve dynamically. In the early transition stage, penalty mechanisms serve as a more
direct and effective tool for establishing rules than carbon price signals. As the market
develops, subsidy policies must be kept within fiscally sustainable thresholds and linked
to measured performance. Meanwhile, the compensation mechanism plays a critical role
in advancing the transition, where appropriate enhancement can effectively foster market
convergence, whereas insufficient compensation may erode user trust. (5) Developers’
decisions are highly sensitive to incremental costs and green premiums. An increase in
market selling prices can incentivize the transition, but excessively high market premiums
may suppress participation levels among both developers and users.

6.2. Policy Recommendations

(1) For the government, a dynamic governance system linked to market stages should be
established. In the initial stage, clear emission baselines and penalties should be set,
along with sufficient compensation to reduce user risks and build market trust. In the
development stage, policy should shift to targeted incentives, offering differentiated
subsidies based on verified energy savings to ease cost pressures on developers.
In the long term, carbon market development should be deepened to enable the
assetization of carbon reductions. A public platform for building performance data
should be established, anchoring green premiums to provide verifiable energy-saving
and comfort benefits. At the same time, regulatory systems for energy efficiency
assessment and green building material application should be improved to provide
performance support for green premiums.

(2) For developers, a phased strategy aligned with market evolution should be adopted.
In the initiation stage, small and medium developers should prioritize economic
feasibility by adopting low-cost technologies like photovoltaics, using policy subsidies
to accumulate energy-saving benefits while controlling incremental costs. Passive
design can reduce energy demand at the source, and green labeling lays the foundation
for future brand premiums. As users become more sensitive to energy-saving and
comfort, leading developers in the collaborative stage should shift toward system
integration, adopting high-performance envelopes and efficient equipment to enhance
energy benefits, while translating comfort data into user-perceptible health value. In
the mature stage, strategies should focus on brand value and carbon assets, using
ecological design to enhance carbon sinks and leveraging energy data as verification
instruments for green leasing, enabling carbon reductions to enter market trading.

(8) For users, during daily usage, they should actively use smart platforms to monitor en-
ergy data and indoor conditions, practice energy-saving behaviors, and participate in
dynamic building operations [76]. By adjusting and evaluating temperature, humidity,
and air quality in real time, users help smart systems learn behavioral patterns, en-
abling on-demand and precise energy savings. When experiencing productivity gains
from comfortable environments, users should reinforce the demand for high-quality
buildings through lease renewals and recommendations. Corporate users can further
enhance value by incorporating building carbon performance into ESG reports.

6.3. Research Limitations and Future Work

This study’s parameters are largely based on a single climatic zone case, supplemented
by standards and the literature. While the model captures general patterns, regional vari-
ations in technical costs, willingness to pay, and policy enforcement may limit broader
applicability. Future research could use panel data from diverse regions to calibrate param-
eters and test robustness. Regarding behavioral assumptions, the model treats stakeholders
as homogeneous, overlooking differences in risk preferences, technical capacity, and envi-

https:/ /doi.org/10.3390/buildings16061122


https://doi.org/10.3390/buildings16061122

Buildings 2026, 16, 1122 26 of 29

ronmental awareness, potentially overestimating policy effectiveness. Subsequent studies
could introduce heterogeneity parameters or network models to better capture differenti-
ated decision-making.
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