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Abstract: Environmental degradation is significantly influenced by the construction industry. Energy-
efficient retrofitting of existing office buildings has become an effective means of reducing building
energy consumption. Implementation of retrofits requires the support and cooperation of stakehold-
ers. However, existing studies on the dynamics of decision-making behavior among stakeholders
are still relatively limited. This study constructed a tripartite evolutionary game model including
the government, property owners, and end users, to better understand the behavioral evolution and
evolutionary stabilization strategies of stakeholders. The results show that: stakeholders” decision-
making behavior has obvious mutual influence; benefits and costs are the dominant factors in
stakeholders’ decision making; the effects of government supervision policies depend on the prof-
itability of the project; and government behavior appears to be influenced by public willingness.
In addition, targeted countermeasures were proposed for the development of the energy-efficiency
retrofit market. This study provides a generic model that fits various contexts and can be used to
inform a reference for scientific decision making by stakeholders.

Keywords: energy-efficient retrofitting; decision-making behavior; tripartite evolutionary game; stake-
holders

1. Introduction

The construction industry is one of the most significant sectors in terms of global
energy consumption and environmental pollution, and buildings account for nearly 40% of
the world’s total energy consumption [1]. The operational phase of the building industry’s
life cycle significantly impacts energy consumption and greenhouse gas emissions. The
China Building Energy Consumption Research Report (2021) shows that 46.1% of energy con-
sumption, and 42.6% of carbon emissions during the entire construction process, resulted
from the operation phase in 2019. As a result of the relatively backward technology level
at the time of construction, most buildings in operation in China are currently less energy
efficient than newly constructed buildings. The existing buildings account for a large
proportion of total energy consumption [2,3], and buildings with high energy consumption
and poor functionality can be retrofitted for energy efficiency, to reduce their environmental
impact and promote sustainable development [4-6].

The use of green buildings is highly advantageous from an ecological and economic
standpoint. They are widely accepted in many countries to meet the overall nationwide
energy-efficiency objectives [7]. However, new buildings make up only a tiny fraction of
the total building stock each year [8], especially in urban cores, and constructing green
buildings does not offset the negative environmental impact of existing ones [9]. As a result,
retrofitting existing buildings with energy-efficient features is of critical importance [10].
Currently, office buildings consume significantly more energy than other types of buildings
in terms of heating, cooling, ventilation, and lighting. Therefore, there is a high potential
for energy savings in existing office buildings, and retrofitting them with energy-efficient
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features can reduce the negative environmental impacts associated with their operation [11].
There are also economic and social benefits, such as reduced operating costs and improved
user comfort [12,13].

The success of energy-efficiency retrofit projects requires extensive cooperation and
support from various stakeholders [14,15]. In the context of green retrofitting decisions,
owners and users play a crucial role among the internal stakeholders [16]. According to Ma
et al., the initial intention phase is an essential component of the decision-making process
regarding retrofitting [4]. Typically, only the owners and users are involved in this stage [17].
It is imperative to note that stakeholders have different interests and value perceptions [18].
The existence of a conflict of interests between them is one of the main reasons that hinder
energy-efficiency retrofitting of buildings. Incentives from the government, as the external
stakeholder, can be effective because increased costs, such as price premiums, adversely
affect the willingness of all parties to participate [19,20]. However, relatively few studies
have examined the effects of incentives on the retrofit of office buildings [21]. Furthermore,
users’ coordination is more challenging in existing office buildings than in new construction
or existing residential buildings. The reason for this is that complex leases may result in
financial disputes [22]. Users’ acceptance can be improved by feasible incentive policies [23],
but most policies are currently geared in favor of owners rather than users [16].

Due to the complexity of the market environment, each entity makes dynamic strategic
decisions according to its resources and market conditions. To maximize the overall benefits
of the energy-efficiency retrofit market, it is essential to study the behavioral strategies of
each participant. The evolutionary game can provide a valuable insight into this dynamic
process, and this paper presents a tripartite evolutionary game model in which government,
office building owners, and end users are included. To explore the evolutionary process
and evolutionary stabilization strategies of the participants, simulations are conducted
using numerical examples. This study provides insights into the game strategy choices of
stakeholders and can be used to promote high-quality development of the office building
energy retrofit market.

2. Literature Review
2.1. Stakeholders in Energy-Efficient Retrofitting

According to previous literature, the main stakeholders in energy-efficiency retrofit
projects include owners, users, facility managers, designers, contractors, subcontractors,
suppliers, government, financial institutions, energy service companies, environmental
organizations, professional associations, the media, and the general public [16,17,24,25].
Energy-efficiency retrofit projects involve more stakeholders than new construction projects,
and their relationships are more complex [25,26]. Owners are the entities that own and
benefit from the building, initiate retrofitting efforts, and develop retrofitting plans. Users
are directly affected by the built environment. Their behavior largely determines energy
efficiency, and indirectly affects the achievement of other stakeholders’ objectives [27,28].
Thus, owners and users are the primary stakeholders in the decision-making process [16,25].
In addition, government and policy factors play an influential role in the implementation
of energy-efficiency retrofit programs in China [17]. Government guidance can drive
stakeholders to invest more effort in energy-efficient retrofitting [29].

Owners of office buildings are critical in decision making, implementation, communi-
cation, and collaboration [17]. Energy-efficient retrofitting can bring economic benefits to
businesses, including increased rents and occupancy, and lower energy costs [30]. It can
also lead to broader non-economic benefits, such as improved indoor air quality, reduced
emissions, enhanced social reputation, and improved market position [31]. These benefits
may be highly motivating factors for owners [12]. Meanwhile, barriers and challenges
faced by owners include long payback periods, a lack of retrofitting knowledge, limited
access to advanced retrofitting technologies, and uncertainty about the extent of energy
savings [16,20,32,33].
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In energy-efficiency retrofit projects, users are frequently undervalued as opposed to
owners. Because retrofitting existing buildings requires the cooperation and participation of
users, it is more challenging than newly construction [14]. In general, users’ intentions are
most directly affected by the price premium [9]. As incomes increase, people become more
concerned with the improvements in life quality and productivity [34]. Office buildings are
a special type of multi-occupied building in which the owners have a lease relationship
with the users [22]. Energy-efficiency retrofit projects, however, do not impose contractual
obligations on users [18]. The owner of an office building with many occupants is the
dominant negotiator, while users have the option of “voting with their feet”. When a
consensus cannot be reached, the users will relocate to another building, which increases
the owner’s coordination and turnover costs [16].

Retrofitting buildings with green technologies has an externality [35]. This attribute
benefits non-building owners while reducing the willingness of building owners to adopt
these technologies. The use of policy instruments can be a valuable tool for eliminating
externalities [36]. The government can provide financial support for building retrofits;
for example, subsidies can be used to reduce the payback period of energy-efficiency
retrofits [35,37]. Mandatory regulations may also be effective [20]. Further, informative
policies can contribute to the promotion of appropriate technologies and increase the
willingness of parties to participate in energy-efficient retrofits [38].

2.2. Research Methods for Energy-Efficient Retrofitting

A variety of research methods have been used to study stakeholders in energy-efficient
retrofitting, including literature reviews [5,12,38,39], expert interviews [9,40], case stud-
ies [21,41,42], social network analysis (SNA) [17,25,43], and game theory [16,44]. However,
these studies only statically analyze stakeholders, without considering the dynamic interac-
tion effects between the stakeholders. Different from classical game theory, evolutionary
games emphasize the “limited rationality” of actors. The players adjust their choices con-
tinuously, and seek the appropriate combination of strategies through a process of learning
and imitation [45].

Buildings with externalities, such as green buildings, prefabricated buildings, and
other structures, are extensively examined using evolutionary games [46]. Fan and Hui
analyzed the effectiveness of green building incentives, and the evolution of government
and real estate developers’ strategies using an evolutionary game model [7]. Chen et al.
investigated the impact of policies on the promotion of green building technologies, us-
ing government and construction industry stakeholders as game players [47]. Du et al.
researched the impact of carbon tax policy on the strategy choice of low-carbon building
stakeholders, in the context of static and dynamic carbon taxes [48]. Huang et al. used
an evolutionary game model to assess the costs and benefits for governments and real
estate firms, to determine the factors that hinder the promotion of prefabricated residential
buildings [46]. Furthermore, some scholars added game players to their research. Lu et al.
developed a bilateral evolutionary game model that involved government, developers,
and consumers to study the decision-making mechanisms of stakeholders in the green
building market [49]. Liu et al. constructed a tripartite evolutionary game model including
government, suppliers, and developers, to explore stakeholders’ incentives and decision
behaviors in the green building supply market [50].

Overall, the existing studies have some shortcomings. First, previous studies on
stakeholders’ behavior in retrofitting have mainly employed static analysis from a macro
perspective. In such studies, stakeholders’ activities were not considered from a microe-
conomic perspective, and the evolution of strategies could not be reflected. Second, few
studies examined the energy-efficiency retrofitting of existing buildings, whereas most
evolutionary game studies focus on new green buildings. Furthermore, the complexity of
occupants and contractual agreements in office buildings makes them unique in comparison
to other building types. However, turnover costs associated with lease cancellations and
user relocation are rarely considered in existing studies. Finally, the enthusiasm and cogni-
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tive ability of the public have a significant impact on energy-efficiency retrofitting [23,51],
but the constraint of public willingness has rarely been considered in previous research on
decision mechanisms.

3. Evolutionary Game Model Analysis

As the policy maker and monitor of energy-efficiency retrofits, the government has
a social responsibility to protect the environment and achieve sustainable development.
Office building owners seek to reduce their energy costs through energy-efficiency retrofits
and are driven to do so by incentives and market pressures. Users are directly benefited by
energy-efficiency retrofit projects. Energy-efficiency retrofit markets are driven primarily
by users’ environmental protection concepts as well as their desire for high-quality living
and working conditions. Energy-efficient retrofitting involves all three of these parties
as essential players and stakeholders. Additionally, stakeholders aim to maximize their
profits in all situations, and can adjust their strategies accordingly. Their strategies can
significantly influence the state of the energy-efficiency retrofit market and its performance.
Evolutionary game theory can be used to analyze the interaction between the three parties.
Therefore, this study selects the government, office building owners, and end users as
players in the evolutionary game model.

3.1. Model Assumption

In this study, model parameters are derived from quantified costs and benefits. The
tripartite evolutionary game model is developed based on the expected benefits of different
stakeholders to analyze the evolutionary paths under diverse interest demands.

The following assumptions serve as the basis for the construction of the game model
(the meanings of the parameters are shown in Table 1):

Table 1. Meaning of parameters.

Major Players Parameter Meaning
Gp The cost of government’s positive supervision
aGp The cost of government’s negative supervision
Sr Government subsidies for owners to implement energy-efficiency retrofitting
Government Su Government subsidies for users to accept energy-efficiency retrofitting
144 Environmental and social benefits from energy-efficiency retrofitting
P Fines given by the government when owners refuse to implement
energy-efficiency retrofitting
D Losses incurred by the government against the public willingness
] Basic costs for owners
Eq Traditional income for owners
Property owners ACy Incremental costs to the owners for energy-efficiency retrofitting
AE, Additional income to the owners for energy-efficiency retrofitting
T Owner’s turnover costs associated with the relocation of users
Cy Basic costs for users
E, Traditional income for users
Users AC, Incremental cost for users to accept energy-efficiency retrofitting
AE, Additional benefit for users to accept energy-efficiency retrofitting

(1) Major players are simplified for the government, office building owners, and users.
All three players are a large group of bounded rationality. They will make judgments based
on limited knowledge and information, and adjust their strategies in response to behavioral
feedback offered by other subjects, eventually leading to a specific stable strategy;

(2) There are two strategies for each player. The probability of the government’s
adoption of positive supervision is x, and the probability of negative supervisionis 1 —
x, 0 < x < 1; the probability of office building owners implementing retrofits is y, and the
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probability of not implementing is 1 — y, 0 < y < 1; the probability of users accepting
energy-efficient retrofitting is z, and the probability of not acceptingis1 —z,0<z < 1;

(3) The government adopts incentives and penalties for participants as positive super-
vision, while negative supervision is the reverse. In the case of positive supervision, the
government uses financial subsidies and other means to ease the cost pressure on owners,
and the subsidy is recorded as Sg. If owners fail to make retrofits, the government will
charge them a penalty P. The government will also provide subsidies S to users to improve
their acceptance of energy-efficiency retrofitting. The cost of positive supervision is Gp,
and the cost of negative supervision is aGp, 0 < @ < 1. The benefits of energy-efficiency
retrofitting on the environment and society are W;

(4) Office building owners are typically expected to earn E; and spend C; upon
maintenance. Energy-efficient retrofits will generate additional income AE; and incremental
costs ACy for property owners. In general, users have traditional incomes of E, and basic
costs of C,. If the retrofit is accepted, they can obtain the additional benefit AE; and pay the
incremental cost ACy. If the owner does not retrofit and the user expects to receive services
related to energy saving, the users will decide to relocate. In this case, the lease cancellation
increases the owner’s turnover costs, T. There are no incremental benefits to be gained by
all three parties. In general, occupancy and unit rents increase following energy-efficiency
retrofits [16]. As a result, after retrofitting, even if users move because of the price premium,
the owner can recover the turnover costs from the new tenants;

(5) This study incorporates the constraint of public willingness into the game model.
When users are environmentally conscious and desire to use energy-efficient buildings,
the government will incur losses D if it adopts negative supervision, which is contrary to
public preference.

3.2. Model Building

A payoff matrix involving the government, property owners, and users is presented
in Table 2 after considering the assumptions above.

Table 2. The tripartite evolutionary game payoff matrix.

Major Players’ Strategies Users (z) Users (1 — z)
W —Gp — Sg — Su, W — Gp — Sg,
Owners (y) El +AE1 +SR—C1 —ACl, SR—C1 —ACl,
Government (x) Ey+ AEy + Sy — Cy — AC» E, — G
P— GP, P— GP/
Owners (1 —y) Ei—-C;—-T-P, E1—Cy—P,
E, -G E, -G
W—DCGP—D, W—IXGP,
Owners (y) E1+AE; — C1 — ACy, —C1 — ACy,
Government (1 — x) Ey+ AEy — Cy — AG, E, — G,
—aGp — D, —aGp,
Owners (1 —y) E1—Ci—T, E1—Cq,
E, -G E, -G

The expected payoff of “positive supervision” is Eq1, and that of “negative supervision”
is E1p. The average expected payoff of the government is E;. The equations are shown
below:

B = yz(W=Gp—Sg—Su) +y(1 - 2)(W=Gp—Sg) + (1 =y)z(P = Gp)

+(1-y)(1-2)(P - GCp)

Epp= yz(W—-aGp—D)+y(1—2z)(W—aGp)+ (1 —-y)z(—aGp — D)+
(1=y)(1 —2)(~aGp)
E = XE11 + (1 — X)Elg (3)

@
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The replication dynamics equation of the government is shown as follows:

F(x) — & — x(En — )

=x(x—1)[y(Sk +P) —zD +yzSy — P+ (1 — ) Gp] @)

The expected payoff of “implementing” is Ej1, and that of “non-implementing” is Ep).
The average expected payoff of the owners is E,. The equations are shown below:

Eyy = xz(Ey+AE1+Sg—C1 —ACy) +x(1—2)(Sg —C1 — AC1) + (1 —x)

2(Ey + AE; — C1 — ACy) + (1 — 2)(1 — 2)(—Cy — AGy) ®)
Ex» = XZ(El —C—T- P) +X(1 —Z)(E1 —C;— P) + (1 — x)z(E1 —C ©)
-T)+(1-x)(1-2z)(E1 —Cy)
Ey =yEn+ (1—y)Ex 7)
The replication dynamics equation of the owners is shown as follows:
d —_
F(]/) = % = y(E21 - EZ) (8)

=y(1 —y)[x(P+ Sg) +2z(T + E1 + AE1) — ACy — E4]

The expected payoff of “acceptance” is E31, and that of “rejection” is E3p. The average
expected payoff of the users is E3. The equations are shown below:

E3n = xy(E2+AEx+Sy—Co—AC) +x(1—y)(Ex — Co) + (1 — x)y(Ex+

9
ME—Cy = AGy) + (1= 1) (1 - y) (B2 — ) ©)
B = w(B=C)+x(1-y)(B-CG)+(1-xy(E-C)+{1-2) 4,
(1-y)(E2 - C)
E3 =zE3 + (1 —2z)E3 (11)
The replication dynamics equation of the users is shown as follows:
d _
F(z) = 5 = 2(Es — E5) = 2(1—2)(xSu + AE — ACa)y (12)

3.3. Analysis of Model’s Evolutionary Stability Strategy

Evolutionary stability strategy (ESS) indicates that the group will eventually settle on
a relatively dominant strategy over time. This is the strategy adopted by the majority of
individuals in the population, whereas the strategy adopted by a few mutant individuals
will have a small chance of winning in a competitive situation [52]. The above replication
dynamic equations can be used to determine possible equilibrium points. As mixed strategy
equilibria cannot be evolutionary stable in asymmetric games [53], this study discussed
only the asymptotic stability of pure strategy equilibrium points here: (0,0,0), (1,0,0), (0,1,0),
(0,0,1), (1,1,0), (1,0,1), (0,1,1), (1,1,1).

According to Formulas (4), (8) and (12), the Jacobian matrix of the model can be
obtained. The calculation process is expressed as follows:

oF(x) 9F(x) OJF(x)

x Jy Jz {h > 13]

]: oF(y) 9F(y) 9F(y) ]4 ]5 ]6

dx J 0z
oF(z) 9F(z) 9F(z) J7 Js o
ay 0z

dx

(13)
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Among them

Ji = (1—=2x)[—y(Sg + P) + 2Dy —yzSu + P+ (« — 1)G,]
Jo=x(x—1)(Sg + P +2z5,)
J3 =x(1—x)(D—ySy)
Ja=y(1—y)(P+Sg)
I5: (172y)[x(P+SR)+Z(D2+E1+AE1)7AC1751] (14)
Jo = y(1 —y)(T + E1 + AEy)
J7 =z(1—2z)Suy
Js = z(1—z)(xSu + AE; — AG)
]9 = (1 — ZZ) (xSu + AEz - ACz)y

According to the Lyapunov indirect method, if all the eigenvalues of the Jacobi matrix
are negative, the equilibrium point is asymptotically stable; if at least one of the eigenvalues
is positive, the equilibrium point is unstable; and if all the eigenvalues are negative except
for those with zero value, the equilibrium point is in a critical state, and stability cannot be
determined by the sign of the eigenvalues. This study brought the equilibrium points into
the Jacobi matrix, obtained their eigenvalues, and analyzed the stability of each equilibrium
point. As shown in Table 3, the equilibrium points (0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0),
(1,0,1) are not evolutionary stable points. The stability conditions for (0,1,1), (1,1,1) were
further discussed.

Table 3. The Jacobian eigenvalues at equilibrium points.

Equilibrium Points Eigenvalues S'ymbols of
Eigenvalues
(0,0,0) 0; =AC; — Ey; P+ (a —1)Gy 0,—%
(1,0,0) 0; (1-a)Gy —P; P—E; +Sg—ACy 0,**
(0,1,0) ACq1 + Eq; AE; — AGy; (lX — 1)Gp — SR (+%*,-)
(0,0,1) 0; T—AC; +AE;; D+ P+ (x—1)Gy o
(1,1,0) (1 —=a)Gp+ Sg; Su+ AEy —ACy; Ey — P — Sp+ ACy +5*
(1,0,1) 0; (1-a)Gy —P—D; T+ P+Sg—ACy +AE; ox*
0,1,1) ACy — AEy; ACy — T —AEy; D—Sg — Sy + (a —1)Gp (P
(1,1,1) ACy — Sy — AEy; ACy —P—Sgr—T —AEy; (1-a)Gy, —D+Sg+Sy (>

Note: * indicates that the symbol is uncertain.

Scenario 1:

When AE; < AC; and AE; < ACy, property owners and users benefit from energy-
efficiency retrofits less than their incremental costs. Since the market for energy-efficiency
retrofits is in its infancy, and green retrofit technology has not yet matured, the government
should provide incentives to promote the development of energy-efficiency retrofits. The
government, owners, and users will take positive action only if D — Sg — Sy + (¢« — 1)Gp, >
0, Su+AEy; —ACy > 0and P+ Sg + T + AE; — ACy > 0. The optimal equilibrium point
would be (1,1,1).

Scenario 2:

When AE; > ACj and AE, < AC;, the incremental benefits of positive action by
owners are greater than the incremental costs because of advances in green retrofit technol-
ogy. Users still pay a higher premium for energy-efficient buildings than the additional
benefits, and positive action is only taken when government subsidy is provided. When
D—Sg—S,+ (« —1)Gp > 0and Sy + AE; — AC; > 0, the government subsidy compen-
sates the cost burden of the premium to users, and the benefits of government positive
supervision are greater than negative supervision. The optimal equilibrium point would
be (1,1,1).

Scenario 3:
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When AE; < ACyand AE; > AC;, under the conditions that D — Sg — Sy + (a — 1)G, >
0and AC; — P — Sg — T — AE; < 0, the incremental benefits of positive actions by all three
players are higher than the incremental costs. The optimal equilibrium point would be
(1,1,1). Under the conditions that D — Sg — Sy, + (¢ — 1)G, < 0and T + AE; — ACy > 0, the
benefits of government positive supervision are smaller than negative, while the turnover
cost constrains the owners so that the firms tend to take positive actions. The optimal
equilibrium point would be (0,1,1).

Scenario 4:

When AE; > AC; and AE; > AC;, both owners and users will realize more benefits
than incremental costs. The benefits of government’s positive supervision are higher under
the condition of D — Sg — S, + (&« — 1)Gp, > 0, and the optimal equilibrium point would
be (1,1,1). Under the condition of D — Sg — S, + (« — 1)G,, < 0, the benefits of negative
government supervision are higher, and the optimal equilibrium point would be (0,1,1).

4. Numerical Simulation

This study visualized the dynamic behavior of the government, office building owners,
and users to further investigate the evolution of their strategies in different scenarios. A
numerical simulation was conducted using MATLAB R2021a to investigate the effects of
initial strategies and parameters. The analysis of game theories requires relative values
rather than absolute values [16], so using numerical examples can help overcome the lack
of data in the analysis. Therefore, a numerical example was used in this study.

An office building completed in 2006 in Beijing (China), with a total floor area of
approximately 194,000 square meters, was selected for this study. Green retrofitting was
undertaken by the property owner to build a world-class office building. In recognition
of the energy-saving retrofit, this project has been awarded the China three-star Green
Building Label as well as LEED-EB Platinum certification. It was estimated that 4,850,000
kWh of energy and 616 tons of standard coal were saved annually. According to the
calculation method of Liu et al. [10], these savings were converted into economic and
environmental benefits. In this study, the parameters’ values were set based on policies and
regulations, literature studies, second-hand cases, and actual market conditions [49,54-56].
Table 4 shows the specific parameter values:

Table 4. Initial values of main parameters.

Major Players Parameter Initial Value Major Players Parameter Initial Value
Gp 20 ACy 180
« 0.6 Property owners AE, 260
11 T
Government SR 0 3
Su 60 AC, 200
P 20 Users AE, 215
D 15

4.1. Model Verification

The initial values of the parameters in Table 4 are in accordance with the requirements
of AE; > ACy, AE; > ACy, and D — Sg — S, + (¢ —1)Gp < 0. The set of values was
simulated 50 times based on different initial strategy combinations. According to Figure 1,
the simulation result (0,1,1) is the stable equilibrium point, which is consistent with the
conclusion reached in Scenario 4. Consequently, the numerical simulation confirms and
validates the stability analysis of each player’s strategy. It has the potential to provide
realistic guidance.
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Figure 1. Diagram on numerical simulation of evolutionary game model.

4.2. Simulation Analysis
4.2.1. The Impact of Initial Strategy on System Evolution

Keeping y = 0.5 and z = 0.5 unchanged, the initial strategy x for the government to
adopt positive supervision increases sequentially from 0.2 to 0.8. Figure 2 shows that
the higher the probability of the government’s initial strategy, the faster the evolution of
positive actions from owners and users. Figure 2a illustrates that when the probability
of positive supervision is relatively low, owners are less likely to make energy-efficient
retrofits initially. As x increases, y converges more rapidly. It may be that green technology
is still immature at the beginning of the green retrofit market, and the cost premium is
relatively high, making owners reluctant to retrofit. Incentives from the government can
motivate owners to keep abreast of market trends and increase their energy efficiency. As
shown in Figure 2b, low intentions of positive government action have little impact on user
behavior. Increasing x accelerates the acceptance of energy-efficient buildings by users.

Keeping x = 0.5 and z = 0.5 unchanged, the initial strategy y for owners choosing to
implement energy-efficiency retrofits increases sequentially from 0.2 to 0.8. According to
Figure 3, the rate of convergence of government and users’ behavior is generally positively
correlated with y. Figure 3a illustrates that government tends to converge to “negative
supervision” as the probability of the owner making the retrofit increases. This indicates
that property owners may be able to play a more dominant role in the market’s development
as the supply side. When the market has reached maturity, the government may decide
to withdraw.

Keeping x = 0.5 and y = 0.5 unchanged, the initial strategy z for users choosing to accept
energy-efficiency retrofits increases sequentially from 0.2 to 0.8. According to Figure 4a,
when the probability of positive action by users is high the government does not need to
provide incentives, resulting in a convergence towards “negative supervision”. Figure 4b
shows that y increases as z increases, and gradually decreases as z decreases. In addition, y
changes at a faster rate than x. It may be that users, who represent the demand side, have a
powerful influence on the behavior of suppliers.
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Figure 2. (a) The impact of changes in x on the evolution of y. (b) The impact of changes in x on the
evolution of z.
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Figure 3. (a) The impact of changes in y on the evolution of x. (b) The impact of changes in y on the
evolution of z.
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Figure 4. (a) The impact of changes in z on the evolution of x. (b) The impact of changes in z on the
evolution of y.

4.2.2. The Impact of Benefit and Cost Related Parameters on System Evolution

Figure 5 reflects the impact of additional income on the property owners. Keeping
other parameters unchanged, AE; ranges between 140 and 360. As shown in Figure 5, the
additional income is a significant contributor to the development of the retrofit market.
Unless the additional income exceeds the incremental cost, the owner will shift towards
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“non-implementation”. The convergence rate of the behavior strategy will accelerate over
time as the profit margin increases. In the profitable state, the value of y fluctuates initially.
Owners are conservative at first due to the immaturity of the market and the delay in
receiving feedback, but eventually converge to “implementing” as the market matures.

—¥— AE1=140
—6— AE1=180

AE1=200
—6O— AE1=220 |
—&— AE1=260
—+— AE1=300
—»— AE1=360

RPN = Ak sk I &
TR T -

0.6 0.8 1

Time
Figure 5. The influence of changes in AE; on the evolution path.

Figure 6 reflects the impact of additional benefits on the users. Keeping other parame-
ters unchanged, AE,. ranges between 145 and 255. The incremental benefits are generally
positively correlated with the rate at which users’ behavior evolves toward “acceptance”.
Users tend to be conservative when the cost premium of energy-efficient buildings is much
greater than the added benefits. As the additional benefits increase, users are more likely
to accept retrofits. It is worth noting that although the incremental benefits may not fully
compensate for the cost premium, the product will eventually be accepted by users. This
phenomenon indicates that as social development progresses, users will pay increasing
attention to living comfort and environmental protection. They may be willing to pay
a little extra to improve their standard of living. Green retrofit market development is
facilitated by this positive attitude.

Figure 7 reflects the impact of supervision costs on the government. Keeping other
parameters unchanged, Gp ranges between 5 and 50. The government’s action converges
increasingly slowly as the cost of policy increases, eventually leading to “negative super-
vision”. This shows that the mature development of the market can bring policy cost
savings to the government. Supervision costs do not appear to be the decisive factor
influencing government behavior. Instead, the government may pay greater attention to
the environmental and social benefits of energy-efficient retrofitting.
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AE2=205
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Figure 6. The influence of changes in AE; on the evolution path.

—%—GP=5
—6—GP=10
GP=15

Time
Figure 7. The influence of changes in Gp on the evolution path.

Figure 8 reflects the impact of turnover costs on property owners. Keeping other
parameters unchanged, T ranges between 15 and 135. Figure 8 shows that owners’ behavior
converges at a more rapid rate as turnover costs increase. As a result, property owners are
sensitive to the loss caused by the relocation of their tenants. Owners as market suppliers
must fully understand the desires of users. It is consistent with the results shown in
Figure 4b.
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Figure 8. The influence of changes in T on the evolution path.

4.2.3. The Impact of Reward- and Punishment-Related Parameters on System Evolution

Figure 9 illustrates the impact of government subsidies when the profitability of
energy-efficiency retrofit projects varies. Energy-efficient retrofitting can bring extra profits
to owners when AE; = 260, whereas when AE; = 100, owners suffer losses. Figure 9
shows that subsidies have no decisive effect on the behavior of owners. If owners suffer
losses, they will still select the option of “non-implementing” regardless of the extent of the
subsidy. Owners may initially be negative even if they make a profit due to the immaturity
of the market. As the market develops, owners tend to choose “implementing” as they can
benefit from both government grants and energy-efficiency retrofits.

Figure 10 illustrates the impact of government subsidies on users with varying levels
of profit and loss: when AE; = 145, AE; < ACy; and when AE; = 215, AE; > AC,. When
the additional benefits are less than the cost premium, users will remain on the fence even
if the government provides subsidies as an incentive. Accordingly, users may place more
value on environmental and quality-of-life improvements from energy-efficiency retrofits
than on financial gains. If the additional benefits outweigh the cost premium, increasing
subsidies will motivate users to accept energy-efficient buildings.

Figure 11 illustrates the impact of government penalties when the profitability of
energy-efficiency retrofit projects varies. When profitability is possible, owners are willing
to take positive actions. In this case, owners’ enthusiasm for retrofits rises significantly as
the penalty amount increases, indicating that penalties can have some positive effects. In a
deficit situation, punitive measures do not achieve the desired impact. Owners eventually
decide not to retrofit, despite the increase in fines.

Figure 12 illustrates the impact of subsidies and penalties on government under the
above profit-and-loss scenarios. Due to the learning mechanism in evolutionary games,
the behavior of participants will adjust through the interaction of other factors. The
government’s response to the market’s early development is to incentivize it with positive
supervision, like subsidies and penalties. If the industry matures, owners and users can
earn enough extra profits so that the government’s negative strategy does not significantly
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affect their decisions. As the external stakeholder in the market, the government behaves
in a complementary manner to the internal stakeholders.

—¥— AE1=260, SR=70
—o6— AE1=260, SR=90
AE1=260, SR=110
—A— AE1=260, SR=130 |
—+— AE1=260, SR=150
—#— AE1=100, SR=70
—6— AE1=100, SR=90
—&— AE1=100, SR=110 |
—A— AE1=100, SR=130
AE1=100, SR=150
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0.2 04 0.6 0.8 1
Time

Figure 9. The influence of changes in Sk on the evolution of y.
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Figure 10. The influence of changes in Si; on the evolution of z.
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4.2.4. The Impact of Public Willingness on System Evolution

Figure 13 reflects the impact of the constraint of public willingness on the government.
The public will reflect the level of environmental awareness among consumers. When
government does not provide incentives that are expected by market participants, such
as subsidies to users, there may be some losses due to working against public willingness.
Initially, the government will be responsive to the public’s wishes and act in a more
“positive supervision” manner. The benefits of negative supervision gradually outweigh
positive supervision as the energy-efficiency retrofit market increases. It may be in the
government’s interests to withdraw and allow the mature market to lead. This is consistent
with the findings of Scenario 4.

1 T T T T
—¥%—D=10
—&—D=12
D=15

0.8 [ ——D=18 | ]

Time

Figure 13. The influence of changes in D on the evolution of x.

5. Discussion

Promoting energy-efficiency retrofits is a cooperative effort between the government,
owners, and users. This study provides a reference perspective for research in energy-
efficient retrofitting of existing office buildings, using evolutionary game theory. In terms
of the initial strategy, changes in the motivation of any one player to participate can have
an influential impact on the other two players. This is consistent with the research findings
of Lu et al. [49] and Liu et al. [50]. Mutual understanding and information sharing between
the three players can significantly contribute to the development of the energy-efficiency
retrofits market. This study considers the behavioral characteristics of users in the special
type of multi-occupied building, in addition to previous studies. The leasing relationship
between users and owners complicates the situation further. User relocation costs have a
significant impact on the choice of owner strategy, making effective communication and
coordination with users necessary. Based on the above research results, countermeasures
and suggestions are proposed to increase the active participation of government, office
building owners, and users in energy-efficient retrofitting.

(1) Improve the market mechanism
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In line with Fu et al.’s study, government regulations and incentives can influence
the initiative of various stakeholders [51]. Policy measures will motivate property owners
to make energy-efficient retrofits to qualify for subsidies or avoid penalties. However, as
shown in Figures 9 and 11, government supervision does not play a decisive role. Over the
long term, subsidies and penalties can only have a limited impact on the energy-efficiency
retrofit market. If owners are unable to profit from the market, they will eventually
withdraw from it regardless of the extent of government supervision. Similar findings
were also reported by Lu et al. [49]. Accordingly, incentives in the event of “market failure”
do not necessarily create attractive investment opportunities. As the market matures,
policymakers can expect to save on expenditure. The government should take steps to
improve the market mechanism and promote the development of the industry.

A mature and scaled-up retrofit market requires not only promoting technological
advancements and advocating sustainable building materials, but also more feedback from
retrofits of existing buildings. A lack of real project data is one of the most significant factors
resulting in stakeholders’ low confidence in the potential of retrofit projects [12]. Therefore,
setting up a building green retrofit assessment and certification system can improve the
quality control of green retrofit projects [57]. In addition, establishing a building energy
consumption database can provide a reference for stakeholders [58]. Meanwhile, the lack of
appropriate organizations and professionals has posed a major barrier to promoting green
retrofitting construction [32,59]. Professional organizations can promote green building
retrofits by coordinating split incentives among stakeholders, or providing training in
various skills [59]. Industry associations and nonprofit organizations can become more
involved in the retrofitting of Chinese buildings by providing training and certification
to develop qualified professionals, and by promoting the growth of the energy-efficiency
retrofit market.

(2) Reduce incremental costs and improve profitability

In Figures 5 and 6, it is shown that profit-and-loss scenarios greatly influence the
decision of owners and users. Owners are much more concerned with the economic
benefits and profitability of energy-efficiency retrofitting, as demonstrated by their high
sensitivity to the impact on profit and loss. Users place a greater emphasis on the quality
of their living and working conditions, as well as the benefits to the environment. It is
therefore imperative that owners actively seek ways to reduce the cost premiums.

The government and property owners should encourage the development and stan-
dardization of energy-saving technologies, and enhance their collaboration with academic
research institutions to reduce retrofitting costs. Subsidies from the government can attract
private investors. Suppliers offering retrofitting services should be encouraged to partici-
pate in the market, by promoting the energy performance contracting mode to stimulate the
ability to innovate [60]. Furthermore, the government should adopt a variety of measures to
strengthen economic incentives, such as income tax exemptions, carbon taxes, lowered loan
thresholds, and simplified application procedures [61]. As a complement, more mandatory
measures must also be employed [62].

The availability of information about policies, experts, and retrofitting programs is
also argued to be of importance by many scholars [5,63]. Time and effort spent obtaining
information about retrofitting technologies and finding reliable professionals constitute
transaction costs [63]. Therefore, the mass media must be utilized to disseminate informa-
tion regarding green retrofits, energy efficiency, and related policies. Furthermore, pilot
projects should be implemented to create a broader demonstration effect, using successful
cases to improve the availability and accessibility of information. Considering the fragmen-
tation of relevant information, a one-stop-shop information website can be developed to
reduce the transaction costs associated with accessing information [39].

(3) Promote the dissemination of environmental knowledge

On the demand side in the energy-efficiency retrofit market, users” willingness has
a significant bearing on the direction of market growth. Most users have already met
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their basic living needs and are now in the process of pursuing higher-level needs. This is
consistent with the findings of Xu et al. [34], Lu et al. [49], and Feng et al. [64].

To increase user acceptance of the green product premium, the government should
enhance green knowledge promotion and education. The promotion of retrofit awareness
through community events, school curricula, and mass media has proven very useful
in overcoming information asymmetry. It also can increase stakeholders” enthusiasm to
participate in building retrofits [65]. Additionally, there is a positive relationship between
building energy performance and users’ energy consumption habits [66]. Thus, it is critical
to disseminate information about energy-saving ways and habits to pursue energy efficiency
in building retrofits.

6. Conclusions

The study of stakeholders’ decision-making behavior regarding energy-efficiency
retrofitting of existing office buildings is essential in promoting the development of energy-
efficiency retrofit markets, as well as enhancing urban sustainability. In this paper, a
tripartite evolutionary game model, incorporating the government, office building owners,
and end users was constructed, and its stable equilibrium points were examined. Sec-
ondly, the basic parameters were set based on the demonstration case of energy-efficiency
retrofitting in conjunction with pertinent policy and literature. The initial strategy and the
influence of different parameters on stakeholder behavior were analyzed using simulation.
Finally, based on the simulation results, suggestions were made to encourage the active
involvement of various stakeholders in energy-efficiency retrofitting.

This paper found that: (1) System stabilization strategy convergence is closely related
to the initial strategy selection of each stakeholder, with the greatest influence coming from
changes in users’ initial states; (2) Property owners’ concerns about their profit-and-loss
situation dominates their decisions. Owners’ positive action is influenced by the turnover
costs of users’ relocation. Whereas users are less sensitive to costs and benefits, and policy
cost changes are not determinative of government behavior; (3) Government incentives
can have a positive role. However, the role played by government subsidies and penalty
measures depends on the profit-and-loss scenarios, and not on the degree of supervision.
Government supervision acts as a complement to internal stakeholders in efficient markets;
(4) Government is influenced by the willingness of the public. However, it is ultimately the
scale of market development that determines the government’s position.

Regarding theoretical contributions, this paper provided a scientific research paradigm
for related fields through an innovative evolutionary game model that integrated the
strategies and behaviors of the major stakeholders in energy-efficiency retrofit markets.
The special contractual relationship between the building owner and the user is considered,
extending the study of office buildings as a building type. Regarding practical contributions,
by using scenario simulation to analyze the strategic sensitivity of each participant in the
energy-efficiency retrofit market, this paper provides a useful reference to guide each
stakeholder’s practical activities.

This paper has certain limitations in the research process: numerical examples are
used for simulation, and certain assumptions are made when setting the parameters, while
the actual situation is far more complicated than the simulation model; reward measures
have a limited impact, and dynamic regulatory measures can also be considered; and
the scope of the paper is limited to three major stakeholders, simplifying the stakeholder
relationships, although more stakeholders may be discussed in the future.
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