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Analysis of the evolution game of stakeholders’
behaviour in the operation stage of green
buildings
Xiaojun Liu and Xiaodan Liu*
School of Management Xi’an University of Architecture and Technology, Xi’an 710055, China

This study aims to solve the problem of uncoordinated
interests among the stakeholders in the operation
stage (OS) of green buildings (GBs). First, the
requirements and conflicts between the owners and
property service enterprises (PSEs) are analysed.
Secondly, the evolutionary game model of owners and
PSEs is developed. It was found that the game system
will evolve towards the ideal equilibrium stability
strategy only under the following conditions: (i) the
income of owners in green property management
(GPM) is greater than the sum of the income of PSEs
shared by the owner in GPM and the transaction costs
generated when the owners choose to support GPM,
and (ii) the sum of the income of PSEs shared by the
owner in GPM and the additional benefits that PSEs
can get by choosing GPM is greater than the total cost
incurred by PSEs in choosing GPM. We carried out
quantitative tests for equilibrium stability results and
analysed the factor that influence the evolution path
based on simulations performed in MATLAB. The results show that improving the operational income of
GBs, increasing the additional income of PSEs, reducing the operating transaction costs and adopting a
reasonable revenue sharing method are effective ways
to coordinate the interests of all parties involved in the
OS of GBs.
Keywords: Evolutionary game theory, green buildings,
operation stage, stakeholders.
AT present, China is facing the very serious task of energy conservation and emission reduction. Green buildings
(GBs) can effectively reduce energy consumption and
reduce greenhouse gas emissions1,2. GBs involve multiple
stages such as design, construction and operation3, among
which the operation stage (OS) is the most important in
the whole life cycle of GBs4, more than 80% of energy
consumption occurs during the actual OS5. Due to lack of
effective operation management, a large number of practical operation effects of GBs has not achieved the desired
goal6. The OS of GBs involves a number of stakeholders,
such as the government, owners and end-users, and a
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variety of objectives, including social, environmental and
economic interests7. These objectives are not always
compatible among stakeholders, thus giving rise to conflicts which seriously impede the effective operation of
GBs8. Therefore, it is necessary to clarify the interest relation and coordinate their conflict of interest among stakeholders in the OS of GB for realizing the energy saving
effect of GB.
Game theory is the main tool to analyse the multi-agent
behaviour selection strategy and solve problems of conflict or cooperation between decision-makers9. So a lot of
literatures have analysed the behaviour strategy of each
subject and their interest conflict in the diffusing GB.
Among them, the gaming relationships between the government and developers10, developers and consumers11,
government, developers and consumers12, and government and owners13 are the key topics. With the increasingly prominent problem of GBs in OS, the importance
of property service enterprises (PSEs) cannot be ignored14. Therefore, the game relationship between government and PSEs was examined15. However, the existing
literature still lacks analysis of the game behaviour between PSEs and owners. Moreover, the study about the
verification of equilibrium stable results and simulation of
system evolution paths for different influence factors is not
enough. Therefore, this study aims to analyse the game
stability strategies between owners and PSEs, and identify
the factors that influence the stability strategies.

Requirements and conflicts among stakeholders
Requirements
PSEs hope to maximize their own economic benefits, and
to obtain stable or additional economic benefits through
daily operations of the buildings. The energy-saving demand brings new profit opportunities to PSEs. However,
it is not common for PSEs to offer green property management (GPM). This is because GPM needs active cooperation with the owners. Also, the operational
management cost of GBs is higher than traditional buildings, thus most of PSEs consider GBs as a burden, and
discourage the use of green technologies.
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In the OS of GBs, the owners pay more attention to the
operation and maintenance costs and the economic benefits generated by energy-saving. Also, the owners tend to
focus on their own interests and are not willing to pay
more while obtaining economic benefits in the process
of operational management, which often leads to conflict
of interest between the PSEs and owners.

Conflicts
Traditional property management (TPM) is difficult to
meet the operational requirements of GBs. GPM can
achieve resource conservation, but also increases the
operational and management costs. PSEs cannot directly
share the energy-saving profits, which means their interest requirements are not met, leading to PSEs becoming
reluctant to spend money on promoting green operating
ability. For the owners, it is not clear regarding the energysaving benefits. And the lack of green operation capacity
will actually cause the owners’ losses when the information
is asymmetrical. Therefore, the inequality between green
operating cost and energy-saving benefits leads to interest
conflicts between the owners and PSEs.

Evolutionary game of owners and PSEs
Basic assumption
There are two limited rationality agents, namely owners
and PSEs. At the beginning, it is not possible for these
agents to directly select the strategy that is beneficial to
them. A stable state of evolution can be reached in the
process of strategy adjustment by mutual imitation and
learning. At time t, let the proportion of those ‘supporting
GPM’ and ‘not supporting GPM’ in the group of owners
be x(t) and 1 – x(t) respectively. Let ratio of those
‘providing GPM’ and ‘providing TPM’ in the PSEs group
be y(t) and 1 – y(t) respectively. In the following, t is
omitted from x(t) and y(t) for ease notation. Based on the
above assumptions, the payoff matrix and variable description are shown in Tables 1 and 2 respectively.

EA = xEA1 + (1 – x)EA2 = xy(e – w) – xh + a1.

(3)

The replicator dynamics equation of the owner is

F ( x) =

dx
= x( E A1 − E A )
dt

= x(1 − x)( E A1 − E A2 ) = x(1 − x)[ y (e − w) − h].

(4)

Order F(x) = dx/dt = 0, then x1 = 0, x2 = 1, y* = h/(e – w),
the condition of the evolutionary stabilization strategy
(ESS) of x is F(x) = 0, F′(x) < 0. Thus, three stable states
of the owners can be obtained:
(i) When y = y* = h/(e–w), F(x) = 0, F ′(x) = 0, all values of x are in a stable state, which means that ESS of the
owners is random when the proportion of choosing GPM
for PSEs in the condition of y = y* = h/(e – w).
(ii) When y < y* < h/(e – w) there may only be two
steady-state points, namely x1 = 0, x2 = 1. For F(0) = 0,
F ′(0) > 0, F(1) = 0 and F ′(1) < 0, x1 = 1 is the owner’s
ESS. This indicates that the owner who chooses not to
support GPM will gradually become an ESS when the
proportion for PSE to choose the GPM is y < (e – w).
(iii) When y > y*, there are only two steady-state points,
namely x1 = 0, x2 = 1. For F(0) = 0, F ′(0) > 0, F(1) = 0 and
F ′(1) < 0, x1 = 1 is the owner’s ESS. This indicates that the
owner who chooses to support GPM will gradually become
an ESS when the proportion for PSE to choose the GPM in
the condition of y > y*.

Evolutionary stabilization strategy of PSEs
For PSEs, the expected benefits of choosing to support
GPM are EB1, otherwise it is EB2. The average expected
benefits are represented as EB.
Table 1.

Pay-off matrix of property service enterprises (PSEs) and
owners
PSE

Owner
Supporting
Not supporting

Green property
management (GPM)

Traditional property
management (TPM)

a1 + e – w – h, a2 + w + r – c
a1 , a2 – c

a1 – h, a2
a1 , a2

Evolutionary stabilization strategy of owners
For owners, the expected benefits of choosing to support
GPM are EA1; otherwise it is EA2. The average expected
benefits are represented as EA:
EA1 = y(a1 + e – w – h) + (1 – y)(a1 – h)
= y(e – w) + a1 – h,
EA2 = ya1 + (1 – y)a1 = a1,
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(1)
(2)

Table 2.
Variable
a1
a2
e
w
h
c
r

Description of variables
Description

Income of owners in TPM
Income of PSEs in TPM
Income of owners in GPM
Income of PSEs shared by the owner in GPM
Transaction costs generated when owners choose to support
GPM
Total cost incurred by PSEs in choosing GPM
Additional benefits that PSEs can get by choosing GPM
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EB1 = x(a2 + w + r – c)
+ (1 – x)(a2 – c) = x(w + r) + a2 – c,

(5)

EB2 = xa2 + (1 – x)a2 = a2,

(6)

EB = yEB1 + (1 – y)EB2 = yx(w + r) – yc + a2.

(7)

dy
= y ( EB1 − EB )
dt

= y (1 − y )( EB1 − EB 2 ) = y (1 − y )[ x( w + r ) − c].

(8)

Order F(y) = dy/dt = 0, then y1 = 0, y2 = 1，x* = c/
(w + r), the condition of ESS of y is F(y) = 0, F ′(y) < 0.
Thus, three stable states of the PSEs can be obtained.
(i) When x = x* = c/(w + r), F(y) = 0, F ′(y) = 0, all
values of y are in a stable state, which means the ESS of
PSEs is random when the proportion for owners to
choose the GPM is x = x*.
(ii) When x < x*, there are only two steady state points,
namely y1 = 0, y2 = 1. For F(0) = 0, F′(0) < 0, F(1) = 0
and F′(1) > 0, y1 = 0 is the PSE’s ESS, which means the
PSE who chooses to support TPM will gradually become
an ESS when the proportion for owners to choose the
GPM is x < x*.
(iii) When x > x*, there are only two steady state
points, namely y1 = 0, y2 = 1. For F(0) = 0, F′(0) > 0,
F(1) = 0 and F′(1) < 0, y1 = 1 is the PSE’s ESS, which
means the owner who chooses to support GPM will gradually become an ESS when the proportion for owner to
choose the GPM is x > x*.

Analysis of equilibrium stability of the game
system
Five local equilibrium points, namely O (0, 0), A (0, 1), B
(1, 0), C (1, 1), D(c/(w + r), h/(e – w)), can be obtained
by solving eq. (9) below
⎧ F ( x) = x(1 − x)[ y (e − w) − h] = 0,
⎨
⎩ F ( y ) = y (1 − y )[ x( w + r ) − c] = 0.

(9)

Taking the partial derivative of F(x) and F(y) with respect
to x and y, we can obtain the Jacobian matrix (J). The five
local equilibrium points of the game system are substituted into J, and their local stability can be determined
through the sign of their determinant (det(J)) and trace
(tr(J)) values. This equilibrium point is ESS if and only
if det(J) > 0 and tr(J) < 0. As shown in Table 3,
det(J) and tr(J) of each local equilibrium point are calculated.
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det( J ) = (1 − 2 x)[ y (e − w) − h](1 − 2 y )[ x( w + r ) − c]
− x(1 − x)(e − w) y (1 − y )( w + r ),

(11)

tr( J ) = (1 − 2 x)[ y (e − w) − h] + (1 − 2 y )[ x( w + r ) − c]. (12)

The replicator dynamics equation of PSEs is
F ( y) =

x(1 − x)(e − w) ⎤
⎡ (1 − 2 x)[ y (e − w) − h]
J =⎢
, (10)
(1 − 2 y )[ x( w + r ) − c]⎥⎦
⎣ y (1 − y )( w + r )

In order to judge the stability of the five equilibrium
points, it is necessary to discuss the positive and negative
conditions of their det(J) and tr(J). D(c/(w + r), h/(e – w))
is nonexistent in three cases namely (i) e < w + h,
w + r < c, (ii) e > w + h, w + r < c and (iii) e < w + h,
w + r > c. Table 4 shows the evolutionary stability result
of O (0, 0), A (0, 1), B (1, 0), C (1, 1), while Figure 1
shows the evolutionary phase diagram. Since the game
system has only one stable point, viz. O (0, 0), the evolutionary equilibrium result of any point in the phase
diagram will tend to the stable point (0, 0). For the condition e > w + h, w + r > c, the evolutionary stability result
of O (0, 0), A (0, 1), B (1, 0), C (1, 1) and D(c/(w + r),
h/(e – w)) are shown in Table 5, while Figure 2 shows the
evolutionary phase diagram. Since the game system
has only two stable points, viz. O (0, 0) and C (1, 1), the
evolutionary equilibrium result of any point in the phase
diagram will tend to the stable point (0, 0) or (1, 1).
The strategy of the owners and PSEs may evolve to the
ideal equilibrium point C (1, 1) only in case 3, which
needs to be discussed in detail. Figure 3 shows the dynamic
evolution process of the game strategy between the
owners and PSEs. When x and y are in the shadow area,
the game system will gradually evolve to the ideal equilibrium point C (1, 1). When x and y are in the blank area,
the game system will gradually evolve to the ideal equilibrium point O (0, 0). Thus, the equilibrium result of the
system is determined by the position of (x, y), and the
path will evolve to which state depending on the saddle
point D(c/(w + r), h/(e – w)).

Analysis of equilibrium stability test and
the factor that influence the evolution path based
on numerical simulation
Equilibrium stability test
The evolution path is presented in two-dimensional plane
coordinates, the horizontal axis is time t. The initial time
and the end time is set to 0 and 1 respectively. The vertical
axis is x and y, and their values range from 0 to 1. The initial state is randomly taken in the range (x, y) for the sake
of generality. Testing the equilibrium results under the
conditions: (i) e < w + h, w + r < c (taking e = 4, w = 3,
h = 2, c = 6, r = 2); (ii) e < w + h, w + r > c (e = 4,
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Figure 1.

Table 3.

The evolutionary phase diagram of cases 1–3.

Results of partial equilibrium of det(J) and tr(J)

Local equilibrium point
O (0, 0)
A (0, 1)
B (1, 0)
C (1, 1)
h ⎞
⎛ c
D⎜
,
⎟
⎝ w+ r e− w⎠

det(J)

tr(J)

hc
c(e – w – h)
h(w + r – c)
(e – w – h)(w + r – c)
hc( w + r − c)(e − w − h)(e − w)( w + r )

–h – c
c+e–w–h
h+c–e–r
h+c–e–r

Evolutionary stable result of cases 1–3

Table 4.

Case 1
Equilibrium point

Case 2

tr(J)

Stability

det(J)

tr(J)

Stability

det(J)

tr(J)

Stability

+
–
+
+

–
Uncertainly
Uncertainly
+

Stable
Saddle point
Saddle point
Unstable

+
+
–
–

–
+
Unstable
Unstable

Stable
Unstable
Saddle point
Saddle point

+
–
+
–

–
Uncertainly
+
Uncertainly

Stable
Saddle point
Unstable
Saddle point

Stability of the local equilibrium point when e > w + h,
w+r>c

Local equilibrium point
O (0, 0)
A (0, 0)
B (0, 0)
C (0, 0)
h ⎞
⎛ c
D⎜
,
⎟
⎝ w+r e−w⎠

det(J)

tr(J)

Stability

+
+
+
+

–
+
+
–

Stable
Unstable
Unstable
Stable

+

0

Saddle point

w = 3, h = 2, c = 4, r = 2); (iii) e > w + h, w + r < c (e = 6,
w = 3, h = 2, c = 6, r = 2); (iv) e > w + h, w + r > c
(e = 6, w = 3, h = 2, c = 4, r = 2). Figure 4 shows the
evolutionary path. It can be seen that the system equilibrium result eventually evolves to a stable point in
every condition, which is consistent with theoretical
results.
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Case 3

det(J)

O (0, 0)
A (0, 1)
B (1, 0)
C (1, 1)

Table 5.

0

( w + r )2 (e + w)2

Influencing factor of evolution path
The dynamic influence of e, w, h, c and r on the evolution
path of the system is simulated by changing the initial
value. Assume that the initial values of each parameter
are e = 8, w = 4, h = 2, c = 3, r = 1, and these values satisfy the inequality e > w + h, w + r > c. Taking the initial
state of evolution t = 0, then x(0) = 0.62, y(0) = 0.51, the
initial state is close to the saddle point and tends to
evolve to the position of the ideal equilibrium point C(1,
1). Figure 5 shows the evolution path of the game system
under initial conditions. We can see that the system will
evolve towards an ideal state for operational management
of GBs as the time t changes.

Impact of operating income on evolution path
As shown in Figure 6, when e increases to 10, as the time
t changes, the proportion of the owners supporting GPM
CURRENT SCIENCE, VOL. 117, NO. 5, 10 SEPTEMBER 2019

RESEARCH ARTICLES
tends to 1 at a faster rate. However, when e reduces to 7,
as t changes, the proportion of the owners supporting
GPM is gradually increased from 0.62 to 0, and the
proportion of PSEs choosing to carry out the GPM is
gradually increased from 0.51 to 0. This means that the
system will evolve towards an ideal state and unsatisfactory state that is not conducive to operational management of GBs respectively.

is not conducive to operational management of GBs.
However, when h decreases to 1, as t changes, the proportion of owners supporting green operations tends to 1 at a
faster rate, and the system will evolve towards an ideal
state for operational management of GBs.

Impact of operating cost of PSEs on evolution path

Impact of owner’s transaction costs on evolution
path

As shown in Figure 9, when the operating cost of PSEs
takes c = 3 at the initial condition, as the time t changes,
the proportion of owners to supporting green operations
gradually increases from 0.62 to 1, and the ratio of PSEs
choosing to carry out green operations gradually increases from 0.51 to 1, indicating that the system will evolve
towards an ideal state for operational management of
GBs. Taking the initial conditions as a reference, when
the operating cost of PSEs increases to 4, as t changes,
the system will evolve towards a state that is not conducive to operational management of GBs. However, when
c decreases to 2, as t changes, the proportion of PSEs
supporting green operations tends to 1 at a faster rate, and
the system will evolve toward an ideal state for operational management of GBs.

As shown in Figure 8, when h increases to 3, as the time t
changes, the system will evolve towards a state that

Impact of extra income of PSEs on evolution path

Impact of revenue sharing amount on evolution path
As shown in Figure 7, when w decreases to 3, as the time
t changes, the proportion of owners supporting GPM
gradually increases, and then tends to 0 with the proportion of PSEs choose GPM tending to 0. When w increases
to 5, as the time t changes, the proportion of PSEs supporting GPM gradually increases, and then tends to 0 with the
proportion of owners choosing GPM tending to 0. These
indicate that the system will evolve to a state that is not
conducive to operational management of GBs.

As shown in Figure 10, when r increases to 2, as the time
t changes, the proportion of PSEs to supporting green
operations tends to 1 at a faster rate, and the system will
evolve towards an ideal state for operational management
of GBs. However, when r decreases to 0.5, as t changes,
the system will evolve towards a state that is not conducive to operational management of GBs.

Discussion

Figure 2.

Evolutionary phase diagram when e > w + h, w + r > c.

Figure 3.

Evolutionary phase diagram of the game system.
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The results of this study can be explained as follows:
First, cost–benefit is one of the most important issues for
companies with a profitability goal. In addition to traditional property service projects, GPM also includes energy
management, water management, etc. resulting in a certain incremental cost. Therefore, PSEs need to increase
their service fees before they are willing to implement
GPM. However, China does not include the charging
standards and related policies for GPM at present, which
results the GB cannot achieve energy savings. In addition,
the current GPM in China is still in the demonstration
stage, mainly in Shenzhen. Most PSEs lack awareness regarding ‘green service’ and are not willing to actively
change the traditional service model.
Secondly, GPM has significant externalities. PSEs are
unable to obtain the environmental and social benefits of
GPM. If the corresponding economic or other forms of
compensation are given to make up for the externalities
825
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Figure 4.

Equilibrium stability results under different circumstances.

Figure 5.

Evolution path diagram of the initial conditions.

generated by the GPM, the PSEs will enable to obtain
certain additional benefits which can stimulate the enthusiasm of the PES to enhance the green operation capability. Meanwhile, the interests between the owners and
PSEs can be coordinated.
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Thirdly, PSEs have an absolute advantage in the principal-agent relationship, while the owner is at a disadvantage for they cannot directly observe the information
about the PSE’s ability and effort level. On the one hand,
the owner can try to collect more comprehensive
CURRENT SCIENCE, VOL. 117, NO. 5, 10 SEPTEMBER 2019
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Figure 6.

Evolution path diagram at different e values.

Figure 7.

Evolution path diagram at different w values.

Figure 8.

Evolution path diagram at different h values.

CURRENT SCIENCE, VOL. 117, NO. 5, 10 SEPTEMBER 2019

827

RESEARCH ARTICLES

Figure 9.

Evolution path diagram at different c values.

Figure 10. Evolution path diagram at different r values.

information to identify the service quality of PSEs and
choose a more reasonable PSE. But this will inevitably
increase the transaction cost of the owners and reduce
their enthusiasm to support GPM. On the other hand, due
to inconsistency in the interests between owners and
PSEs, moral hazard is easily generated when information
is incomplete. Therefore, owners need to provide economic incentives for PSEs from an economic perspective
and sign contractual contracts which allow PSEs to share
energy-saving benefits.

Conclusion
The interest and conflict of interest between owners and
PSEs in OS of GBs lie in the unequal distribution of
operational management costs and operational benefits.
In this study, we have developed an evolutionary game
model of owners and PSEs. Equilibrium stability results
828

in four cases were obtained by simulating the learning
and dynamic adjustment processes of PSEs and owners.
The study shows that the system will evolve towards the
ideal equilibrium stability strategy only under the fourth
condition. We also carried out quantitative tests for equilibrium stability results and analysed the factor that influence the evolution path. We found that improving e,
increasing r, reducing c and h, and adopting a reasonable
revenue sharing method are effective ways to coordinate
the interests of the owners and PSEs.
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