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Game Study on the Evolution of Subsidy Strategies
for On-site Construction Waste Recycling
Management

Yuan Feng

Abstract—On-site recycling of construction waste can
effectively avoid the scattering of construction waste, which is
of great significance for environmental protection.
Considering that the recycling strategies of both construction
contractors and recycling companies could be influenced by
government subsidy strategies, this study utilized evolutionary
game theory to examine the decision-making process and
stabilization strategies of three key stakeholders - contractors,
recycling enterprises, and government - involved in the
recycling industry. Meanwhile, this paper also discussed the
influence of five key factors on the strategies of each party.
The results showed the following: (1) The likelihood of
contractors engaging in construction waste recycling is
positively associated with government subsidies and the
benefits of on-site recycling, while being negatively associated
with recycling costs. (2) The probability of recycling
companies using mobile recycling facilities is positively
correlated with government subsidies and the increasing
income of using mobile recycling facilities, and negatively
correlated with the cost of introducing mobile recycling
facilities. (3) In the early stage of the recycling system
development, blindly increasing subsidies to recycling
enterprises cannot promote the recycling of construction
waste. When a certain proportion of contractors are willing to
recycle construction waste, recycling companies will start to
use mobile recycling facilities. (4) Government subsidies are
necessary in the early stage of recycling system development,
but as the recycling system gradually matures, the
government can choose not to subsidize. Finally, simulation
tools were used to verify the above conclusions, and the
government can formulate subsidy strategies according to
corporate behavior. !

Index Terms—construction waste; evolutionary game; recycling;
whole life cycle

. INTRODUCTION

ith the accelerating urbanization process and the

further growth of population, the demand for
construction in China is also increasing. According to [1],
the construction of buildings has exceeded 4 billion square
meters annually since 2013, and this trend is expected to
persist in the forthcoming decades, resulting in a total
addition of 33 billion square meters by 2040. The
construction of new projects entails significant
consumption of raw materials and generation of
construction waste, resulting in environmental pollution
and depletion of natural resources [2-3]. In order to
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mitigate the negative impacts of raw material consumption
and environmental pollution, recycling construction waste
has been recognized as an effective and sustainable
approach [4-5]. The main stakeholders in the construction
waste recycling process generally include three parties: the
government, the waste collector and the waste generator
(the construction project contractor). The construction
waste generated during the construction process is sorted
by the contractors, who will transport the non-recyclable
waste to a designated site for dumping (in line with the
waste discharge requirements).

In contrast, the recyclable waste can be handed over to
the waste collectors for further treatment and reprocessing
into new construction materials. For example, autoclaved
aerated concrete can be prepared [6], non-polluting wood
can be used to produce furniture [7], and broken glass and
dismantled wooden beams can be processed to produce
prefabricated insulation and radiant panels for energy-
efficient buildings [8]. Recycling companies can resort to
both fixed recycling facilities and mobile recycling
facilities, the latter of which can reduce the transfer of
construction waste and avoid the scattering of it in transit,
which is more environmentally friendly. The government's
leading role in the recycling process is to promote the
participation of enterprises through a system of incentives,
penalties and policy constraints.

Many scholars have studied construction waste recycling
in recent years. For instance, Liu [9] adopted system
dynamics to simulate the environmental benefits of
construction waste recycling. He concluded that a proper
site selection for construction waste recycling plus an
appropriate reward and punishment system by government
departments can promote the environmental benefits. Su
[10] evaluated the construction waste recycling model
through Analytic Hierarchy Process based on intuitionistic
fuzzy sets, and proved that the model of classifying the
construction site and then transporting to the recovery side
has the best effect. Zhao [11] compared the policies and
measures of construction waste regulation in cities and
proposed his own suggestions based on the analysis to
implement whole-process regulation policies from both
source and the end [12-13]. From the literature mentioned
above, most scholars have studied the impact of national
policies [14] on construction waste recycling, and their
analysis indicates that these factors will influence the
decision-making process of enterprises regarding
construction waste recycling.

Evolutionary game theory is a framework that can
elucidate the processes of mutual learning, competition,
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and adaptation observed in biological evolution [15].
Unlike classical game theory, it only requires that the
participants are finitely rational. In addition, it emphasizes
the dynamic evolutionary equilibrium of strategic change.
In the development of construction waste recycling, there
exists a game relationship among government departments,
waste collectors and contractors. Many scholars have used
evolutionary game theory to analyze the interaction of
various strategic choices in the process of construction
waste recycling. For example, Lu [16] constructed a two-
party game model between government departments and
construction waste emitters, and a two-party game model
between government and construction waste recycling
enterprises. She analyzed the evolution of their decision-
making processes and stabilization strategies to identify the
factors that promote recycling. Zhu [17] constructed a game
model between government departments and construction
waste dischargers, and explored whether charging
construction waste disposal fees could help increase the
recycling rate. The above literature has merely considered
the interaction between the two parties and ignored the role
of the third party. Additionally, it has not taken into account
the fact that recycling companies still use fixed
construction waste recycling facilities, which may result in
more vehicle trips, and that the repeated use of vehicles to
transport construction waste may lead to environmental
pollution caused by the scattering of construction waste,
which is partly paid for by the public [19]. In summary, this
paper differed from previous studies on whether recycling
companies recycle construction waste. This study aimed to
promote the adoption of mobile recycling facilities by
recycling companies and investigated the strategies
employed by three key stakeholders involved in the
construction waste recycling process.

Il. PROBLEM STATEMENT AND MODEL
CONSTRUCTION

Long-term landfilling of construction waste has left
some areas of the country with no spare capacity for
landfilling construction waste [20]. The leading players in
construction waste recycling include project contractors,
recycling companies and governments. Contractors are
primarily responsible for the collection of waste from
construction sites, and the timely sorting and disposal of
waste, referred to in this paper as "recycling”. Recycling
companies have the option of selecting between two types
of recycling facilities: fixed or mobile. Most recycling
companies use improved facilities located at some distance
from the construction site. Introducing mobile recycling
facilities can reduce waste transfer and increase the revenue
of recycling and construction companies. However, there
are additional costs associated with the introduction of
mobile facilities. Therefore, recycling companies also have
two strategies, that is, to use or not to use mobile
construction waste processing equipment, referred to as
"use" and "not use". As the income of contractors and
recycling companies depends to some extent on each
other's choice, they both bear the risk of loss due to each
other's will. The government is willing to subsidize
companies that dispose of construction waste to solve the

environmental problems caused by construction waste [21].
However, apart from dealing with construction waste, the
government also needs to solve the issues of health care,
education and so on, so they also have two options, namely
"subsidize" and "not subsidize".

In order to construct a game model for each stakeholder
in the construction waste recycling system and investigate
the influence of government subsidies on contractors and
recycling enterprises, the following hypotheses are posited:

Hypothesis 1: This model comprises three game players.
The first stakeholder is the government department, whose
objective is to enhance the proportion of "construction
waste recycling" enterprises and realize the sustainable
recycling of construction waste. The other stakeholders are
the construction waste generators and recyclers, whose
primary goal is to maximize their profits. The strategy
choices of the three parties are the government (subsidize,
not subsidize) with probability (z,1 —z); the project
contractor (recycle, not recycle) with the possibility (x, 1 —
x); and the project recycler (use, not use) with probability
> 1-y).

Hypothesis 2: Contractor strategy assumptions. The
revenue component is S; when the recycling company uses
a fixed facility to recycle the construction waste generated
by the contractor; the revenue rises to (1 + @;)S; when a
mobile facility is used. This is because the landfill cost in
China is too low, and the cost of recycling exceeds the
value of recycled waste [22].

Hypothesis 3: Construction waste recycler strategy
assumptions. The revenue component includes S, ,
construction  waste recyclers profit by recycling
construction waste to produce recyclable construction
materials; the revenue increases when using mobile
recycling facilities and is (1 + a;)S,.. The cost component
consists of the total expense incurred in separating
construction waste for remanufacturing, which is denoted
as C; for fixed recycling facilities and C, for mobile
recycling facilities.

Hypothesis 4: Government sector strategy assumptions.
This paper considered public and environmental-related
administrative and regulatory authorities. The revenue
component is social benefit H that contractors recycling
construction waste and recycling enterprises using fixed
recycling facilities will get, and recycling enterprises using
mobile recycling facilities will get social benefit Q. Since
using fixed recycling facilities may produce secondary
pollution in the process of multiple transportations, Q > H.
To encourage contractors to recycle construction waste and
recycling enterprises to adopt mobile recycling facilities,
the government will subsidize the recycling cost of
contractors and the additional equipment cost of recycling
enterprises proportionally; the subsidy proportion is 3, and
B, , respectively. The environmental management cost
caused by contractors not recycling construction waste is
E,4. In addition, considering that the government adopts a
subsidy strategy, it will be supported by enterprises, so the
benefit of subsidizing contractors and recycling enterprises
is assumed to be R. The tripartite game matrix for
construction waste recycling incentives has been derived
and is presented in Table 1.
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I1l. MODEL CONSTRUCTION

The expected returns for the contractor with regard to
whether or not to recycle construction waste, as well as the
average expected return (E, 4, E;,, E;) are as follows:

Eyy =y Sq+ 2P0+ Sq — G
Ei, =—C (1)
E; = xE;; + (1 - x)Ey,

The replication dynamic equation for the contractor's

recycling strategy choice is obtained as:
F(x) = x(Eyy — E_l) )
=x(1—-x)(ya;Sq +zp,C, +Sq — C, + Cy)

The derivatives of the above equation with respect to x
and the set G(y) are given by:

dF (x)
= Cx = DG myaSa—zhiG =S (3
-C)
G) =C—ya1Sq—zp1C; = Sqa — (4 (4)

According to the related research[23], If the contractor
decides to engage in recycling, the probability state
stability must satisfy the following condition: F(x) =0
and dF (x)/dx < 0. Since 3G (y)/dy = —a;S4 <0, G(y)
decreases as y increases. When y=y"=(C, — zB,C, — S; —
CHI(a,Sy) and G(y) = 0,dF(x)/dx = 0. At this point, it
is impossible to determine a stable strategy for the
government sector. When y>y* , G(¥) <0 . x=
1,dF(x)/dx < 0, then x = 1 is the Evolutionarily Stable
Strategy (ESS) of the contractor; on the contrary; in
contrast, x=0 is the ESS.

The probability that the contractor chooses to recycle is
the volume of A, as V,,, and the possibility that he chooses
not to recycle is the volume of A, as V, , which gives:

Cp—Sq—C
! 2ﬁ1%2 : C, —Sq—C, — 2P,
Vy, = dzdx
o Jo @1Sq (5)
_ (G =S4 = C)?
2a,54B:C,
(C;=S4—C,)?

Vo =1-V, =1-— 6
42 4 2a,$,54C; ©

Corollary 1: The probability that a contractor opts for
construction waste recycling is directly proportional to the
ratio of the increased revenue when using mobile facilities
for recycling a, , proportional to the percentage of
government subsidies 3, proportional to the income from
recycling construction waste S; and proportional to the cost
of landfilling construction waste C; , and inversely
proportional to the cost of recycling construction waste C,.

Proof: The partial derivative of each parameter inV,,
yields 0 Vy,/0Cy > 0,0V, /0y > 0,0V,,/0B; >
0,0V, /0Sq > 0,0V, /0C, = (—224=C1) 2540 \yhere,

2C; ) @1B154C2
when C,—S3—-C, <0 , 9V,,/9C, <0 , e
when €y, ay, By, Sq rises, V,, will also rise and the
probability of contractors choosing to recycle construction
waste will rise, while when C; rises, V,, will fall and the
probability of contractors choosing to recycle construction
waste will fall.

Corollary 1 shows that the government subsidy factor,
the increase in revenue from using mobile recycling
facilities by recycling companies, and the rise in landfill

costs will encourage contractors to recycle construction
waste. When C, —S; — C, > 0, the probability that a
contractor will choose to recycle construction waste
decreases as C, rises, i.e. the primary hurdle that dissuades
contractors from recycling construction waste is the
recycling cost. Specifically, if the cost of recycling
surpasses the value of recycling, contractors are less likely
to engage in construction waste recycling. When the
condition 2a,8,54C, — (C, — Sy — C1)* < 0 is satisfied,
the contractor will choose to recycle construction waste.

Corollary 2: During the evolution of the model, the
probability of contractors choosing to recycle construction
waste increases as recycling companies adopt mobile
recycling facilities and the likelihood of government
departments choosing to subsidize contractors increases.
When y is more significant than a specific value, the
contractor will recycle construction waste regardless of
whether the government adopts a subsidy strategy.

Proof: From the stability analysis of the contractor's
strategy, y > y* = (C, — Sq — C1)/(a154),Vze[0,1] , x =
1is ESS; while y <y*,z<z*=(C;, —Sq — C)I(B,C),
x =0 is ESS. The remaining two parties change, and x
moves towards 1 as y and z rise.

Corollary 2 shows that the decision of a contractor to
recycle construction waste is impacted by the strategies
adopted by the recycler and the government. When the
probability of a recycler using a mobile recycling facility
reaches a specific value (i.e. y>y*=(C,——S;—
C)/(a1Sy)), the contractor will recycle construction waste
regardless of government subsidies. Government subsidies
are an effective means of promoting construction waste
recycling by contractors, but government subsidies alone
can also promote construction waste recycling by
contractors. The order of three parties' strategy changes will
be further analyzed later.

The expected benefits for construction waste recyclers
using mobile recycling facilities or not using them and the
average expected benefits (E,;, E,,, E,) are:

Ey = x(Sr — G3 + a,5;) + 28,0, — Cy
Eyy = x(Sr — C3) (7
E, =yE;; + (1 - y)Ep,
The replicated dynamic equation for the choice of
construction waste recycling strategy is derived as:
F(y) = y(Ez1 — E3) (8)
=yl —y)(xazS; + 2,0, — C4)
The derivatives of the above equation with respect to y
and the set J(z) are:

dF
O = G- )G, +28.6-C) O
1(2) = xa3S, + zB,C, — C,4 (10)
When the recycler chooses to use a probabilistic state,
stable must satisfy: F(y) = 0 and dF(y)/dy < 0. Since
dJ(z)/0z = B,C, > 0, J(x) increases as x increases. When
z=2" = ((4 —xa;5,)/(B2C4), ,]J(2) =0,dF(y)/dy =
00. At this point, it is impossible to determine a stable
strategy for the recycler. When z > z* ,J(z) > 0.y =
1,dF(y)/dy < 0, then y = 1 ESS for recycling companies;
on the contrary, y = 0 for ESS.
The probability that the construction waste recycler
chooses to use the mobile recycling facility is the volume
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of B; as V,, and the likelihood that it does not use it is the
volume of B, as Vg,, which gives:

264 = BaCa
Vo, =1-Vg, =1-— (11)
24 = o
=== 12
Vo = ans. (12)

Corollary 3: The probability of a construction waste
recycler using a mobile recycling facility and the increased
profit ratio a, for using a mobile facility to recycle
construction waste, the government department's subsidy
coefficient 8, and the initial profit S, for recycling
construction waste are positively correlated. The additional
cost C, for using a mobile facility is negatively correlated.

Proof: The first-order partial derivative of each element
in Vg, /0(a,S,) = (2C, — B2C4)/[2(a2S,)*]  where
2C, > BoCy SO Vg, /0(asS,) >0 Vs, /0B, =
(C)/(2azSy) , so dVp /0B, >0 . 0V /0C, = (By —
2)/(2a;S,), where g, —2 <0, so dVp /9C, < 0. When
a,, B2, S, rise, the probability of recycling enterprises
choosing to use mobile recycling facilities will also rise.
And as C, increases, the probability of using mobile
recycling facilities decreases.

Corollary 3 shows that the main parameters affecting
the use of mobile recycling facilities for construction waste
are a,, B,, Sy, C4. The higher the value of(2a,S, — 2C, +
B.C.)/(2a,S,), the higher the probability that recycling
enterprises will use mobile recycling facilities.

Corollary 4: In the evolution of this model, the
probability that a construction waste recycler will recycle
construction waste increases as the government chooses to
subsidize and the contractor elects to separate construction
waste. Still, there are cases where the government decides
to support some contractors choose to recycle construction
waste, and recycling companies are reluctant to use mobile
recycling facilities.

Proof: By analyzing the strategy stability of the
construction waste recycler, it is evident that: x > x* =
(Cy — B2Cy)/(a,S,),,¥ze[0,1], y = 1 is ESS.

Corollary 4 shows that the probability of using mobile
recycling facilities depends on the combined effect of
contractors and government departments and that more
contractors choosing to recycle construction waste will lead
to more recycling companies using mobile recycling
facilities. Government subsidies can promote the use of
mobile recycling facilities by recycling companies.
However, if x < (C, — B,C,)/(a,S,), which means the
number of contractors recycling construction waste is too
tiny, recycling companies will not use mobile recycling
facilities even if the government subsidizes them.

The expected return and average expected return of the
government's subsidized contractors and recycling
enterprises (E3;, Es,, E3) are respectively:

Eyy =xy(Q—H)+x(H—p1C)— (A —x)E; —yB,Ca + R

{ E3p =xy(Q —H) +xH — (1 - x)E, (13)
E; =zE3 + (1 — 2)E5,

The replication dynamic equation for the choice of
government sector strategy is obtained as:
F(z) = z(E3; — E3) (14)

=2z(1 = 2){R — xp1C; — yB,C4}

The derivatives of the above equation with respect to z

and the set K (y)are:
4r(z) = (1—-22){R — xp,C, — yB,C4} (15)

dz

K(») =R —xp,C; —yBC,4 (16)
When the probability of government departments
choosing subsidies is stable, it must meet the following
requirements: F(z) = 0 and dF(z)/dz < 0. Since dK(y)/
dy = —f,C, < 0, K(y) decreases as y increases. When =
¥y =R —xpC)/B:Cy, K(y) =0,dF(2)/dz=10. At
this point, it is impossible to determine a stable strategy for
the government sector. When y>y* , K(y)<0.z=
0,dF(y)/dy < 0,then z = 0 is the ESS of the government;

on the contrary, z = 1 is the ESS.
The volume of the probability of the government
department choosing to subsidize the recycling company
Cy is V¢, and the volume of the probability of choosing to

support the contractor C, is V,, which can be obtained:
_ (B1C2 — R + B,C4)?

17
Ve BiGEC, an
1 GETEGD

Corollary 5: Contrary to the expected results, the
environmental benefits parameters Q and H obtained by the
government sector and the cost £, to be spent on managing
the environment do not influence the government sector's
strategy of subsidizing. The probability of government
departments supporting enterprises decreases as the total
cost of the invested firm (sum of subsidies 8,C, + 5,C,)
rises but increases as the potential benefits of the
subsidized firm rise.

Proof: The first-order partial derivative of each element
: (B1C2+B2C4—R)*  2B1C2(B1C2+B2C4—R)
n aVCZ/a(ﬁlCZ) ST (B1€2)2B2C4
where B;C; + B,C, — R — 2B,C, <0, i.e. 9V, /0(B,Cy) <
0. V,/0R = % , the numerical value of

142pP2%4
Vc,/9R depends on the value of g,C, + 8,C, — R. If the
potential benefit from the subsidy is less than the cost of
the subsidy, then V¢, /R > 0.

Corollary 5 shows that the potential benefits brought by
the subsidy strategy will influence the government's choice
of strategy. When the benefits from different firms are
enormous, the government will change its subsidy strategy.
The larger the value of B,C,B,C, — (8,C, + B2Cs — R)? is,
the more likely the government will choose to subsidize.

Corollary 6: During the evolution, the probability that
government subsidies to contractors and recycling
companies decreases as contractors recycle construction
waste and recycling companies use mobile recycling
facilities

Proof: Upon analyzing the stability of the government
department's strategy, it can be observed that : y > y™ =
(R = B1C3)/B2Cayx > x™ = (R = B,C,)/B1C; , z=10 s
ESS; while y < (R — B1C2)/B2Cax < (R — B2C4)/B1Cs
z = 0is ESS. Clearly, as x = 0,y = 0 gradually evolves to
x =1,y =1, the strategy of the government department
also evolves fromz = 1toz = 0.

Corollary 6 shows that, in general, the more willing
contractors are to recycle construction waste and recyclers
are to use mobile recycling facilities, the less the
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government has to spend on subsidies. When the
probability of contractors recycling construction waste and
recycling companies using mobile recycling facilities
exceeds a particular value, i.e. vy > (R — B,C,)/B2Cy, x >
(R — B,C4)/B:.C;, the government can stop the subsidy
strategy.

Let F(x)=0,F(y)=0,F(z)=0 , we get the
equilibrium points of the model:
E;(0,0,0), E,(1,0,0), E5(0,1,0), E,(0,0,1), E5(1,0,1).

R 1
E¢(1,1,0),E,(0,1,1), Eg(1,1,1), E <0,—,—),
(11.0), Er(0.1,1), Eg(1,1,1),Es (0,5 o

R CZ_CI_Sd C4 CZ_CI_Sd
E]_O 101 y 11 ’ 10 ’
B.Cy By azSy a15q

E (1 R—piC; Cy— aer)
12 ’ ) )
.8264- .8264-
E (R —B.Cy  Co—Cy—Sg — a15d)
BUOBC T BiC ’
E14( Cy ,Cz C1 —Sa .31C2’1)
a,S, a1Sq

According to scholars RITZBERHG-ER [24] and
SELTEN [25], in a multi-group evolutionary game, it is
known that the stable solution must correspond to a Nash
equilibrium. As such, this study aims to analyze the
stability of the first eight strategies proposed for the three-
party evolutionary game. The Jacobi matrix of the model is
obtained as follows:

According to Lyapunov's first law: if all the eigenvalues
of a Jacobi matrix are negative, it is asymptotically stable;
if there is at least one integer, it is unstable; if all but 0 are
negative, it is in a critical state, and the sign cannot
determine stability. By substituting the values of each
equilibrium point, the results of the analysis are shown in
Table 2:

Corollary 7: When 8,C, + S; +C, —C, < 0;C, — (1 +
a,)Sq — C; < 0,C,—a,S, < 0,R — B,C, — B,C, < 0, the
model system has two stability points E,(0,0,1) and
E¢(1,1,0).

Proof: From Table 2 we can know that the real part of
E,(0,0,1) and E4(1,1,0) is negative and they are the stable
strategy when the conditions @ g,C, + S; + C; — C,<0 and

@ C—A+a)S; —(;<0,C,—a,S, <0,R—p,C, —
B,C, <0 are satisfied, while R —p,C, —B,C, <0 ,

condition 3 is not satisfied, and Eg(1,1,1) cannot be an ESS.

Corollary 7 shows that when the government incentives
are small, or the benefits of using mobile recycling
facilities for contractors and recycling companies are very
high, the system will stabilize at two points according to
the different initial strategies, i.e. (no recycling of
construction waste, no mobile recycling facilities, with
subsidies) and (recycling of construction waste, use of
mobile recycling facilities, with no subsidies). In this case,
government subsidies are insufficient to promote the
construction waste recycling of contractors. Construction
waste will continue to be disposed of in landfills or
incineration, causing environmental damage. To avoid the
stable point (no recycling, no mobile recycling facilities,
with subsidies), the government can set a sufficiently large
incentive factor B; or increase the cost of landfill by the
contractor C, to fully play its regulatory role.

Corollary 8: When C,—(1+a)S;—C <

0,C,—a,S, <0, the system may have two stable points
E¢(1,1,0) and Eg(1,1,1), while if both 8,C, + S; + C;>C,
and ,C, + B,C, > R are satisfied, the system has only one
stable pointE,(1,1,0).

Proof: As shown in Table 2, when C, — (1 + a1)S; —
C, <0,C,—a,S, <0, both conditions @ and @ may be
satisfied, i.e. both E¢(1,1,0) and Eg(1,1,1) may become
ESS. When B,C, +S; + C>C, , BCy + B,C, >R are
satisfied, only condition @ is satisfied, and the system has
only one stable point, E¢(1,1,0).

Corollary 8 shows that when the profit of the contractor
and the recycling company from the adoption of mobile
recycling facilities is large enough, the government can
choose to subsidize or not to subsidize according to its
revenue. If C; — (1 + a;)S; — C; > 0,C4,—a,S, > 0, then
the government has to spend a certain amount of 8, C, and
B,C,4 on promoting contractors and recycling companies
to adopt mobile recycling facilities. Contrary to the
expected results, the environmental benefits Q, H from
recycling construction waste and the cost of ecological
management E, of not recycling do not affect the
government's choice of strategy. In summary, government
subsidies can effectively promote the recycling of
construction waste.

Corollary 9: When both E4(1,1,0) and Eg(1,1,1) are
stable points, it is clear that government subsidies are not
necessary. If the conditions C, — (1 + a;)S; —C; >
0,C,—a,S, > 0,R — B,C, — B,C, > 0 are satisfied, then
E¢(1,1,0)can’t become an ESS, while C, — (1 + @;)S; —
B.C, — Cy < 0,C4—a,S, — B,C, <0 , then Eg(1,1,1)
becomes the only stable point of the system.

Proof: From Table 2, we can see that if condition @,
C,— (1 +a)S; — €,<0,C,—a,S, <0 is satisfied then
condition @ , C,— (1 +a,)S;—p1C,—C, <0;C, —
B,C, — a,S, < 0 can also be satisfied. Then, if R — §,C, —
B2C, > 0 is also satisfied, then Eg(1,1,1) will be the only
stable point.

Corollary 9 shows that government subsidies are not
necessary, as Corollary 6 above shows, when y > y** =
(R = B1C2)/B2Cax > x™ = (R — B,Cy) /B1C,, z =0 can
be the ESS. In the initial phase of the construction waste
recycling system's development, government subsidies are
crucial. However, as contractors choose to recycle
construction waste and recycling enterprises choose to use
mobile facilities, their revenue, ie. (1+ a;)S;+C; >
C,, a,S, > C, increases. Then the system can be stabilized
without government subsidies.

A shift from the stabilization point E,(0,0,1) to the
stabilization point Eg(1,1,1) to the stabilization point
E¢(1,1,0) indicates the changing situation of our
construction waste recycling system in different stages. To
further investigate the influence of the response sequence
and critical parameters of each strategy in the design on the
evolution of the model, further simulations using accurate
data will be carried out in this study.

IV. NUMERICAL SIMULATION ANALYSIS
To validate the theoretical model, the study conducted a
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simulation using real data. The data were obtained from
two sources: a study of two construction waste resource
integration projects in Wuhan and Sanya to determine the
benefits of recycling buildings S; and using mobile
recycling facilities S,.. In contrast, some values of the
incentives ;, B, and the potential benefits to government
departments R were obtained from another source:
telephone interviews with five experts in construction
management, two cost engineers, and two civil engineers.
The specific arrays 1 are: S; =100,S, =150,C; =
50,C, = 180,C; = 60,C, = 80,a; = 40%, a, =

60%, B, = 20%, B, = 20%,R = 30,E, = 30,Q =

80,H = 60.

Firstly, the Matlab2021b software was used to randomly
generate 50 strategies corresponding to the three
stakeholders to verify that the strategy E¢(1,1,0) of optimal
interest must be the asymptotically stable point in the
dynamic system. The variables and parameters in the 50
strategy sets satisfy the constraints of Corollary 8.

The simulation results can be obtained from Figure 1:
there is only one stable strategy for this system at this point,
i.e. (recycling construction waste, using mobile recycling
facilities, and with no subsidies), which is consistent with
the conclusion of Corollary 8 above.

The strategies of the stakeholders in this system will
change as the parameters change, and the impact of these
parameters on the evolutionary outcome needs to be
explored. In this paper, the revenue that contractors recycle
construction waste is S; , the government subsidies for
contractors and recycling companies are 3;, 3, , the cost of
introducing equipment to recycling companies is C, and the
potential revenue when government subsidies are adopted
is R, and this paper analyzes their influence on the process
and result of the system evolution based on array 1. In the
following part, the effect of such specified parameters on
stakeholder strategies is investigated by varying the value
of one of the parameters while the others are fixed.

First, to analyze the effect of changing S, on the process
and outcome of the evolutionary game, S, is assigned the
values S; = 100,120,140, and the simulation results are
shown in Figure 2; to analyze the effect of changingg;, B2
on the process and outcome of the evolutionary game,
making $, = 0, and §; = 0.1,0.15,0.2, respectively, and
the simulation results are shown in Figure 3; let 8; =0,
and assign B, = 0.1,0.5,0.9 respectively, the simulation
results are shown in Figure 4.

As can be seen from Figure 2, during the evolution of the
model to the stabilization point (1,1,0), the increase in the
revenue of contractors recycling construction waste
accelerates the rate of development of contractors recycling
construction waste, i.e.,, as S, increases. Based on the
results of this study, it can be concluded that there is an
increase in the likelihood of contractors recycling
construction waste, while the probability of government
subsidies decreases. Therefore, additional support from the
government in the early stages of the development of
contractor recycling is practical. In particular, contributions
can be granted to contractors with low revenue expectations
to ensure that contractors recycle construction waste and
reduce the environmental impact of construction waste.

Figures 3 and 4 show that subsidizing contractors is
more effective than subsidizing recycling companies. When
the government subsidy rate for the recycling companies is
0, increasing the subsidy rate for the contractors to 0.2 can
make the model evolve to the stability point (1,1,0); while
when the government subsidy rate for the contractors is 0,
the system will evolve to the stability point (0,0,1) only
when the subsidy rate for the recycling companies reaches
09. And B, =0, B, =0.9 meets the requirements in
corollary 7. When B,C, +S;+C, —C, <0;C, — (1 +
a)Sq — €, <0,C,—a,S, <0,R—p,C, —B,C, <0, the
model system has two stability points E,(0,0,1) and
E4(1,1,0).

To verify that the system has two stable points when
B =0,B8,=0.9, let array 2 beS; = 100, S, = 150,C; =
50,C, = 180,C; = 60,C, = 80,a; = 40%, a, =
60%, B, = 0%, 8, = 90%,R = 30,E, =30,Q =80,H =
60 .The array 2 was evolved 50 times from different
combinations of initial strategies and the findings are
illustrated in Figure 5.

Figure 5 shows that when g, = 0,8, = 0.9, the system
has two stability points when the conditions 8,C, + S; +
C,—C,<0;C,— (14 a;)Sqy— €, <0,C,—a,S, <
0,8,C, + B,C, — R <0 are satisfied, i.e. Eg (1,1,0)
(contractors  recycle construction waste, recycling
companies use mobile recycling facilities, the government
does not subsidize) and E, (0,0,1) (contractors do not
recycle construction waste, recycling companies do not use
mobile recycling facilities, government subsidies). And
whether the system evolves to E¢ (1,1,0) or E, (0,0,1)
depending on the initial strategies of the three parties. In
the early stage of the construction waste recycling system
development, when the recycle inclination of contractors
and recycling companies is low, even if the government is
willing to subsidize, it will not promote the development of
the recycling system. Combining Figures 3 and 5, it can be
seen that in the early stages of a recycling system, it may be
more effective to subsidize contractors at a low level than
to subsidize recyclers at a high level. And subsidizing
recyclers can also contribute to system stability in the later
stages. The government should therefore prioritize the
interests of contractors in recycling construction waste to
ensure that the benefits outweigh the costs and avoid
situations where contractors do not recycle construction
waste. When a certain percentage of contractors choose to
recycle construction waste, recycling companies will
spontaneously use mobile recycling facilities.

Secondly, to analyze the impact of the cost C, on the
evolution of the model, letC, = 10,30,50 respectively, the
simulation results are illustrated in Figure 6.

Figure 6 shows that the probability of government
subsidies increases as C, increases when the likelihood of
recycling companies choosing to use mobile facilities
evolves to 1. While the possibility of the government
subsidy slowly decreases when the probability of the
recycler using the mobile facility and the likelihood of the
contractor recycling construction waste stabilize at the sum
of 1. An increase in C,increases the probability of the
contractor not recycling construction waste.

Finally, to analyze the impact of the potential benefits R
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of government subsidies on the evolution of the model, let
R = 10,20,30respectively and the simulation results are
presented in Figure 7.

Figure 7 depicts that the probability of government
subsidies increases as the potential benefit R rises. A
decrease in the possible benefit R, compared to R = 30 in
Figure 7, slows the response rate of government subsidies.
At the same time, the government subsidy lasts for some
time after the remaining two parties reach (1,1) for R = 30.
In contrast, Figure 8 shows that the government subsidy
cancels immediately after the remaining two parties get (1,1)
for R = 10. The simulation analysis proves that Corollary 1
- Corollary 8 is valid and has real value for construction
waste recycling.

V. CONCLUSION

Considering the current low recycling rate of
construction waste in China and the prevalent use of fixed
recycling facilities by recycling enterprises, this paper
constructs an evolutionary game model between
government departments, construction waste recyclers, and
construction waste generators (contractors), analyses the
stability of the equilibrium strategy combinations and the
influence of each factor in the game system, and verifies
the validity of the conclusions through accurate data
simulation analysis, and obtains the conditions under which
enterprises choose mobile recycling. Based on the analysis
of the factors that influence the recycling of construction
waste, this study provides relevant recommendations for
government departments.

The system has three stable strategies ESS: (0,0,1),
(1,1,1) and (1,1,0), which are the paths to achieve on-site
mobile recycling of construction waste. In the early stages,
contractors were reluctant to recycle construction waste,
and recycling companies chose to regularly recycle
construction waste. Then the government subsidies during
this period are very crucial. As the construction waste
recycling industry matures, when contractors find it
profitable to recycle construction waste and recycling
companies choose mobile recycling, and when a certain
percentage of companies actively recycle, government
intervention can be gradually reduced and eventually
become non-subsidized. Collaboration between universities
and enterprises can drive the development of more efficient
and environmentally friendly mobile recycling facilities for
construction waste, which in turn can accelerate the
recycling of construction waste.

This paper concludes that: 1) the probability of
contractors recycling construction waste is positive in
proportion to the number of government subsidies, the
initial revenue from recycling construction waste, the

additional revenue when recycling companies use mobile
recycling facilities, the likelihood of recycling companies
using mobile recycling facilities, and the cost of recycling
construction waste to landfill, and the probability of
recycling construction waste is inversely proportional to the
cost of recycling it;

2) At the beginning of the development of construction
waste recycling systems, when contractors and companies
are reluctant to recycle, the government department can
take subsidy measures to improve their enthusiasm. The
higher the amount of subsidy, the more it can accelerate the
development of construction waste recycling system;

3) When the government chooses to subsidize,
contractors will take the lead in recycling construction
waste. When the proportion of contractors who choose to
recycle construction waste reaches a certain threshold,
recycling companies are more likely to adopt mobile
recycling facilities;

4) During the initial phase of the recycling system's
development, only increasing subsidies to recycling
companies cannot promote on-site recycling management.
The incentive for recycling companies to use mobile
recycling facilities will increase as the proportion of
construction waste recycled by contractors rises even
without the government’s subsidy. Therefore, government
departments should give priority to the interests of
contractors and increase their incentive to recycle
construction waste;

5) Unexpectedly, the environmental benefits of recycling
construction waste and the cost of ecological management
when construction waste is not recycled do not affect the
choice of government departments' strategies. In addition to
providing direct financial subsidies to enterprises, the
government can promote mobile recycling by regulating
the cost of landfills and the price of purchasing mobile
recycling facilities;

6) When the construction waste recycling system
gradually matures, a higher proportion of contractors
choose to recycle construction waste. Then a higher
proportion of recycling enterprises use mobile recycling
facilities, the government can stop paying additional
subsidies.

This paper takes into account the interactions between
contractors and recycling companies while ignoring the
influence of the game order and buyers. Therefore, it would
be a future research direction to construct a four-way game
model for the recycling system government departments -
construction waste recycler - construction project
contractor - consumer by introducing the participation of
purchasers and incentives for them from the government
department and to propose new suggestions to improve the
construction waste recycling system.
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TABLE |
Payoff matrix between Government departments - construction waste recyclers - contractors
Construction Government departmental subsidies z No subsidies from government departments (1 — z)
Projects Recycler use y Not used by recyclers (1 —y) Recycler use y Not used by recyclers (1 — y)
Contractors
Recycling A+ a)Ss— (A -pB)C, Sa— (1 =BG (1+a)S;—C, Sa—C;
x I+ ay)S, — G — (1= B2)C, S =G A+ a))S, -G —C, S =G
Q=BG = B0 +R H-BG+R Q H
No -, -, -, —C,
recycling —(1-8,)C, 0 —C, 0
(1-x) —E, —B,C,+R —-E,+R —E, —E,

1 J2 J5] |9F(x)/0x OF(x)/dy OF(x)/0z
] = []4 Is ]6] = |[0F(y)/0x OF(x)/dy 0F(x)/0z|=
7 Js Jo 0F(z)/0x 0F(z)/dy O0F(z)/0z
(1 -2x)(ya,Sq +zB.1C, +S; — C, + Cy) x(1 —x)a;Sy x(1 —x)B,C,
y(1 - y)a;S, (1 = 2y)(xa3S; + zB2C4 — C4) y( = y)B.Cs
z(1—-2)(—p1C3) z(1 = z)(—p2C4) (1 =22)(R — xB1C; — yB,C4)
TABLEII
Equilibrium point stability analysis
equilibrium Jacobi matrix eigenvalues Stability Conditions
point MoAoidg Symbols conclusion
E;(0,0,0) S;+C,—Cy;—Cy; R (=—+) Unstable /
E,(1,0,0) C,— Sy —Ci;,S, — Cy; R — B,C, (+,%,+) Unstable /
E;(0,1,0) 1+ a)Sq+C,—Cy;Cy; R — B,C, (%, +,+) Unstable /
E,(0,0,1) BiCy+ Sy + Cy — Cy; BCy — Cus —R (X,—,—) ESS @)
E(1,0,1) Cy — P1Cy — Sy — Ci; a,S, + B,Cy — Cu; f1Co — R % +,-) Unstable /
E¢(1,1,0) C, — (1 +a))S; — Cy; C4—ayS,; R — B,C, — BoC,y (%,%,X) ESS @
E,(0,1,1) BiCy+ (1 + a,)S, + C, — Cy; Cy — PoCu; BoCy — R (+,+,-) Unstable /
Eg(1,1,1) C, — (1+a1)Sqg = B1Cy = Ci; Co — BoCa — 35,5 5,1Co + B,C — R (= =X) ESS @

Note: The x in the table indicate an uncertain positive or negative sign. If the point does not meet the corresponding condition, then the issue is unstable or
meaningless. D :B,C, + S, + €, — C,<0; @ :C, — (1 + a;)S; — €,<0,C,—a,S, < 0,R — B,C, — B,Cy < 0; B :B,C, + BoC, — R < 0.

Fig. 1. The result of the 50th evolution of array 1
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Fig. 3. The effect of the subsidy coefficient 8, (8, = 0)
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Fig. 4. The effect of the subsidy coefficient 8,(8, = 0)

Fig. 5. The result of the 50th evolution of array 2
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