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In order to investigate the formulation of appropriate environmental regulations in construction and demolition waste (CDW)
recycling, this paper establishes a CDW recycling decision-making system consisting of a contractor, a developer, and the
government and analyses the decision-making results and influencing factors of the various stakeholders. (ree different types of
environmental regulations have been considered in the model: (i) no regulation, (ii) incentive regulation, and (iii) punitive
regulation. (e research shows that the incentive regulation offers the constructor greater incentives to recycle CDW and yields
higher profits for members of the system, and however, when recycling is very costly and CDW is highly damaging, punitive
regulation should be implemented, as the incentive regulation leads to lower social welfare. In addition, governments should be
more cautious when adopting incentive regulation, because social welfare may be negative under this condition whereas there is
no such possibility under the punitive regulation.

1. Introduction

With the rapid development of China’s urbanization pro-
cess, the construction of housing and municipal infra-
structure has accelerated, which not only meets the needs of
economic development and the public use but also generates
a large amount of construction and demolition waste
(CDW). It was estimated that more than 2 billion tons of
CDW is generated in China annually, accounting for 30%–
40% of the total municipal solid waste [1]. In China, the vast
majority of CDW is disposed of through simple landfill or
dumping, occupying large areas of land and causing irre-
versible damage to the environment.

As a sustainable disposal method, recycling has drawn
widespread attention from scholars, and relevant studies
have shown the positive effects of CDW recycling on the
environment and society [2–5]. (eoretically, CDW has
high potential for recycling, and 80% of which can be reused
[1]. However, as one of the largest sources of CDW in the
world, the recycling rate in China is less than 10% [6]. (ere
emerges a huge gap when compared with Germany, the

Netherlands, and other countries where the recycling rate of
CDW is more than 90%. How to encourage CDW recycling
and reduce its environmental damage has become an urgent
problem for the Chinese government.

Under the social background of ecological construction
and sustainable urban development, the Chinese govern-
ment began to attach greater importance to CDW recycling
by issuing diverse environmental regulations in recent years.
In the “Regulations for the management of urban con-
struction waste” enacted by MOHURD, the polluter-pays
principle was established for CDW disposal [7]. (e “Several
opinions on further strengthening the management of urban
planning and construction” formulated by the State Council
pointed out that efforts should be made to increase the
recycling rate to more than 35% [8]. (e government at all
levels have also issued provincial and municipal regulations,
such as “Opinions on further strengthening the utilization of
CDW” in Beijing [9] and “Measures for the supervision and
management of CDW” in Shenzhen [10]. However, the
effectiveness of these regulations has not been as expected,
and the recycling rate of CDW remains low [11]. (e reason
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is that the previous regulations were mainly determined
based on experience without official standards and they were
not adjusted according to different external conditions [12].

Currently, the government’s ineffective regulations are
considered as the major reason for the failure of current
CDW recycling practice [13, 14]. According to different
implementation methods, government regulations are
generally divided into two types. (e first is incentive reg-
ulation, which subsidizes enterprises in the form of cost
compensation. For example, major Chinese cities, such as
Shenzhen and Kunming, have provided financial support for
developing recycling facilities for CDW [15]. Similar cases
also occur in other regions and countries, such as Japan and
Singapore [16]. Another type of government regulation is
punitive regulation. Guangdong province, for instance, has
established a regulation “Guiding opinions on regulating the
price of urban construction waste disposal management” in
2013 for a CDW disposal charging fee [17]. It can be seen
that the government faces choices when formulating reg-
ulations, and proper regulations have a greater effect on
promoting CDW recycling [18]. (us, it is imperative to
investigate the formulation of optimal regulations.

(e recycling of CDW is a complex process involving
multiple stakeholders mainly including the contractor, the
developer, and the government. (eir focus can be quite
different: enterprises are more concerned about economic
benefits while the government pays more attention to social
and environmental benefits [19]. (e interaction of stake-
holders influences decisions on CDW recycling and conse-
quently affects the efficiency of waste recycling, which means
that interactions between these major stakeholders should not
to be neglected when investigating CDW recycling [20].
(rough a comprehensive literature review, we found that
there are two research gaps have not been mentioned in
previous studies. Firstly, the different types of regulations have
not yet been distinguished in previous studies on CDW
recycling. Secondly, previous studies failed to consider the
interaction between different stakeholders in the CDW
recycling process. (e above research gaps may largely limit
the implementation effect of waste recycling. Based on this,
the research questions to be solved in this study are as follows:

(1) Under what conditions should the government
adopt incentive or punitive environmental
regulations?

(2) How do exogenous factors such as the recycling cost
and environmental damage degree of CDW affect
the performance of the system?

(3) Under different environmental regulations, how do
the government, constructor, and developer deter-
mine their optimal decisions?

To solve these questions, we develop a CDW recycling
decision-making system including a contractor, a developer,
and the government. Based on the Stackelberg game, we
identify and compare the decisions of the stakeholders under
no regulation, incentive regulation, and punitive regulation.
We also analyse the applicable conditions and optimal de-
cisions of each environmental regulation from the

perspective of the government. To the best of our knowledge,
this paper makes the first attempt to compare the imple-
mentation performance of different environmental regula-
tions in consideration of the dynamic impact of various
stakeholders in the waste recycling process. It is anticipated
that this study will enrich the existing body of knowledge on
CDW recycling and provide a theoretical basis for the
formulation and optimization of government regulations.

(e rest of the paper is organized as follows. Section 2
reviews the related literature. Section 3 describes the no-
tations and assumptions of the model. Section 4 establishes
and solves the decision models under different environ-
mental regulations. Section 5 analyses the results of the
equilibrium solutions. Section 6 discusses the main research
results and the final section concludes the paper.

2. Literature Review

2.1. CDW Recycling under Government Regulations. In re-
cent years, researchers have investigated the effect of gov-
ernment regulations on CDW recycling. Ajayi and Oyedele
[21] found that reasonable regulations and fiscal policies
would increase the efficiency of CDW recycling, and six key
measures were deemed to be significant. Huang et al. [22]
pointed out that many recycling companies in China are in
fiscal deficit and it is urgent for the government to provide
appropriate financial incentives to promote waste recycling.
Similarly, many studies proved the positive effect of gov-
ernment regulations on CDW recycling [23, 24].

Given the critical role of government regulations in
CDW recycling, there is a large amount of studies on reg-
ulatory strategies. For example, Jia et al. [25] introduced a
penalty and subsidy mechanism and developed a system
dynamics model to calculate reasonable values for the
subsidies and penalties. Liu et al. [26] used the same method
to simulate the environmental benefits of CDW recycling
and found that the government could improve the envi-
ronmental benefits by adjusting the subsidies for recycling
enterprises. Chen and Yuan [27] established a CDW recy-
cling subsidy model, in which the simulation results dem-
onstrated that increasing the subsidy amount can effectively
promote waste recycling and adopting an appropriate waste
landfill fee policy can enhance the implementation effect of
the subsidy policy. Liu et al. [28] analysed the costs and
benefits of the CDWdisposal process from the perspective of
contractors and society, simulated the impact of subsidies
and fines, and proposed a strategy of “combination of reward
and punishment” to promote the recycling of CDW.

Previous studies on CDW recycling conducted in-depth
investigation on the impacts of government regulations and
regulatory strategies. However, most previous studies only
analysed a certain type of environmental regulation, and few
studies comprehensively compared the effectiveness of
different environmental regulations. In fact, the government
faces choices when formulating environmental regulations,
and different environmental regulations will affect the
contractor’s decisions on waste recycling [29]. (erefore,
our study aims to endogenize the government’s regulatory
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decision-making and compare the performance of the CDW
recycling decision-making system under different environ-
mental regulations in order to fill this research gap.

2.2. Decision-Making Behavior of Stakeholders in CDW
Recycling. In the recycling field, scholars have conducted
studies on the decision-making and behavior of stakeholders.
Sheu and Gao [30] used the Nash equilibrium to investigate
how bargaining power influences the negotiations between
different firms. Lu et al. [31] study the cooperation of multiple
firms in recycling operations. Furthermore, some scholars
studied similar problems in CDW recycling. Begum et al. [32]
studied the influencing factors of the contractor’s attitude and
behavior towards waste management and found that a positive
attitude can lead to better recycling behavior. Wu et al. [33]
found that the behavior of contractors was most affected by the
economic feasibility and noted that contractors dump waste at
will if they are not regulated by the government. Some studies
have also proved that the contractor’s recycling decision largely
depends on the economic benefits of CDW recycling [34, 35].

Differing from contractors, Chen et al. [36] believe that
the government’s decision-making behavior related to CDW
recycling depends more on the environmental and social
benefits obtained. As a regulator, the government has re-
alized that the core missions of current CDW management
are to increase recycling rate and promote sustainable de-
velopment. As proposed by Joseph [37], the government has
formulated a series of policies and regulations to guide the
behavior of contractors. However, due to limited resources
and other reasons, these strategies have not been imple-
mented well, and some contractors still ignore the rules to
maximize economic benefits.

Different stakeholders have different concerns, which leads
to conflicts and uncertainties when they make decisions on
waste recycling [38]. (e decisions of the government and the
contractor influence each other: the government makes de-
cisions based on the choice of the contractor, and the con-
tractor also considers the influence of the government’s
regulatory choices when making decisions to maximize the
economic benefits [19].(erefore, the decision-making of these
main stakeholders is a dynamic process, which means that the
interactions between stakeholders must not be neglected when
investigating CDW recycling.

(e current studies are more related to identifying the
factors affecting the stakeholders’ behavior in CDW recy-
cling. However, none of them have investigated the impact
of stakeholders’ interactions on the decisions and behavior
of stakeholders. (erefore, we regard the government as the
leader of the decision chain and adopt the Stackelberg game
model to analyse the government’s regulatory strategy and
the dynamic interaction between different stakeholders in
the CDW recycling process.

3. Model Description and Assumptions

3.1.Model Description. Our analysis, based on data from the
China Construction Industry Association [39], shows that
the top 7 companies control more than 40% of the total

construction capacity. (erefore, we consider a single
channel model without competition to capture a high
market share of the enterprise such as China State Con-
struciton. (e CDW recycling decision-making system,
consisting of a contractor, a developer, and the government,
is shown in Figure 1, where the resource flow, capital flow,
and waste flow represent the flow of construction products,
capital, and CDW, respectively. (e developer decides the
construction quantity q and buys construction products
from the contractor at construction price ω per unit. After
completion acceptance, the developer sells them to con-
sumers at price p. Similar to Alizamir et al. [40], we adopt
the stylized demand function given by

p(q) � a − bq, (1)

where a> 0 is the price cap of the demand function and b> 0
is the price sensitivity parameter. (ere are two ways for the
contractor to handle the CDW generated during the con-
struction process: recycling or disposal, and the recycling
rate τ is determined by the maximization of profit. M and N

represent the amounts of recycling and disposal, respec-
tively. (e contractor’s total unit cost of construction and
disposal is c. Compared with disposal, the additional cost of
recycling is cM2/2, where c is the CDW recycling cost
coefficient [41, 42]. When the contractor recycles CDW as
recycled materials, some raw materials are saved, and it is
assumed that the contractor’s construction cost saved from
CDW recycling is expressed as A.

(e government guides the contractor to recycle CDW
by formulating appropriate environmental regulations, with
the goal of maximizing social welfare. We consider two types
of environmental regulations: the government can choose to
offer a subsidy rate s for each unit of recycled CDW under
the incentive regulation or impose a rate of disposal charging
fee k on each unit of disposed CDW under the punitive
regulation. (e government can also take no measures.

(ere are three cases for comparison: no regulation
(Case 0), incentive regulation (Case 1), and punitive regu-
lation (Case 2). Under each case, the decision sequence of all
stakeholders is the same and their decisions will influence
each other. Firstly, the government chooses an appropriate
environmental regulation based on the current situation.
Secondly, the contractor determines the recycling rate of
CDW and the construction price given by the government’s
environmental regulation. Finally, the developer determines
the quantity of construction products.(e decision sequence
is shown in Figure 2.

3.2. Notations. (e description of notations is shown
Table 1.

3.3. Assumptions

(1) Considering the feasibility of solving the model, we
ignore the horizontal competition problem, and only
consider the situation with one contractor and one
developer.
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(2) All stakeholders are risk-neutral, and they have
different concerns. (e government pursues social
welfare maximization, while the contractor and the
developer are profits driven.

(3) (e conversion coefficient between CDW generation
Q and the amount of construction products q is θ
(0< θ< 1), i.e., Q � θq. Combining the waste recy-
cling rate τ, we can obtain the recycling amount
M � Qτ, and the disposal amount N � Q(1 − τ).

(4) (e environmental damage caused by waste disposal is
δN2/2, where δ > 0 is the environmental effect coef-
ficient. A larger δ indicates a higher degree of envi-
ronmental damage from the disposal of CDW [43, 44].

(5) According to previous studies, the contractor’s
economic benefits (construction cost saving) from
CDW recycling are far less than the recycling cost
[27], i.e., A< (1/2)cM2. To simplify the model, we
normalize the construction cost saving to zero. (is
does not affect our final results.

(6) If the government chooses an incentive regulation,
the contractor will receive a subsidy based on the
recycling amount, which is sM [45, 46]; if the
government chooses a punitive regulation, the
contractor will pay a disposal charging fee based on
the disposal amount, which is kN [41].

(7) (e social welfare function is as follows:

SW � (a − c)q −
1
2

bq
2

−
1
2

cM
2

−
1
2
δN

2
, (2)

where the first two terms are the traditional social welfare
derived from 􏽒

q

0[p(x) − c]dx � (a − c)q − (1/2)bq2 [40, 47],
and the second term and third term represent the recycling
cost and the environmental damage, respectively. In addi-
tion, the recycling cost and the environmental damage are
added in the function to reflect the government’s envi-
ronmental considerations.

4. Model Development

4.1. Benchmark Model under No Environmental Regulation
(Case 0). In this case, CDW disposal is not regulated by the
government, and the contractor and the developer make
corresponding decisions to maximize their own profit. Based
on the above assumptions, the profit functions of the
contractor and the developer are as follows:

maxΠC � (ω − c)q −
1
2

cM
2

� (ω − c)q −
1
2

cθ2q2τ2, (3)

maxΠD � p − ωq � (a − bq − ω)q. (4)

We use the backward induction method to find the
optimal solution. ForΠD, we have (d2ΠD/d

2q) � − 2b< 0; so,
ΠD is concave in q. Differentiating equation (3) with respect
to q, we have

zΠD

zq
� a − 2bq − ω. (5)

Solving the optimal value of the developer’s decision
variable q using the first order optimality condition that
(zΠD/zq) � 0, we then obtain

q(ω) �
a − ω
2b

. (6)

With substituting this q into equation (3), we obtain the
contractor’s profit ΠC. Next, the contractor optimizes its
decisions on the construction priceω and the recycling rate τ
by solving the first-order optimality conditions. In order to
guarantee a maximum, Hessian matrix of ΠC should be
negative definite:

HΠC
�

z
2ΠC

z
2ω

z
2ΠC

zω zτ

z
2ΠC

zτ zω
z
2ΠC

z
2τ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

−
4b + cθ2τ2

4b
2

cθ2τ(a − ω)

2b
2

−
cθ2(a − ω)

2

4b
2 −

cθ2(a − ω)
2

4b
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(7)

Since H1×1 � − (4b + cθ2τ2/4b2)< 0, H2×2 � (cθ2(4b+

cθ2τ(2a + τ − 2ω))(a − ω)2/16b4)> 0, ΠC is concave in ω
and τ. Let (zΠC/zω) � (zΠC/zτ) � 0:

zΠC

zω
� q +

(ω − c)

− 2b
+

cqθ2τ2

2b
� 0, (8)

zΠC

zτ
� − cτq

2θ2 � 0. (9)

Solving equations (8) and (9) simultaneously, we get

ω(τ) �
2ab + 2bc + acθ2τ2

4b + cθ2τ2
, (10)

τ � 0 . (11)

(is means that the contractor has no incentive to re-
cycle CDW if no environmental regulation is formulated.
Substituting equation (11) back into equations (3)–(10), we

Government

Contractor CustomersDeveloper

Recycling Disposal

s k

NM

ω p(q)

Resource flow
Capital flow
Waste flow

Figure 1: (e CDW recycling decision-making system.
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obtain other equilibrium solutions under no environmental
regulation as follows:

ω0
�

(a + c)

2
,

q
0

�
a − c

4b
,

Π0C �
(a − c)

2

8b
,

Π0D �
(a − c)

2

16b
.

SW0
�

(a − c)
2 7b − δθ2􏼐 􏼑

32b
2 .

(12)

4.2. 2e Model under Incentive Regulation (Case 1). In this
case, the government subsidizes the contractor to promote the
recycling of CDW. According to the previous assumptions, the
contractor’s decision-making objective becomes

maxΠC � (ω − c)q −
1
2

cM
2

+ sM. (13)

(e developer’s objective is

maxΠD � (a − bq − ω)q. (14)

(e government seeks to maximize social welfare, and its
objective is

max SW � (a − c)q −
1
2

bq
2

−
1
2

cM
2

−
1
2
δN

2
. (15)

t=1

t=2

t=3

t=4

The contractor decides the
recycling rate of CDW and the

construction price

The developer determines the
quantity of construction products

The contractor receives subsidies
or pays the disposal charging fee

The government formulates a
specific environmental regulation:
no regulation ,incentive regulation,

or punitive regulation

Figure 2: Decision sequence in the CDW recycling system.

Table 1: Notations used in the model.

Notations Description
Parameters

a (e price cap of the demand function, 0< a

b (e price sensitivity to demand quantity, 0< b

c Contractor’s total unit cost of construction and disposal, 0< c< a

c Contractor’s CDW recycling cost coefficient, 0< c

δ Environmental effect coefficient of CDW, 0< δ
θ Conversion coefficient between the amount of CDW and construction products, 0< θ≤ 1
A Contractor’s construction cost saved from CDW recycling, 0≤A< (1/2)cM2

Decision variables
s Subsidy rate, 0< s

k (e rate of disposal charging fee, 0< k

τ Contractor’s recycling rate of CDW, 0≤ τ < 1
ω (e construction price of the construction products that the contractor provides to the developer, 0<ω<p(q)

q (e quantity of construction products determined by the developer, 0< q

p(q) (e sales price of the construction products that the developer provides to consumers, p(q) � a − bq> 0
Q Total amount of CDW generated, Q � θq

Derived functions
M (e recycling amount of CDW, M � Qτ
N (e disposal amount of CDW, N � Q(1 − τ)

ΠC Profit of the contractor
ΠD Profit of the developer
SW Social welfare

Superscripts (the superscripts correspond to optimal solutions in each case)
R Incentive regulation
P Punitive regulation
0 No regulation
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Similarly, we use the backward induction method to
obtain their respective equilibrium solutions:

s �
(a − c)cδθ
4b(c + δ)

,

τR
�

δ
c + δ

,

ωR
�

(a + c)

2
,

q
R

�
a − c

4b
,

ΠR
C �

(a − c)
2 4b(c + δ)

2
+ cδ2θ2􏼐 􏼑

32b
2
(c + δ)

2 ,

ΠR
D �

(a − c)
2

16b
,

SWR
�

(a − c)
2 7bc + 7bδ − cδθ2􏼐 􏼑

32b
2
(c + δ)

.

(16)

4.3. 2e Model under Punitive Regulation (Case 2). In this
case, the government imposes a disposal charging fee on the
contractor to control the contractor’s waste disposal be-
havior. (e contractor’s decision-making objective becomes

maxΠC � (ω − c)q −
1
2

cM
2

− kN. (17)

(e developer’s objective is

maxΠD � (a − bq − ω)q. (18)

(e government still seeks to

max SW � (a − c)q −
1
2

bq
2

−
1
2

cM
2

−
1
2
δN

2
. (19)

According to the backward induction method, the so-
lution process of q(ω) � (a − ω/2b) is the same as equation
(5). (e contractor optimizes its decisions on the con-
struction price ω and the recycling rate τ by simultaneously

solving the first-order optimality conditions: (zΠC/zω) � 0,
(zΠC/zτ) � 0. (is yields the following solution:

ω �
2ab + 2cb + 2kbθ − 2τkbθ + acθ2τ2

4b + cτ2
, (20)

τ �
4kb

(a − c − k)c
. (21)

Combining equations (20) and (21), we further have

ω �
a + c + θk

2
. (22)

Interestingly, the construction price in the benchmark
model and the incentive model is equal, i.e.,
ω0 � ωR � (a + c/2), while the construction price in the
punitive model ωP � ((a + c + θk)/2). (is suggests that the
contractor essentially transfers part of the disposal charging
fee to the developer under the punitive regulation, which is
in contrast to the case of no pass-through of the subsidy
received under the incentive regulation. Considering the
above responses, the government sets the rate of disposal
charging fee to maximize social welfare, and by solving
(zSW/zk) � 0, we obtain the optimal rate of disposal
charging fee as

k �

(a − c)cθ 4bδ − 3bc + cδθ2􏼐 􏼑

16b
2
c + 16b

2δ + bc
2θ2 + 8bcδθ2 + c

2δθ4
, δ＞δ0,

0, δ ≤ δ0,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(23)

where δ0 � (3bc/(4b + cθ2)), which means that when δ ≤ δ0,
no disposal fee will be imposed and the punitive regulation
will degenerate to the no environmental regulation case. To
focus on the effect of environmental regulation, then we
consider the punitive regulation with a positive disposal fee,
i.e., δ > δ0. Based on the optimal rate of disposal charging fee,
we get the equilibrium solutions under the punitive regu-
lation as follows:

k �
(a − c)cθ 4bδ − 3bc + cδθ2􏼐 􏼑

16b
2
c + 16b

2δ + bc
2θ2 + 8bcδθ2 + c

2δθ4
,

τP
�

4bδ − 3bc + δcθ2

(c + δ) 4b + cθ2􏼐 􏼑
,

ωP
�
2bc(c + δ) 4b + cθ2􏼐 􏼑 + a 8b

2
(c + δ) − bc(c − 6δ)θ2 + c

2δθ4􏼐 􏼑

16b
2
(c + δ) + bc(c + 8δ)θ2 + c

2δθ4
,

q
P

�
(a − c)(c + δ) 4b + cθ2􏼐 􏼑

bc 16b + cθ2􏼐 􏼑 + δ 4b + cθ2􏼐 􏼑
2,
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ΠP
C �

(a − c)
2 βc

2 64b
2

+ 41bcθ2 + 4c
2θ4􏼐 􏼑 + 2δbc 64b

2
+ 20bcθ2 + c

2θ4􏼐 􏼑 + δ2 4b + θ2c􏼐 􏼑
3

􏼒 􏼓

2 δ 4b + cθ2􏼐 􏼑
2

+ bc 16b + cθ2􏼐 􏼑􏼒 􏼓
2 ,

ΠP
D �

b(a − c)
2
(δ + c)

2 4b + cθ2􏼐 􏼑
2

δ 4b + cθ2􏼐 􏼑
2

+ bc 16b + cθ2􏼐 􏼑􏼒 􏼓
2,

SWP
�

(a − c)
2
(δ + c) 7b + cθ2􏼐 􏼑

2 bc 16b + cθ2􏼐 􏼑 + δ 4b + cθ2􏼐 􏼑
2

􏼒 􏼓

.

(24)

Based on the results above, all the optimal solutions and
derived functions are summarized in Table 2.

5. Model Analysis

(is section first discusses the impacts of environmental
damage and recycling cost on the decisions and perfor-
mances of the CDW recycling decision-making system.
(en, a comprehensive comparison of the equilibrium so-
lutions in three cases is conducted. (e proofs of all
propositions below are given in Appendix.

5.1.2e Impact of Environmental Damage and Recycling Cost
under Incentive Regulation

Proposition 1. In Case 1:

(1) (zs/zδ)> 0, (zs/zc)> 0.
(2) (zQR/zδ) � 0, (zQR/zc) � 0.
(3) (zMR/zδ)> 0, (zMR/zc)< 0.

Proposition 1 shows that when the degree of environ-
mental damage increases, the government’s optimal subsidy
increases to encourage CDW recycling. 2erefore, the amount
of recycling increases as well. When the cost of recycling in-
creases, the government’s optimal subsidy increases and the
amount of recycling decreases. Proposition 1 (2) also suggests
that since the contractor does not transfer the subsidy to the
developer, neither the degree of environmental damage nor
recycling cost has an impact on total amount of CDW.

Proposition 2. In Case 1:

(1) (zΠR
C/zδ)> 0.

(2) if δ > c, (zΠR
C/zc)> 0; otherwise, (zΠR

C/zc)≤ 0.
(3) (zΠR

D/zδ) � 0, (zΠR
D/zc) � 0.

Proposition 2 suggests that when the degree of environ-
mental damage increases, the contractor’s profit increases;
when the recycling cost increases, the change of the con-
tractor’s profit depends on how environmentally damaging
the CDW is. Specifically, if the degree of damage is sufficiently
high, the recycling cost is positively correlated with the con-
tractor’s profit; otherwise, the recycling cost is negatively

correlated with the contractor’s profit. Under the incentive
regulation, the contractor’s profit increases with the degree of
damage. 2is is because two effects arise when the degree of
damage is higher. First, the government offers a higher
subsidy, which benefits the contractor. Second, the higher
subsidy also induces more CDW recycling, which makes the
contractor incur higher costs. 2e first effect is positive for the
contractor, but the second is negative. Our results indicate
that the degree of the positive effect always dominates that of
the negative one, and thus, the contractor benefits when
damage is higher under the incentive regulation. In addition,
since the contractor does not transfer the subsidy to the de-
veloper, the developer’s profit is independent of the two ex-
ogenous variables, as shown by Proposition 2 (3).

5.2.2e Impact of Environmental Damage and Recycling Cost
under Punitive Regulation

Proposition 3. In Case 2:

(1) (zk/zδ)> 0; if δ0 < δ < δ1, (zk/zc)< 0, otherwise,
(zk/ zc)≥ 0, where δ1 � (24b2c+ 3bc2θ2+

�
3

√

��������
448b4c2+

􏽰
176b3c3θ2 + 19b2c4θ4 /2(16b2+ 8bcθ2+

c2θ4)).
(2) (zQP/zδ)< 0; if δ0 < δ < δ1, (zQP/ zc)> 0,

otherwise, (zQP/zc)≤ 0.
(3) (zMP/zδ)> 0, (zMP/zc)< 0.

Proposition 3 (1) suggests that the optimal disposal
charging fee increases when the CDW is more damaging to the
environment, and it is nonmonotonic with respect to the
recycling cost, depending on the current degree of damage.2e
reasons are as follows: (i) when the degree of environmental
damage is within an acceptable range, the government places
more emphasis on economic efficiency and decreases the
disposal charging fee to encourage the contractor to create
higher profit; (ii) when the degree of environmental damage is
sufficiently high, the government is more concerned about
environmental protection and suppresses the contractor’s
disposal behavior by increasing the disposal charging fee.
2ese indicate that the government should fully consider the
relationship between economic development and environ-
mental protection when adopting a punitive regulation.
Proposition 3 (2) shows that the total amount of CDW
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decreases as the degree of environmental damage increases;
the impact of the recycling cost on the total amount of CDW
also depends on the degree of environmental damage, and the
impacts of these parameters on the CDW amount are opposite
to their impacts to the disposal charging fee. Proposition 3 (3)
shows that the recycling amount is positively related to the
degree of environmental damage and negatively related to the
recycling cost.

Proposition 4. In Case 2:

(1) (zΠP
C/zδ)< 0.

(2) if δ0 < δ < δ2, (zΠP
C/zc)> 0, otherwise, (zΠP

C/zc)≤ 0,
where δ2 is given in Appendix.

(3) (zΠP
D/zδ)< 0.

(4) if δ0 < δ < δ1, (zΠP
D/zc)> 0; otherwise, (zΠP

D/zc)≤ 0,
where δ1 is given by Proposition 3.

Proposition 4 shows that the contractor’s and the devel-
oper’s profits decrease as the degree of environmental damage
increases, and it is nonmonotonic in recycling cost, depending
on the current degree of damage. Specifically, if the degree of
environmental damage is sufficiently low, the contractor will
accrue more profit when its recycling cost increases; otherwise,
the contractor’s profit will decrease. 2ere are similar results
concerning the developer’s profit. Combining Proposition 2
enables us to reveal several useful managerial insights. First,
the reduction of recycling costs is not always beneficial to
enterprises. 2erefore, enterprises should consider external
conditions such as the degree of environmental damage and
government regulations when deciding whether to invest in
reducing recycling costs. Second, the contractor benefits from
the incentive regulation but gets hurt under a punitive reg-
ulation when the degree of damage is higher. 2is further
implies that the contractor might have an incentive to de-
liberately exaggerate the degree of damage if the incentive
regulation is chosen by the government but understate the
degree of damage under the punitive regulation. 2is suggests
that it is necessary to have a third-party auditor to ensure that
the environmental damage is accurately measured. For ex-
ample, the Institute of Public and Environmental Affairs
(IPE) is working on this (http://www.ipe.org.cn). 2e IPE has
been cooperating with government agencies and public wel-
fare organizations. It collects, collates, and analyzes the en-
vironmental information disclosed by the government and
enterprises, and it builds an information database, so as to
promote the improvement of environmental information
disclosure and environmental governance mechanism.

5.3. Comparison of Different Environmental Regulations

Proposition 5. 2e following relationships of the construc-
tion price and the sales price always hold:

(1) ω0 � ωR <ωP.
(2) q0 � qR > qP.

From Proposition 5, we find that the construction price in
Case 2 is higher than that in both Case 0 and Case 1. In the

absence of the pass-through effect, the price and quantity
decisions under the incentive regulation are identical to the
benchmark case. In contrast, through the pass-through effect,
the construction price under the punitive regulation is higher
than the price under the incentive regulation, which further
affects the developer’s decision of the construction quantity.

Proposition 6. 2e following relationships of the recycling
amount and the disposal amount always hold:

(1) 0 � M0 <MP <MR.
(2) if c> 2b and δ > δ3, NP <NR <N0; otherwise, NR ≤

NP <N0,

where δ3 � (3c(4b2 + bcθ2)/4bcθ2 + c2θ4 − 12b2).

Proposition 6 (1) shows that both environmental regu-
lations can encourage the contractor to carry out CDW
recycling, but the contractor is more motivated under the
incentive regulation.2e explanations are as follows. First, the
contractor receives all the subsidies under the incentive reg-
ulation, which means all the subsidies directly contribute to
CDW recycling. In contrast, the contractor transfers part of
the disposal charging fee to the developer under the punitive
regulation, resulting in the disposal charging fee being unable
to play its full role. Second, the government needs to balance
economic development and environmental protection under
the punitive regulation, while it is not necessary under the
incentive regulation. 2erefore, the government should be
aware that the incentive regulation always provides a higher
incentive for CDW recycling than the punitive regulation.

Proposition 6 (2) shows that the disposal amount is the
highest in Case 0, and the relationship of the disposal amount
between Case 1 and Case 2 depends on the two exogenous
variables: the environmental effect coefficient and the recy-
cling cost coefficient. Specifically, the disposal amount under
the punitive regulation is greater when exogenous variables
are small. Based on the above results, the following regulatory
strategy can be determined: the government should give
priority to punitive regulation if the degree of environmental
damage is sufficiently high and the recycling of CDW is very
costly; otherwise, incentive regulation is a better choice.

For better understanding, numerical simulations were
carried out, as shown in Figures 3 and 4, where
a � 20, b � 1, c � 10, δ � 2, c � 2, θ � 1.

Proposition 7. 2e following profit relationships always
hold:

(1) ΠP
C <Π

0
C <Π

R
C.

(2) ΠP
D <Π

0
D � ΠR

D.

Proposition 7 compares the profits of the contractor and
the developer under different regulations. For the contractor,
the profit is at its lowest level in Case 2 and at its highest level
in Case 1. For the developer, since there is no pass-through
effect in Case 1, the government’s choice of the incentive
regulation does not affect its profit. In contrast, the contractor
transfers part of the disposal charging fee to the developer
through a pass-through effect for its own benefit in Case 2.
2is behavior reduces the developer’s profit, resulting in the
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developer’s profit being the lowest under the punitive regu-
lation among all three cases.

To facilitate a better understanding, we summarize the
results of Proposition 7 in Figures 5 and 6, where
a � 20, b � 1, c � 10, δ � 2, c � 2, θ � 1.

Proposition 8. 2e following social welfare relationships
always hold:

(1) if c> ((
��
97

√
− 1)b/2θ2) and δ > δ4, SW0 < SWR <

SWP; otherwise, SW0 < SWP ≤ SWR, where δ4 �

(3bc (5b + 2cθ2 +
�������
b(121b+

􏽰
16cθ2) )/(48b2−

2bcθ2 − 2c2θ4)).
(2) if δ < 7b, SW0 > 0; otherwise, SW0 ≤ 0; if δ < (7bc/

(c − 7b)), SWR > 0, otherwise, SWR ≤ 0; SWP > 0.

Proposition 8 (1) shows that the social welfare is at its
lowest level in Case 0, which means that either environmental
regulation can enhance social welfare compared to the no
regulation case. Furthermore, the relationship of the social
welfare between Case 1 and Case 2 depends on the envi-
ronmental effect coefficient and recycling cost coefficient.
Compared to the incentive regulation, the punitive regulation
yields a higher social welfare only when CDW recycling is
costly and the degree of damage is high. 2erefore, we get a
similar enlightenment as Proposition 6: the government
should fully consider the degree of damage and recycling cost
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when formulating environmental regulation. When these two
exogenous variables are low, the government should give
priority to incentive regulation; otherwise, the punitive reg-
ulation should be adopted.

Proposition 8 (2) shows that social welfare may be
negative under both no regulation and the incentive regu-
lation when the environmental effect coefficient reaches a
certain level. In contrast, social welfare is always positive
under the punitive regulation. Since c and b are both
positive, we can obtain (7bc/(c − 7b))> 7b, which indicates
that social welfare is less likely to be negative under incentive
regulation than that under no regulation.

For better understanding, we summarize results of
Proposition 8 in Figure 7, where a � 20, b � 1, c � 10,

δ � 2, c � 2, θ � 1.

6. Discussion

In this study, we investigated the implementation effects of
different types of environmental regulations in the CDW
recycling system, analysed the decision-making behavior
and influencing factors of the main stakeholders (i.e., the
contractor, the developer, and the government) in the CDW
recycling process, and obtained several new findings with
management significance.

For the government, the main focus is to formulate
appropriate environmental regulations to maximize social
welfare. Compared with the punitive regulation, the recy-
cling amount under the incentive regulation is larger, which
suggests that the incentive regulation can better promote
CDW recycling. However, the government should not
choose the incentive regulation all the time. When the CDW
recycling is costly and the degree of damage is high, the
social welfare under the punitive regulation is greater.
(erefore, the punitive regulation should be adopted at this
time. (is finding is partially consistent with the study of
Yuan and Wang [12], which revealed that the waste disposal
charging fee can stimulate CDW recycling behavior.

For enterprises, we find that both the contractor and the
developer prefer the incentive regulation because they benefit
more at this time. Interestingly, the contractor monopolizes
all the subsidies under the incentive regulation and transfers
part of the disposal charging fee to the developer under the
punitive regulation. (is pass-through effect inhibits the
developer’s decision of the construction quantity, thereby
reducing the amount of CDW under the punitive regulation.

Previous studies have identified the main factors af-
fecting CDW recycling within the framework of the circular
economy [48, 49]. Based on this, we analysed the impact of
exogenous variables such as the degree of environmental
damage and the recycling cost on the decision-making of
stakeholders in CDW recycling. Under the incentive regu-
lation, as the recycling cost increases, the change of the
contractor’s profit depends on the degree of environmental
damage. Specifically, if the degree of damage is sufficiently
high, the recycling cost is positively correlated with the
contractor’s profit; otherwise, the recycling cost is negatively
correlated with the contractor’s profit. (ere are similar

results under the punitive regulation. Consistent with the
study of He and Yuan [50], we find that the decision-making
of each stakeholder needs to be dynamically adjusted
according to the external situation.

Obviously, different stakeholders have different concerns
in regard to CDW recycling [38, 51, 52]. In line with previous
studies, conflicts among the contractor, the developer, and the
government in CDW recycling process were investigated.
Furthermore, we complement previous studies by comparing
different types of environmental regulations. (e results not
only provide a reference for the government to formulate
relevant regulations but also help to better understand CDW
recycling from the perspective of different stakeholders.

7. Conclusions

Recycling has been generally regarded as an effective way to
reduce environmental damage from CDW and achieve
sustainable development. Obviously, the government plays
an important role in promoting CDW recycling, and the
implementation of recycling is closely related to appropriate
environmental regulations. (erefore, in this study, we in-
vestigated the formulation of the optimal environmental
regulation of CDW recycling from the perspective of the
government. Considering the differences in the decision-
making goals of the government and enterprises, we
established a CDW recycling decision-making model under
three conditions, no regulation, incentive regulation, and
punitive regulation, and examined the impacts of different
environmental regulations.

In terms of profit, the contractor and the developer
benefit more from the incentive regulation, which suggests
that both prefer the incentive regulation. In addition, in
order to maximize their own profit, the contractor mo-
nopolizes all subsidies under the incentive regulation and
transfers part of the disposal charging fee to the developer
under the punitive regulation.
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Figure 7: (e social welfare under different regulations.
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In terms of CDW recycling, the recycling amount under
the incentive regulation is always greater than that under the
punitive regulation, which suggests that the incentive reg-
ulation can better promote the contractor’s recycling be-
havior. However, the incentive regulation does not always
result in a lower disposal amount than the punitive regu-
lation because the punitive regulation’s pass-through effect
curbs the total amount of CDW, while the incentive regu-
lation does not. Specifically, the disposal amount under the
incentive regulation exceeds that under the punitive regu-
lation when CDW is sufficiently damaging to the envi-
ronment and the recycling is very costly.

(e results also show that it is necessary for the government
to fully consider two important factors, the degree of envi-
ronmental damage and the recycling cost, when formulating
regulations. When both of them are sufficiently high, the
punitive regulation should be adopted; otherwise, the incentive
regulation is a better choice. Besides, the government should be
more cautious when formulating the incentive regulation,
because social welfare may be negative at this time and there is
no such possibility under the punitive regulation.

(ere are also certain limitations. Firstly, our model
considers only one contractor and one developer, but there are
numerous companies in reality, so one key research direction is
to consider a recycling system that consist of multiple con-
tractors and multiple developers. Secondly, we assume that the
government can only adopt one kind of regulation, but in the
real world the government can set up multiple compound
regulations at the same time, so further research should take
this situation into consideration. (irdly, considering practical
factors such as information asymmetry and corporate social
responsibility in a similar context may yield valuable insights.

Appendix

Proof of Proposition 1

(1) (zs/zδ) � ((a − c)c2θ/4b(c +δ)2)>0, (zs/zc) � ((a

− c)δ2θ/4b(c +δ)2)>0.
(2) (zQR/zδ) � 0, (zQR/zc) � 0.
(3) (zMR/zδ) � ((a − c)cθ/4b(c + δ)2)> 0, (zMR/ zc)

� − ((a − c)δθ/4b(c + δ)2)< 0. □

Proof of Proposition 2

(1) (zΠR
C/zδ) � (δ(a − c)2c2θ2/16b2(δ + c)3)> 0.

(2) (zΠR
C/zc) � − ((a − c)2(c − δ)δ2θ2/32b2 (c + δ)3),

therefore,when δ > c, then (zΠR
C/zc)> 0;when δ ≤ c,

then (zΠR
C/zc)≤ 0. □

Proof of Proposition 3

(1) (zk/zδ) � (4b(a − c)c2θ(28b2 + 11bcθ2+ c2θ4)/
(16b2 (c + δ) + bc(c + 8δ)θ2 + c2δθ4)2)> 0.
(zk/zc) � − (4b(a − c)θ(4b2(3c2+ 6cδ − 4δ2)+ bc

(3c − 8δ)δθ2 − c2δ2θ4)/ (16b2(c + δ) + bc(c + 8δ)

θ2 + c2δθ4)2), therefore,when δ0 < δ < δ1, then

(zk/zc) < 0;when δ1 ≤ δ, then (zk/zc) ≥ 0, where
δ0 � (3bc/4b + λθ2), δ1 � (24b2c + 3bc2θ2+

�
3

√

��������������������������

448b4c2 + 176b3c3θ2 + 19b2c4θ4
􏽱

/2(16b2+ 8bcθ2+
c2θ4))

(2) (zQp/zδ) � − ((a − c)c2θ3 (4b + cθ2)(7b + cθ2)/
(16b2(c + δ) + bc(c + 8δ)θ2 + c2δθ4)2)< 0.
(zQp/zc) � ((a − c)θ3(4b2(3c2+ 6cδ − 4δ2)+ bc

(3c − 8δ)δθ2 − c2δ2 θ4)/(16b2(c + δ) + bc(c + 8δ)

θ2 + c2δθ4)2), therefore,when δ0 < δ < δ1, then
(zQp/zc)> 0;when δ1 ≤ δ, then (zQp/zc)≤ 0

(3) (zMP/zδ) � (4b(a − c)cθ (28b2 + 11bcθ2+ c2θ4)/
(16b2 (c + δ) + bc(c + 8δ)θ2 + c2δθ4)2)> 0.
(zMP/zc) � − ((a − c)θ(112b3δ + b2 (− 3c2 + 8cδ+

16δ2)θ2 − 2bc (c − 4δ)δθ4 + c2δ2θ6)/(16b2 (c + δ)+

bc(c + 8δ)θ2 + c2δθ4)2)< 0. □

Proof of Proposition 4

(1) (zΠP
C/zδ) � − (4b(a − c)2c3 (4b + cθ2)(7bθ+ cθ3)2/

(16b2(c + δ)+ bc(c + 8δ)θ2 + c2δθ4)3)< 0.
(2) zΠP

C/zc � − (((a − c)2θ2 (− 16b4(33c3 + 99c2δ−

48cδ2 − 16δ3)) + b3c (− 87c3 − 408c2δ + 432cδ2+
256δ3)θ2 + 3b2c2δ (− 7c2 + 24cδ + 32δ2)θ4 + bc3δ2

(3c + 16δ)θ6 + c4δ3θ8))/ (2(16b2(c + δ) + bc(c+

8δ) θ2 + c2δθ4)3) therefore, when δ0 < δ < δ2,
then (zΠP

C/zc)> 0;when δ2 ≤ δ, then (zΠP
C/zc)≤ 0,

where δ2 � − (bc(16b + cθ2)/(4b + cθ2)2).
(3) (zΠP

D/zδ) � − (2b(a − c)2c2(c +δ) θ2(4b + cθ2)2
(7b + cθ2)/ (16b2(c +δ) + bc(c +8δ)θ2 + c2δθ4)3)<0.

(4) (zΠP
D/zc) � (2b(a − c)2(c + δ)(4b+ cθ2)(4b2(3c2 +

6cδ − 4δ2)θ2+ bc(3c − 8δ)δθ4 − c2δ2θ6)/(16b2

(c + δ) + bc(c + 8δ)θ2 + c2δθ4)3), therefore, when
δ0 < δ < δ1, then (zΠP

D/zc)> 0;when δ1 ≤ δ,

then(zΠP
D/zc)≤ 0, where δ1 � (24b2c + 3bc2θ2+

�
3

√ ���������������
448b4c2 + 176b3c3

􏽰
θ2 + 19b2c4θ4 /2(16b2+

8bcθ2 + c2θ4)). □

Proof of Proposition 5

(1) ω0 − ωP �ωR − ωP � − ((a − c)cθ(4bδ − 3bc+ cδθ2)/ 2
(16b2c +16b2δ+ bc2θ2 +8bcδθ2+ c2δθ4))<0,

that isω0 �ωR<ωP.

(2) q0 − qP � qR − qP � ((a − c)cθ2(− 3bc +4bδ+ cδθ2)/
4b(16b2(c +δ) + bc(c +8δ) θ2 + c2δθ4))>0(d>
(3βλ/(4β+λ))), that is q0 � qR>qP □

Proof of Proposition 6

(1) MR − MP � ((a − c)cθ(12b2(c +δ) + bδ(− 3c +4δ)

θ2 + cδ2θ4)/4b(c +δ)(16b2(c +δ)+ bc(c +8δ) θ2+
c2δθ4))>0, that is 0� M0<MP<MR.

(2) N0 − NR � ((a − c)δθ/4b(c + δ))> 0, N0 − NP �

((a − c)θ(4b + cθ2)(− 3bc + 4bδ+ cδθ2)/4b(16b2
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(c + δ) + bc(c + 8δ)θ2 + c2δθ4))> 0, NR − NP �

((a − c)cθ(− 12b2(c + δ) + bc(− 3c + 4δ)θ2 + c2δ
θ4)/4b(c + δ)(16b2 (c + δ) + bc(c + 8δ)θ2+ c2δθ4)),
therefore, when c> (2b/θ2) and δ > δ3, then
NP <NR <N0; otherwise NR ≤NP <N0,where δ3 �

(3c(4b2 + bcθ2)/ 4bcθ2 + c2θ4 − 12b2). □

Proof of Proposition 7

(1) ΠR
C − Π0C � ((a − c)2cδ2θ2/32b2(c + δ)2)> 0.

Π0C− ΠP
C � ((a − c)2cθ2(b3(− 132c2+ 128cδ+

64δ2) + b2c(− 15c2 + 40cδ + 48δ2)θ2 + 2bc2δ (c+

6δ) θ4 + c3δ2θ6)/8b(16b2(c + δ) + bc (c + 8δ)θ2+
c2δθ4)2)> 0, that is ΠP

C <Π
N
C <Π

S
C.

(2) ΠN
D − ΠP

D � ΠS
D − ΠP

D � ((c − α)2128d2β3λ+ 80d2β2

λ2 + 32 dβ3λ2+ 16d2βλ3 + 16 dβ2λ3 − 96β3λ3+ d2

λ4+ 2 dβ λ4 − 15β2λ4/16β(d(4β + λ)2 + βλ(16β+

λ))2)> 0, that is ΠP
D <Π

0
D � ΠR

D. □
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