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-is paper handles Stackelberg game models in light of different alliance strategies in a closed-loop supply chain (CLSC)
consisting of a manufacturer, a retailer, and a third-party recycler. In this CLSC, four scenarios are examined: the decentralized
case, the manufacturer and the retailer forming an alliance, the manufacturer and the third-party recycler forming an alliance, and
the centralized case. And in these Stackelberg game models, a comparison between four alliance strategies is analyzed by
considering greenness and service effort. -e effect of alliance strategy on the decisions of the CLSC system, consumer, en-
vironment, and society is also investigated.-emain objective is to find out the optimal price, greenness level, and service effort to
maximize the CLSC members’ profits and give the optimal alliance strategy by using theoretical analysis. It is found that the
alliance strategy improves the operation efficiency of the CLSC, and it also benefits consumers, the environment, and society. -e
MR alliance strategy is more effective than the MTalliance strategy, but it cannot achieve the efficiency of a centralized scenario.
Finally, numerical examples are illustrated to justify the feasibility and practicability of the proposed models in reality.

1. Introduction

With the development of the economy, the environmental
issue is widely concerned to sustain human civilization, and
the public’s awareness of environmental protection is also
increasing [1, 2]. Due to the increasing environmental
pressure, more and more enterprises engage in recycling
used products, resulting in a closed-loop supply chain
(CLSC) [3, 4]. For example, Huawei, Gree, HP, and Xerox
are actively exploring the recycling and remanufacturing of
used products [5, 6]. -e recycling and remanufacturing of
used products can not only reduce the average production
cost of enterprises but also help enterprises to establish a
brand image and cultivate customer loyalty [7]. Recycling is
widely used in environmental protection, and more and
more enterprises are engaged in the industry of recycling [8].

According to a global survey by Accenture, more than
80% of respondents will consider products with green and
environmental attributes when they make purchase

decisions. Consumers also pay attention to environmentally
friendly products [9, 10]. -e introduction of consumer
green preference into the closed-loop supply chain is of great
practical significance for improving the level of closed-loop
supply chain management. Influenced by consumers’
preference for green products, many enterprises begin to
control emission costs and invest in green products’ research
and development (R&D) to enhance their competitiveness
[11, 12].

In addition, retailers provide service effort to attract
more consumers to pay attention to green products [13, 14].
-e service effort consisting of environmental advertising or
promotion of environmental education provided by retailers
can help consumers better understand green products,
which can promote the sales and recycling of green products
[15]. For example, Walmart has developed a green mar-
keting plan for its suppliers that allows companies, including
manufacturers and retailers, to benefit financially from
environmental responsibility in their production and

Hindawi
Mathematical Problems in Engineering
Volume 2021, Article ID 6676482, 17 pages
https://doi.org/10.1155/2021/6676482

mailto:xmz@mail.ustc.edu.cn
https://orcid.org/0000-0002-2653-636X
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6676482


operations [16]. For retailers, how to balance the relationship
between sales revenue and service costs is critical to ensure
profitability.

In order to reduce the cost of green product R&D and
service efforts, CLSC members often form alliances to im-
prove their competitiveness [3, 17–20]. In reality, we can
find various alliance structures in CLSC. In some cases,
manufacturers and retailers or third-party recyclers form a
strategic alliance. For example, the manufacturer Haier has
worked with big retailers such as Suning and Gome to
improve decision-making efficiency and reduce R&D costs
[21]. Nike has formed an alliance with the third-party
nonprofit structure “National Recycling Coalition” for
recycling products [22]. In practice, manufacturers coop-
erate with retailers and third-party recyclers in selling and
collecting markets. For example, the big US carmakers Ford
and GM have been working with specialist third-party re-
cyclers to recycle used products, and Xerox and Eastman
Kodak are working with downstream retailers to sell
products and recycle used products [17]. -erefore, more
and more attention has been paid to the alliance strategies.
However, the effect of alliance strategies on product pricing,
greenness, and service effort decisions in the CLSC is still not
investigated in depth, such as whether the decision-making
of CLSC will be changed?Which is the best alliance strategy?
In this study, the impact of different alliance strategies on the
decisions of CLSC, consumers, the environment, and society
will be investigated.

More specifically, by considering the greenness and
service effort, we incorporate the different alliance strategies
into a typical CLSC consisting of a manufacturer (M), a
retailer (R), and a third-party recycler (T). Four scenarios are
examined: (1) the decentralized case where the three CLSC
members make independent decisions (D); (2) M and R
forming an alliance (MR); (3) M and T forming an alliance
(MT); (4) the centralized case where a central planner makes
integrated decisions for the three CLSC members (C).

-is research attempts to address the following three
questions:

(1) How to derive the equilibrium decisions of price,
greenness level, service effort, and recycling rate for
the CLSC with different alliance strategies under the
D, MR, MT, and C models?

(2) What is the effect of the alliance strategy on the
performance of the CLSC, consumer, environment,
and society?

(3) What is the optimal alliance strategy to heighten the
CLSC operation efficiency, consumer surplus, en-
vironmental improvement, and social welfare?

-e remainder of this paper is organized as follows. A
brief review is presented in Section 2. Section 3 describes the
problem and model assumptions. In Section 4, the equi-
librium results of the four models are derived, and a
comparative analysis for the optimal results of the four
models is given. Numerical analysis is illustrated in Section
5. Managerial insights of the proposed models are given in
Section 6. Section 7 concludes the paper.

2. Literature Review

In a CLSC, many analyses have been carried out from
various perspectives, such as product recycling and rema-
nufacturing, R&D, and channel selections. Based on the
research questions in this paper, we focus our review on
sustainable supply chain management, R&D in the supply
chain, service effort in the supply chain, and the alliance of
supply chain members.

2.1. Sustainable Supply Chain Management. With the ag-
gravation of environmental pollution, sustainable supply
chain management has been widely concerned [23–27]. Das
and Rao Posinasetti [28] integrate environmental concerns
in a closed-loop supply chain model to improve overall SC
performance. Gao et al. [29] examine the influence of dif-
ferent channel power structures on the optimal decisions
and performance of a closed-loop supply chain (CLSC) from
the perspective of profit and environment. Modak et al. [30]
propose a two-stage competitive CLSC and coordination
model to improve environmental and economic aspects of
sustainability. Taleizadeh et al. [31] find that by means of the
proposed model, the application of Stackelberg-Bertrand
behavior in the field of airport congestion pricing will re-
bound to a more profitable strategy in contrast with the
other three represented methods. Wang et al. [32] investi-
gate the relationship between profitability and environ-
mental goals in a reverse supply chain. -e main finding is
that while they often conflict, they may align under certain
conditions. Johari and Hosseini-Motlagh [33] propose an
analytical coordinationmodel to cover all three dimensions of
sustainability. -ey measure social welfare by the sum of
firms’ profits and consumer surplus. Wang et al. [34] in-
corporate the environmental benefit when calculating social
welfare and find the conditions under which confliction exists
between profitability and environmental benefit/social wel-
fare. -ese studies mainly focus on the green product design
in the supply chain, but limited research has considered the
impact of alliance strategy and retailers’ service effort. In
reality, manufacturers usually cooperate with their CLSC
members to sell products and recycle used products. -e
different alliance strategies will affect the decision-making
behavior of CLSC members.

2.2. R&D in Supply Chain. Many manufacturers carry out
R&D to increase the greenness of products, which have
become an important factor affecting consumers’ purchasing
decisions [35, 36]. Zhang et al. [37] show that the technology-
sharing strategy chosen by the R&D teams is closely related to
the sharable coefficient of technology and also closely related
to the benefits obtained through free-riding. Chen et al. [11]
explore firms’ green R&D cooperation behavior in a two-
echelon supply chain in which a manufacturer and a retailer
first cooperate to invest green R&D and then organize pro-
duction according to a wholesale price contract. Zhang and
Hong [38] consider that the manufacturer makes R&D in-
vestment to improve the product quality and reduce the
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production cost. Vendrell-Herrero et al. [39] find that
customer and logistics IT processes are positively linked to
higher levels of PSI and that, as hypothesized, service R&D
team structure moderates this relationship. Dai et al. [40]
investigate a supply chain consisting of an OEM and a CM
and establish a three-dimensional discrete dynamic model
with time delay by considering R&D efforts and marketing
level. Huang et al. [41] propose a collaborative R&D model
based on customers’ selection behavior to study the col-
laborative R&D policy and pricing policy of the supply
chain.-e abovementioned studies indicate that R&D has a
significant influence on the performance of the supply
chain. Limited research focuses on green R&D and the
impact of alliance strategy on R&D in the supply chain. It is
valuable to explore the green R&D problem in the supply
chain.

2.3. Service Effort in Supply Chain. Many retailers put in
service effort to attract more consumers to buy products
[42, 43]. Basiri and Heydari [44] investigated green supply
chain coordination issues for substitutable products with
retail price, greening level, and sales’ effort-dependent de-
mand for a two-stage supply chain. Liu et al. [45] explore
information sharing in an e-tailing supply chain for fresh
produce with freshness-keeping effort and value-added
service. -ey find that information sharing may benefit the
e-tailer and that the e-tailer chooses to share information
voluntarily when the freshness elasticity is above a certain
threshold. By analyzing the pricing, service, recycling de-
cisions, and the profit of the supply chain members in
different remanufacturing modes, Zhao et al. [13] show that
the FR remanufacturingmode not only promotes the retailer
to improve the product service level but also enables the
third-party to improve the recovery rate. Li et al. [46] in-
vestigate the influence of the showrooming effect on firms’
pricing and service effort in a dual-channel supply chain and
find that the greater the showrooming effect, the higher
profits firms will obtain using the ex-post service effort
strategy. Cao et al. [47] consider that the greenness level is
jointly determined by the greening efforts of both the co-
operative and enterprise and design a cost-sharing contract
and a buyback contract to coordinate the greening effort
decisions. It is worth noting that the service effort plays an
important role in the supply chain, but limited research has
considered supply chain members forming an alliance to
provide service effort. It is worth exploring how the CLSC
alliances provide service effort.

2.4. Alliance of Supply ChainMembers. -e alliance strategy
of supply chain members has been widely concerned by
scholars [47, 48]. Wu et al. [49] investigate a sustainable
power supply chain that consists of a traditional energy
power generation firm (TEF), a renewable energy power
generation firm (REF), and a downstream power distributor
(PD) by considering a technology-driven alliance. Zheng
et al. [3] use cooperative game approaches to coordinating a
three-echelon closed-loop supply chain with fairness con-
cerns and put forward an appropriate profit allocation

scheme. Lin et al. [50] analyze firms’ eco-innovation in-
vestment strategy in a supply chain with a buyer and two
suppliers in the presence of knowledge spillovers and
technology gaps among suppliers and derive the innovation
alliance strategy. Lechler et al. [51] explore from an extended
agency theory perspective how companies collaborate within
assessment sharing strategic alliances to manage suppliers
with respect to sustainability and to reveal the resultant
effects on the management of suppliers within multitier
supply chains. Taleizadeh et al. [52] explore the optimal
pricing and alliance strategy when a new vendor enters the
market and find that having the alliance strategy need not
improve the supply chain performance. Li et al. [53] in-
vestigate which alliance strategy is more conducive to
maximizing economic and social benefits. -ese afore-
mentioned papers all highlighted that alliance strategy plays
a significant role in the supply chain, but limited research
focuses on the impact of alliance strategy on greenness level
and service effort in the CLSC. In this paper, we attempt to
explore the effect of alliance strategy on the environmental,
economic, and operational management of CLSC.

More specifically, considering consumer’s green pref-
erence, manufacturer’s green R&D, and retailer’s service
effort, we introduce three alliance strategies of CLSC
members and structure four models: no alliance, M and R
alliance,M and T alliance, andM, R, and T alliance. We first
derive the equilibrium results under the four models and
then analyze the impact of alliance strategy on price, service
effort, recycling rate, greenness level, CLSC member profit,
consumer surplus, environmental improvement, and social
welfare. Finally, the efficiency of the alliance strategy is
verified, and the optimal alliance strategy is given.

-e main contributions of this paper are as follows:

(1) Exploring whether the manufacturer forms alliances
with the retailer or third-party recycler and the
decision-making of price, greenness level, service
effort, and recycling rate in a CLSC is investigated
under different alliance strategies

(2) Structuring four dynamic game models to analyze
the effect of alliance strategy on decisions and profit
of a CLSC, and the efficiency of alliance strategy to
alleviate double margination is explored

(3) Investigating the impact of alliance strategy on the
consumer surplus, environmental improvement, and
social welfare, and an optimal alliance strategy that
makes the interest of supply chain member, con-
sumer, environment, and society consistent is
proposed

3. Problem Description and
Model Assumptions

We consider a closed-loop supply chain consisting of M, R,
and T, and they play a Stackelberg dynamic game. In a
decentralized dynamic model, M produces new products
and remanufactures used products collected by T and then
wholesales new and remanufactured products to R. R retails
the new and remanufactured products to consumers. In the
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CLSC, M invests in green product R&D, R offers service
effort to increase consumer demand, and T invests cost to
recycle the used products.M is modeled as the leader, and R
and T are the followers.

To derive the optimal alliance strategy and its impact on
the CLSC, we need to examine all possible alliance strategies.
Since R has no direct contact with T, it will not form an
alliance. -erefore, four models are considered as shown in
Figure 1: a decentralized model D where each member
makes its own decisions, an alliance model MR whereM and
R form an alliance to make centralized decisions within the
alliance, an alliance model MT where M and T form an
alliance tomake centralized decisions with the alliance, and a
centralized alliance model C where M, R, and T make
centralized decisions.

-is paper only considers a single product, i.e., a new
product or a remanufactured product. New and remanu-
factured products coexist in the same market, the new and
remanufactured products are homogeneous, and a con-
sumer can only own one product at the same time [54]. In
the reverse distribution, to keep the models concise and to
simplify analyses, following Shi et al. [20] and Wu and Zhou
[55], T pays consumers A for each unit of used products,
which is assumed to be zero. Based on the problem de-
scription, we employ the symbols and notations given in
Table 1 throughout this paper.

To make the analysis tractable, we introduce the fol-
lowing assumptions about consumer preference, cost
structure, environmental improvement, and social welfare in
this research.

(i) Consumer Preference. Market demand is affected by
price, green level, and service effort level. It is as-
sumed that market demand is a linear function of
them, i.e., D � Q − αp + βe + cs [11, 46]. In the
market demand function, we assume that Q> αp

[29]. Consumer surplus for new and remanufac-
tured products in a CLSC can be calculated as CS �

􏽒
(Q+βe+cs/α)

(Q−D+βe+cs/α)
Q − αp + βe + cs􏼈 􏼉dp � (D2/2α)

[56, 57].
(ii) Cost Structure. Due to the recycling of used parts

and components, producing a remanufactured
product is cheaper than producing a new product,

i.e., cn > cr > 0 [13, 26]. Let Δ � cn − cr denote
marginal cost savings from remanufacturing. To
ensure thatM is profitable, we assume that Δ> b> 0
and p> cn [20]. Green R&D investment cost
function is assumed to be (1/2)cge2 [58], service
effort cost function is assumed to be (1/2)css

2 [46],
and T’s recycling cost function is assumed to be
cRτ2(0< τ < 1) [20, 56]. To ensure Q> αp, p> cn

and τ ∈ (0, 1), we assume cR >max (αΔ2/2),􏼈

(αcgcsΔ(Q − αcn + αΔ)/ 2(2αcgcs −csβ
2 − cgc2))}

and αcgcs > csβ
2 + cgc2 [20].

(iii) Environmental Improvement. In the CLSC, the total
carbon emission reduction after the green R&D
investment is assumed to be e D [59]. And thus, the
environmental improvement after green R&D in-
vestment is linearly increasing in its carbon emis-
sion reduction, which is formulated as EI � cee D

[11, 26].
(iv) Social Welfare. Social welfare is composed of CLSC

members’ profits, consumer surplus, and environ-
mental improvement.-us, the social welfare can be
calculated as SW � 􏽑m + 􏽑r+ 􏽑t + CS + EI
[11, 59, 60].

4. Equilibrium Analysis

In this part, we derive the equilibrium results for the four
models, D, MR, MT, and C. In the following calculation
process, for analytical purpose, we denote ϕ1 � Q − αcn,
ϕ2 � 4αcgcs − csβ

2 − 2cgc2, and ϕ3 � 2αcgcs − csβ
2 − cgc2,

and according to the hypothesis, ϕ1, ϕ2, and ϕ3 are all
positive.

4.1.5eDecentralizedModel (ModelD). In the model D,M,
R, and T maximize their profit, respectively. -e decision
sequence is as follows:M first determines greenness level eD,
wholesale price wD, and transfer price bD, then R decides
service level sD and retailer price pD, and T simultaneously
decides recycling rate τD. -ey play a dynamic Stackelberg
game. -e optimization model of profit maximization is
formulated as

max
eD,wD,bD

􏽙
D

m
� w

D
− cn + Δ − b

D
􏼐 􏼑τD

􏼐 􏼑 Q − αp
D

+ βe
D

+ cs
D

􏼐 􏼑 −
1
2
cge

D2

s.t.

max􏽙
D

r
� p

D
− w

D
􏼐 􏼑 Q − αp

D
+ βe

D
+ cs

D
􏼐 􏼑 −

1
2
css

D2

max
τD

􏽙
D

t
� b

DτD
Q − αp

D
+ βe

D
+ cs

D
􏼐 􏼑 − cRτ

D2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(1)
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By using the reverse induction, we obtain the optimal
results for the model D, which are described in Proposition 1.

Proposition 1. In the model D, the optimal results are given
as eD∗ � 4βcscRϕ1/(4cRϕ2 − α2cgcsΔ2), sD∗ � 4ccRcgϕ1/(4cR

ϕ2 − α2cgcsΔ2), bD∗ � Δ/2, wD∗ � cn + cg(8cRcsα − csα2Δ2 −

4cRc2)ϕ1/(α(4cRϕ2 − α2cgcsΔ2)), pD∗ � cn + cg(12cRcsα−

csα2Δ2 − 4cRc2)ϕ1/(α(4cRϕ2 − α2cgcsΔ2)), and τD∗ � αcgcs

Δϕ1/(4cRϕ2 − α2cgcsΔ2).
5e proof is given in Appendix A.
And thus, the optimal demand and profit are shown as

DD∗ � 4αcRcgcsϕ1/(4cRϕ2 − α2cgcsΔ2), 􏽑
D∗
m � 2cRcgcsϕ

2
1/

(4cRϕ2 −α2cgcsΔ2), 􏽑
D∗
r � 8c2Rc2gcs(2αcs − c2)ϕ21/(4cRϕ2 −

α2cgcsΔ2)
2, and 􏽑

D∗
t � α2cRc2gc2sΔ

2ϕ21/(4cRϕ2 −α2cgcsΔ2)
2.

5e optimal consumer surplus, environmental improve-
ment, and social welfare are shown as

CSD∗
�

8αc
2
Rc

2
gc

2
sϕ

2
1

4cRϕ2 − α2cgcsΔ
2

􏼐 􏼑
2,

EID∗ �
16βcec

2
s c

2
Rαcgϕ

2
1

4cRϕ2 − α2cgcsΔ
2

􏼐 􏼑
2,

SWD∗
� 􏽙

D∗

m

+􏽙
D∗

r

+􏽙
D∗

t

+CSD∗
+ EID∗.

(2)

4.2. M and R Form an Alliance (Model MR). In the model
MR, M and R form an alliance and are treated as a new

Retailer

Consumer

Manufacturer Manufacturer

Third-party
recycler 

Third-party
recycler 

Retailer

Consumer

Retailer Retailer

Forward flow
Reverse flow

w w w
b b

w
bb

p p p p

Manufacturer Manufacturer

Consumer Consumer

Third-party
recycler 

Third-party
recycler 

Figure 1: Supply chain structures of the CLSC.

Table 1: Parameters and decision variables.

Notations Definition
Q Potential product market size
α Price elasticity coefficient
β Green preference elasticity coefficient
c Service elasticity coefficient
cn/cr Unit production cost of new/remanufactured products
cg Green research and development cost coefficient
cs Service effort cost coefficient
τ Recycling rate of used products
Δ Marginal cost saving from remanufacturing
cR Recycling cost coefficient
ce -e cost of controlling environmental pollution caused by unit carbon emissions
w Unit wholesale price of new/remanufactured products
b Unit transfer price to T from M
p Unit retail price of new/remanufactured products
e Greenness level
s Service effort level
D Market demand
􏽑

j

i Profit of member i in model j, i ∈ m, r, t, mr, mt, c{ } and j ∈ D,MR,MT, C{ }

CSj Consumer surplus in mode j, j ∈ D,MR,MT, C{ }

EIj Environmental improvement in mode j, j ∈ D,MR,MT, C{ }

SWj Social welfare in model j, j ∈ D,MR,MT, C{ }
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decision-maker who decides greenness level eMR, service
level sMR, retailer price pMR, and transfer price bMR. Sub-
sequently, T decides the recycling rate τMR. In this case,

alliance MR and T play a Stackelberg game. -e alliance
model is formulated as

max
eMR ,sMR ,pMR ,bMR

􏽙
MR
mr

� p
MR

− cn + Δ − b
MR

􏼐 􏼑τMR
􏼐 􏼑 Q − αp

MR
+ βe

MR
+ cs

MR
􏼐 􏼑 −

1
2
cee

MR2
−
1
2
css

MR2

s.t. max
τMR

􏽙
MR
t

� bτMR
Q − αp

MR
+ βe

MR
+ cs

MR
􏼐 􏼑 − CLτ

MR2
.

(3)

By using the reverse induction, we obtain the optimal
results for themodelMR, which are described in Proposition
2.

Proposition 2. In the model MR, the optimal results are
given as eMR∗ � 4βcRcsϕ1/(4cRϕ3 − α2cgcsΔ2), sMR∗ � 4cRcg

cϕ1/(4cRϕ3 − α2cgcsΔ2), pMR∗ � cn + cgcs(4cR − αΔ2)ϕ1/
(4cRϕ3 − α2cgcsΔ2), bMR∗ � Δ/2, and τMR∗ � Δαcgcsϕ1/
(4cRϕ3 − α2cgcsΔ2).

5e proof is given in Appendix B.
And thus, the optimal demand and profit are shown as

DMR∗ � 4αcRcgcsϕ1/(4cRϕ3 − α2cgcsΔ2), 􏽑
MR∗
mr � 2cRcg

csϕ
2
1/(4cRϕ3 − α2cgcsΔ2), and 􏽑

MR∗
t � Δ2α2cRc2gc2sϕ

2
1/

(4cRϕ3 − α2cgcsΔ2)
2.

5e optimal consumer surplus, environmental improve-
ment, and social welfare are shown as

CSMR∗
�

8αc
2
Rc

2
gc

2
sϕ

2
1

4cRϕ3 − α2cgcsΔ
2

􏼐 􏼑
2,

EIMR∗
�

16ceβc
2
Rc

2
sαcgϕ

2
1

4cRϕ3 − α2cgcsΔ
2

􏼐 􏼑
2,

SWMR∗
� 􏽙

MR∗

mr

+ 􏽙
MR∗

t

+CSMR∗
+ EIMR∗

.

(4)

4.3. M and T Form an Alliance (Model MT). In the model
MT, M and T form an alliance and are treated as a new
decision-maker who decides greenness level eMT, recycling
rate τMT, and wholesale price wMT. Subsequently, R decides
service level sMT and retailer price pMT. In this case, alliance
MT and R play a Stackelberg game. -e alliance model is
formulated as

max
eMT ,τMT,wMT

􏽙
MT
mt

� w
MT

− cn + ΔτMT
􏼐 􏼑 Q − αp

MT
+ βe

MT
+ cs

MT
􏼐 􏼑

−
1
2
cge

MT2
− cRτ

MT2

s.t. max
sMT ,pMT

􏽙
MT
r

� p
MT

− w
MT

􏼐 􏼑 Q − αp
MT

+ βe
MT

+ cs
MT

􏼐 􏼑

−
1
2
css

MT2
.

(5)

By using the reverse induction, we obtain the optimal
results for themodel MT, which are described in Proposition
3.

Proposition 3. In the model MT, the optimal results are
given as eMT∗ � 2βcRcsϕ1/(2cRϕ2 − cgcsα2Δ2), sMT∗ � 2c

cRcgϕ1/(2cRϕ2 − cgcsα2Δ2), wMT∗ � cn + cg(4cRcsα − csα2
Δ2 − 2cRc2)ϕ1/(α(2cRϕ2 − cgcsα2Δ2)), pMT∗ � cn + cg(6cRcs

α − csα2Δ2 − 2cRc2)ϕ1/(α(2cRϕ2 − cgcsα2Δ2)), and τMT∗ �

αcgcsΔϕ1/(2cRϕ2 − cgcsα2Δ2).
5e proof is given in Appendix C.
And thus, the optimal demand and profit are shown as

DMT∗ � 2αcRcgcsϕ1/(2cRϕ2 − cgcsα2Δ2), 􏽑
MT∗
mt � cRcgcsϕ

2
1/

(2cRϕ2 − cgcsα2Δ2), and 􏽑
MT∗
r � 2c2Rc2gcs(2αcs − c2)ϕ21/

(2cRϕ2 − cgcsα2Δ2)
2.

5e optimal consumer surplus, environmental improve-
ment, and social welfare are shown as

CSMT∗
�

2αc
2
Rc

2
gc

2
sϕ

2
1

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑

2,

EIMT∗
�

4ceβc
2
Rc

2
sαcgϕ

2
1

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑

2,

SWMT∗
� 􏽙

MT∗

mt

+ 􏽙
MT∗

r

+CSMT∗
+ EIMT∗

.

(6)
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4.4.M,R, andTFormanAlliance (ModelC). In the model C,
M, R, and T form an alliance, in which a centralized planner
makes decisions of greenness eC, service level sC, recycling

rate τC, and retail price pC for all CLSC members to
maximize the CLSC profit. -e optimization problem is
formulated as

max
eC,sC,τC,pC

􏽙

C

c

� p
C

− cn + ΔτC
􏼐 􏼑 Q − αp

C
+ βe

C
+ cs

C
􏼐 􏼑 −

1
2
cge

C2
−
1
2
css

C2
− cRτ

C2
. (7)

By using the reverse induction, we obtain the optimal
results for the model C , which are described in Proposition
4.

Proposition 4. In the model C, the optimal results are given
as eC∗ � 2βcRcsϕ1/(2cRϕ3 − cgcsα2Δ2) sC∗ � 2cgccRϕ1/
(2cRϕ3 − cgcsα2Δ2), pC∗ � cn + cgcs(2cR − αΔ2)ϕ1/(2cRϕ3 −

cgcsα2Δ2), and τC∗ � Δαcgcsϕ1/(2cRϕ3 − cgcsα2Δ2).
5e proof is given in Appendix D.
And thus, the optimal demand and profit are shown as

DC∗ � 2αcRcgcsϕ1/(2cRϕ3 − cgcsα2Δ2) and 􏽑
C∗
c � cRcg

csϕ
2
1/(2cRϕ3 − cgcsα2Δ2).

-e optimal consumer surplus, environmental im-
provement, and social welfare are shown as

CSC∗
�

2αc
2
Rc

2
gc

2
sϕ

2
1

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑

2,

EIC∗ �
4ceβc

2
Rc

2
sαcgϕ

2
1

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑

2,

SWC∗
� 􏽙

C∗

c

+CSC∗
+ EIC∗.

(8)

4.5. Comparative Analysis of Equilibrium Results.
Comparing the optimal results in the above four models, we
obtain the following propositions.

Proposition 5. 5e retail price and transfer price in the four
models satisfy

(1) pC∗ <pMR∗ <pMT∗ <pD∗

(2) bD∗ � bMR∗

5e proof is given in Appendix E.

Proposition 5 shows that the retail price in the model C is
the lowest, while the retail price in the model D is the highest.
-e retail price in themodelMR is lower than that in themodel
MT. -e different double marginalization scenarios lead to
distinct retail prices. -is is because supply chain member
cooperation eliminates the impact of double marginalization.
Since R is closer to the target market, the MR alliance can
reduce the retail price more significantly. Moreover, the
transfer price paid byM to T in the model D is the same as that
in the model MR. -at is to say, the MR alliance strategy does
not affect the transfer price.-is is because the alliance strategy

ofM and R paysmore attention to the retail market. In order to
promote the recycling of T, the MR alliance strategy will
maintain the transfer price paid to T at a stable level.

Proposition 6. 5e greenness level, service level, and recy-
cling rate satisfy

(1) eD∗ < eMT∗ < eMR∗ < eC∗

(2) sD∗ < sMT∗ < sMR∗ < sC∗

(3) τD∗ < τMT∗ < τMR∗ < τC∗

5e proof is given in Appendix F.

Proposition 6 shows that the greenness level, service
level, and recycling rate are all the highest in the model C,
while they are all the lowest in the model D. -e greenness
level, service level, and recycling rate in the model MR are
higher than those in the model MT. -e different double
marginalization scenarios lead to distinct greenness levels,
service levels, and recycling rates. Under a decentralized
scenario, M offers the lowest greenness level, R offers the
lowest service level, and T′ recycling rate is the lowest.
Comparing MT alliance strategy, MR alliance strategy can
encourage M, R, and T to improve the greenness level,
service level, and recycling rate, respectively.

Proposition 7. 5e demand satisfies DD∗ <DMT∗ <
DMR∗ <DC∗.

5e proof is given in Appendix G.

Proposition 7 shows that the market demand in the model
D is the lowest, while it is the highest in the model C. -e
demand in the model MR is higher than that in the model MT.
-at is because, in themodel C, R sets the lowest retail price and
offers the highest service level, and M offers the highest
greenness level. Comparing the case under MTalliance strategy,
MR alliance strategy can increase the consumer demand.

Proposition 8. 5e profit of supply chain member satisfies

(1) 􏽑
D∗
t < 􏽑

MR∗
t and 􏽑

D∗
r < 􏽑

MT ∗
r

(2) 􏽑
D∗
m + 􏽑

D∗
r <􏽑

MR∗
mr and 􏽑

D∗
m + 􏽑

D∗
t <􏽑

MT∗
mt

(3) 􏽑
MT∗
mt <􏽑

MR∗
mr

(4) 􏽑
D∗
c < 􏽑

MT ∗
c < 􏽑

MR∗
c < 􏽑

C∗
c

5e proof is given in Appendix H.

Proposition 8 shows that comparing the decentralized
scenario, T can obtain higher profit under the MR alliance
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strategy. Similarly, comparing the decentralized scenario, R can
obtain higher profit under the MT alliance strategy. -at is to
say, MR or MT alliance strategy has a benefit for T or R. In
addition, comparing the case ofM and R that make their profit
maximization decisions, respectively, MR alliance strategy can
increase the total profit of M and R. Similarly, comparing the
case ofM and T that make their profit maximization decision,
respectively, MTalliance strategy can increase the total profit of
M and T. -e MR and MTalliance strategies have a benefit for
their members. Moreover, the total profit ofM and Tunder the
MT alliance strategy is lower than that of M and R under the
MR alliance strategy; i.e., the MR alliance strategy has more
benefit for its members than the MT alliance strategy. -e
CLSC profit in the model C is the highest, while the CLSC
profit in the model D is the lowest. Moreover, the CLSC profit
under the MR alliance strategy is higher than that under the
MT alliance strategy. -e double marginalization will damage
the efficiency of the CLSC in varying degrees. Alliance strategy
can alleviate this double marginalization.

Proposition 9. 5e consumer surplus, environmental im-
provement, and social welfare satisfy

(1) CSD∗ <CSMT∗ <CSMR∗ <CSC∗

(2) EID∗ <EIMT∗ <EIMR∗ <EIC∗

(3) SWD∗ < SWMT∗ < SWMR∗ < SWC∗

5e proof is given in Appendix I.

Proposition 9 shows that the consumer surplus, environ-
ment improvement, and social welfare are the lowest under the
decentralized scenario, while they the highest under the cen-
tralized scenario. -e consumer surplus, environmental im-
provement, and social welfare in themodelMR are higher than
those in the model MT, respectively. -e centralized scenario
has the most benefit for consumers, the environment, and
society. Comparing the case under MT alliance strategy, MR
alliance strategy has more benefit for consumers, environment,
and society; i.e., alliance strategy can improve the consumer
surplus, environmental damage, and social welfare.

5. Numerical Analysis

To illustrate the impact of alliance strategies on the per-
formance of the CLSC, consumer surplus, environmental
improvement, and social welfare, a numerical experimental
is given in this section. According to the previous as-
sumptions and parameter ranges, the parameters are setting
as Q � 20, b � 4, cn � 2, cr � 1, Δ � cn − cr � 1, c � 1, α � 5,
β � 2, cg � 2, cs � 1, and ce � 2. According to the as-
sumption cR >max (αΔ2/2),􏼈 (αcgcsΔ(Q − αcn + αΔ)/2
(2αcgcs − csβ

2 − cgc2))}, cR varied within the range of
[5, 10]. Firstly, the effect of alliance strategy on the CLSC
members’ profits is shown in Figure 2.

Figure 2 shows that, with the increase of recycling cost
coefficient cR, the profits of CLSC members, alliance, and
supply chain all decrease. -e increase in recycling costs is
disadvantageous to the CLSC operation. T should adopt new
technologies to reduce recycling costs. Moreover, comparing

the case under the decentralized scenario, alliance strategy
can effectively improve the profits of CLSC members and
total CLSC. MR alliance strategy can bring a higher profit for
its members than the MT alliance strategy. Under some
conditions, the MR alliance strategy can also increase the
CLSC’s profit. However, alliance strategy cannot make the
profit reach the level of the centralized scenario. It needs to
design a coordination contract to make all supply chain
members cooperate to improve the CLSC’s profit and
heighten the operational efficiency of CLSC.

-e impact of alliance strategy on consumer surplus,
environmental improvement, and social welfare is illustrated
in Figure 3.

From Figure 3, we can find that, with the increase of
recycling cost coefficient cR, the consumer surplus, envi-
ronmental improvement, and social welfare all decrease.-e
increase in recycling costs is disadvantageous to consumers,
the environment, and society. Under the centralized sce-
nario, the consumer surplus, environment improvement,
and social welfare are all the highest. But under the
decentralized scenario, they are the lowest. Comparing the
case under the decentralized scenario, the alliance strategy
can increase consumer surplus, environment improvement,
and social welfare while they cannot reach the level of the
centralized scenario. From the angle of the consumer, en-
vironment, and society, the MR alliance strategy is more
effective than the MT alliance strategy.

6. Managerial Insights

With the increase of environmental pollution, environ-
mental problems have been widely concerned by the gov-
ernment, enterprises, and consumers. Consumers’
purchasing behavior changes because of green preference. In
order to meet the green preference of consumers and un-
dertake the corporate social responsibility of environmental
improvement, many manufacturing enterprises begin to
invest in the R&D of green products. Retail enterprises try to
guide consumer green behavior by providing sales services.
Recycling enterprises also invest cost to actively carry out
recycling used products. Facing huge investment costs, al-
liance strategy is a solution to address green R&D and service
effort. -is article helps to develop a broader perspective
regarding profit maximization in a CLSC.

Since R has no direct contact with T, it will not form an
alliance. -ree alliance strategies are analyzed in this paper,
and a decentralized scenario is used as a benchmark model.
Comparing the decentralized scenario, alliance strategy can
promote demand, product R&D and recycling, and service
effort and improve CLSC’s profit, consumer surplus, envi-
ronmental quality, and social welfare.-e C alliance strategy
is always advantageous to the CLSC, consumer, environ-
ment, and society. -e MR alliance strategy is more effective
than the MT alliance strategy.

Alliance strategy in CLSC is an implementation issue
that needs to address carefully.-e effect of CLSCmembers
to form alliances needs to be identified. Implementation of
alliance decisions is essential for competitive as well as
advantages. -e proposed model explores that the
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decentralized scenario has no ability to improve the CLSC’s
operational efficiency. -e M, R, and T alliance is the best
strategy for CLSC, consumer, environment, and society,
but the centralized alliance strategy is an ideal state and

difficult to implement. Comparing the MTalliance strategy,
the MR alliance strategy has the ability to improve the
performance of CLSC, consumers, the environment, and
society.
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Figure 2: -e impact of alliance strategy on CLSC members’ profits.
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7. Conclusions

Based on a CLSC consisting ofM, R, and T, this paper takes
M and R forming an alliance, M and T forming an alliance,
and M, R, and T forming a centralized alliance into account
by considering the greenness and service effort. In the CLSC,
M produces and remanufactures products and wholesales
the new and remanufactured products to R. R sells the new
and remanufactured products to consumers. And T recycles
the used products from consumers and transfers them toM.
Considering different alliance strategies, four models D,
MR, MT, and C are constructed. Moreover, the effect of
alliance strategy on consumers, the environment, and so-
ciety is also analyzed.-e results show that (1) under alliance

strategy scenario, the greenness level, service level, and
recycling rate are higher than those under decentralized
scenario (no alliance), and (2) C centralized alliance strategy
generates the most CLSC’s profit, consumer surplus, envi-
ronmental improvement, and social welfare. -e MR alli-
ance strategy is more effective than the MTalliance strategy.
M always prefers MR alliance strategy.

-e above results show that the consumers are to be
attracted toward green product if the retail price is fair, and
product marketing and service effort are well implemented.
Although enterprises need to undertake the corporate social
responsibility of environmental protection, many enter-
prises are not being interested to produce and develop green
products and provide service effort because of high
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Figure 3: -e impact of alliance strategy on the consumer, environment, and society.
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investment. -is proposed model helps the management of
an enterprise to attract consumers to purchase more green
products by implementing proper pricing and alliance
strategies. -e findings from the results assure us that the
enterprise manager forms an alliance to give attention to the
green product development and service effort, which is a
benefit for CLSC, consumers, the environment, and society.

To capture the market for green products and using
alliance strategy, there are limitations of three societal actors:
enterprises, consumers, and government. Firstly, enterprises
need to balance the costs and benefits of green product
development and the benefit brought by alliance strategy. Its
objective is to maximize its own profits rather than social
welfare. Secondly, the purchase behavior of consumers
depends on the prices, services, and other factors. Con-
sumers also pay less attention to environmental issues and
less attention to the alliance strategy between CLSC mem-
bers. Only when green products can bring them more
benefits, they will choose to buy green products. Finally, the
government pays more attention to environmental issues,
but it does not pay attention to enterprise alliance strategy.
-e government can only restrict the behavior of enterprises
by making policies, and the restriction on consumer green
behavior is negligible.

However, government regulation is not a remedy for
green marketing and green products R&D. It is important to
appreciate that CLSC members forming alliances to develop
green products and provide services can be achievable, and it
can reduce the harm to the environment and society. Re-
cently, many enterprises form alliances to carry out green
products R&D and used products recycling as long as the
design of cooperation mechanism is reasonable. -e
implementation of the CLSC member alliance strategy not
only stimulates consumer demand but also solves envi-
ronmental and social issues. Generally speaking, environ-
mental issues can be solved by the market. As long as the
strategy can bring benefits to the enterprise, they will take
the initiative to implement it.

-ere are still some problems not considered in this
paper. Firstly, this article only considers the CLSC consisting

of one traditional retail channel. In reality, with the de-
velopment of the online channel, different recycling channel
modes and alliance strategies in dual-channel CLSC will be
investigated in future research. Secondly, this paper assumed
the new and remanufactured products are homogeneous
and consumers have the same preference for the two kinds of
products while some kinds of new and remanufactured
products are heterogeneous, and consumers have different
preferences for new and remanufactured products. It is
worthwhile to incorporate heterogeneous products and
market segmentation of consumers into the CLSC. Finally,
this paper only considers the third-party recycler responsible
for recycling used products. In practice, there exist many
recycling modes, such as retailer recycling, manufacturer
recycling, or forming alliances for recycling. Different
recycling modes will be considered to extend the proposed
model in future research.

Appendix

A. Proof of Proposition 1

In themodelD, the Hessianmatrix of􏽑
D
r in terms of pD and

sD is HD1 �
−2α c

c −cs

􏼢 􏼣. From the assumption

αcgcs > csβ
2 + cgc2, it can be shown that

|HD1
1 | � −2α< 0, |HD1

2 | � 2αcs − c2 > 0. -erefore, HD1 is
negative definite, and 􏽑

D
r is strictly concave with respect to

pD and sD. Since (z2 􏽑
D
t /zτD2) � −2cR < 0 , 􏽑

D
t is concave

on τD. It can be obtained from (z 􏽑
D
r /zpD) � 0,

(z 􏽑
D
r /zsD) � 0, and (z 􏽑

D
t /zτD) � 0 that pD �

((αcs − c2)w + cs(Q + βe))/(2αcs − c2), sD � c(Q + βe−

αw)/(2αcs − c2), and τD � αbcs(Q + βe − αw)/
(2cR(2αcs − c2)).

By substituting pD, sD, and τD into 􏽑
D
m, the Hessian

matrix of 􏽑
D
m in terms of wD, bD, and eD is

H
D2

�

−α2cs csα
2
b(b − Δ) + 2cR 2csα − c

2
􏼐 􏼑􏽨 􏽩

cR 2αcs − c
2

􏼐 􏼑
2

αβcs csα
2
b(b − Δ) + cR 2csα − c

2
􏼐 􏼑􏽨 􏽩

cR 2αcs − c
2

􏼐 􏼑
2

αβcs csα
2
b(b − Δ) + cR 2csα − c

2
􏼐 􏼑􏽨 􏽩

cR 2αcs − c
2

􏼐 􏼑
2

α2bβ2c2s (Δ − b) − cRcg 2αcs − c
2

􏼐 􏼑
2

cR 2αcs − c
2

􏼐 􏼑
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (A.1)
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From the assumptions cR > (αcgcsΔ(Q − αcn + αΔ)/
(2(2αcgcs − csβ

2 − cgc2))) and Δ> b> 0, it can be shown
that

H
D2
1

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 �
−α2cs csα

2
b(b − Δ) + 2cR 2csα − c

2
􏼐 􏼑􏽨 􏽩

cR 2αcs − c
2

􏼐 􏼑
2 < 0,

H
D2
2

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 �
α2cs α2bcgcs(b − Δ) + cRϕ2􏽨 􏽩

cR 2αcs − c
2

􏼐 􏼑
2 > 0.

(A.2)

-erefore, HD2 is negative definite, and 􏽑
D
m is strictly

concave with respect to wD and eD. It can be obtained from
(z 􏽑

D
m /zwD) � 0 and (z 􏽑

D
m /zeD) � 0 that

w
D

�
Qcg csα

2
b(b − Δ) + cR 2csα − c

2
􏼐 􏼑􏽨 􏽩 + cRcnαϕ3

α cgcsα
2
b(b − Δ) + cRϕ2􏽨 􏽩

,

e
D

�
cRβcsϕ1

cgcsα
2
b(b − Δ) + cRϕ2

.

(A.3)

Substituting wD and eD into 􏽑
D
m, we have bD∗ � (Δ/2).

Substituting bD∗ � (Δ/2) into wD, eD, pD, sD, and τD, we
have

e
D∗

�
4βcscRϕ1

4cRϕ2 − α2cgcsΔ
2,

s
D∗

�
4ccRcgϕ1

4cRϕ2 − α2cgcsΔ
2,

w
D∗

� cn +
cg 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
α 4cRϕ2 − α2cgcsΔ

2
􏼐 􏼑

,

p
D∗

� cn +
cg 12cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
α 4cRϕ2 − α2cgcsΔ

2
􏼐 􏼑

,

τD∗
�

αcgcsΔϕ1
4cRϕ2 − α2cgcsΔ

2.

(A.4)

B. Proof of Proposition 2

In the model MR, since (z2 􏽑
MR
t /zσMR2) � −2cR < 0, ΠMR

t is
concave on τMR. It can be obtained from (z 􏽑

MR
t /zτMR) � 0

that τMR � (b(Q + βe − αp + cs)/2cR). Substituting τMR into
􏽑

MR
mr , we have

H
MR1

�

−α αb
2

− αΔb + 2cR􏼐 􏼑

cR

c αb
2

− αΔb + cR􏼐 􏼑

cR

β αb
2

− αΔb + cR􏼐 􏼑

cR

c αb
2

− αΔb + cR􏼐 􏼑

cR

− b
2
c
2

− Δbc
2

+ cRcs􏼐 􏼑

cR

−bβc(b − Δ)
cR

β αb
2

− αΔb + cR􏼐 􏼑

cR

−bβc(b − Δ)
cR

− b
2β2 − Δbβ2 + cRcg􏼐 􏼑

cR

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (B.1)

From the assumptions cR > (αcgcsΔ(Q − αcn + αΔ)/
(2(2αcgcs − csβ

2 − cgc2))) and Δ> b> 0, it can be shown
that

H
MR1
1

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 �
−α αb

2
− αΔb + 2cR􏼐 􏼑

cR

< 0,

H
MR1
2

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 �
csα

2
b(b − Δ) + cR 2csα − c

2
􏼐 􏼑

cR

> 0,

H
MR1
3

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 �
− cgcsα

2
b(b − Δ) + cRϕ3􏼐 􏼑

cR

< 0.

(B.2)

-erefore, HMR1 is negative definite, and 􏽑
MR
mr is strictly

concave with respect to pMR, sMR, and eMR. It can be ob-
tained from (z􏽑

MR
mr /zpMR) � 0, (z􏽑

MR
mr /zsMR) � 0, and

(z􏽑
MR
mr /zeMR) � 0 that

p
MR

�
Qcgcs αb

2
− αΔb + cR􏼐 􏼑 + cRcn ϕ3 − αcgcs􏼐 􏼑

cgcsα
2
b(b − Δ) + cRϕ3

,

s
MR

�
cRccg Q − αcn( 􏼁

cgcsα
2
b(b − Δ) + cRϕ3

,

e
MR

�
cRβcs Q − αcn( 􏼁

cgcsα
2
b(b − Δ) + cRϕ3

.

(B.3)
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Substituting pMR, sMR, and eMR into 􏽑
D
m, we have

bMR∗ � (Δ/2). Substituting bMR∗ � (Δ/2) into pMR, sMR,
eMR, and τMR, we have

e
MR∗

�
4βcRcsϕ1

4cRϕ3 − α2cgcsΔ
2,

s
MR∗

�
4cRcgcϕ1

4cRϕ3 − α2cgcsΔ
2,

p
MR∗

� cn +
cgcs 4cR − αΔ2􏼐 􏼑

4cRϕ3 − α2cgcsΔ
2,

τMR∗
�
Δαcgcsϕ1

4cRϕ3 − α2cgcsΔ
2.

(B.4)

C. Proof of Proposition 3

In the model MT, the Hessian matrix of 􏽑
MT
r in terms of

pMT and sMT is HMT1 �
−2α c

c −cs

􏼢 􏼣. From the assumption

αcgcs > csβ
2 + cgc2, it can be shown that |HMT1

1 | � −2α< 0
and |HMT1

2 | � 2αcs − c2 > 0. -erefore, HMT1 is negative
definite, and 􏽑

MT
r is strictly concave with respect to pMT and

sMT. It can be obtained from (z 􏽑
MT
r /zpMT) � 0 and

(z 􏽑
MT
r /zsMT) � 0 that pMT � (Qcs + βcse + αcsw − wc2)/

(2αcs − c2) and sMT � c(Q + βe − αw)/(2αcs − c2).
By substituting pMT and sMT into 􏽑

MT
mt , the Hessian

matrix of 􏽑
MT
mt in terms of wMT,τMT, andeMT is

H
MT2

�

−2α2cs

2αcs − c
2
Δα2cs

c
2

− 2αcs

αβcs

2αcs − c
2

Δα2cs

c
2

− 2αcs

−2cR

Δαβcs

2αcs − c
2

αβcs

2αcs − c
2
Δαβcs

2αcs − c
2 −cg

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (C.1)

It can be shown that|HMT2
1 |> 0, |HMT2

2 |> 0, and
|HMT2

3 |< 0. -erefore, HMT2 is negative definite, and 􏽑
MT
mt is

strictly concave with respect to wMT, τMT, and eMT. It can be

obtained from (z􏽑
MT
mt /zwMT) � 0, (z􏽑

MT
mt /zτ

MT) � 0, and
(z􏽑

MT
mt /zeMT) � 0 that

w
MT∗

� cn +
cg 4cRcsα − csα

2Δ2 − 2cRc
2

􏼐 􏼑ϕ1
α 2cRϕ2 − cgcsα

2Δ2􏼐 􏼑
,

τMT∗
�

αcgcsΔϕ1
2cRϕ2 − cgcsα

2Δ2
,

e
MT∗

�
2βcRcsϕ1

2cRϕ2 − cgcsα
2Δ2

.

(C.2)

Substituting wMT∗, τMT∗, and eMT∗ into pMT and sMT, we
have

p
MT∗

cn +
cg 6cRcsα − csα

2Δ2 − 2cRc
2

􏼐 􏼑ϕ1
α 2cRϕ2 − cgcsα

2Δ2􏼐 􏼑
,

s
MT∗

�
2ccRcgϕ1

2cRϕ2 − cgcsα
2Δ2

.

(C.3)

D. Proof of Proposition 4

In themodelC, theHessianmatrix of􏽑
C
c in terms ofpC, sC ,τC,

and eC is HC �

−2α c −αΔ β
c −cs Δc 0

−αΔ Δc −2cR βΔ
β 0 βΔ −cg

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. It can be shown that

􏽑
C
c is strictly concave with respect to pC, sC, τC, and eC. From

(z 􏽑
C
c /zpC) � 0, (z 􏽑

C
c /zsC) � 0, (z 􏽑

C
c /zτC) � 0, and

(z 􏽑
C
c /zeC) � 0, we have

p
C∗

� cn +
cgcs 2cR − αΔ2􏼐 􏼑ϕ1
2cRϕ3 − cgcsα

2Δ2
,

s
C∗

�
2cgccRϕ1

2cRϕ3 − cgcsα
2Δ2

,

τC∗
�
Δαcgcsϕ1

2cRϕ3 − cgcsα
2Δ2

,

e
C∗

�
2βcRcsϕ1

2cRϕ3 − cgcsα
2Δ2

.

(D.1)
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E. Proof of Proposition 5

(1) Comparing the optimal retail prices in the four
models, we have

p
MR∗

− p
C∗

�
2αcRcgcsΔ

2 αcgcs − csβ
2

− cgc
2

􏼐 􏼑ϕ1
4cRϕ3 − α2cgcsΔ

2
􏼐 􏼑 2cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

p
MT∗

− p
MR∗

�
2cRcg αcgcs − csβ

2
− cgc

2
􏼐 􏼑 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
α 2cRϕ2 − cgcsα

2Δ2􏼐 􏼑 4cRϕ3 − α2cgcsΔ
2

􏼐 􏼑
> 0,

p
D∗

− p
MT∗

�
2αcRcgcsΔ

2 αcgcs − csβ
2

− cgc
2

􏼐 􏼑ϕ1
4cRϕ2 − α2cgcsΔ

2
􏼐 􏼑 2cRϕ2 − cgcsα

2Δ2􏼐 􏼑
> 0,

(E.1)

andthus pC∗ <pMR∗ <pMT∗ <pD∗.
(2) Comparing the optimal transfer prices in the models

D and MR, we have bD∗ � bMR∗ � (Δ/2).

F. Proof of Proposition 6

(1) Comparing the optimal green levels of products in
the four models, we have

e
MT∗

− e
D∗

�
2α2βcRcgc

2
sΔ

2ϕ1
2cRϕ2 − cgcsα

2Δ2􏼐 􏼑 4cRϕ2 − α2cgcsΔ
2
−􏼐 􏼑
> 0,

e
MR∗

− e
MT∗

�
2βcRcgcs 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
4cRϕ3 − α2cgcsΔ

2
􏼐 􏼑 2cRϕ2 − cgcsα

2Δ2􏼐 􏼑
> 0,

e
C∗

− e
MR∗

�
2α2βcRcgc

2
sΔ

2ϕ1

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑 4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

(F.1)

and thus eD∗ < eMT∗ < eMR∗ < eC∗.
(2) Comparing the optimal service efforts in the four

models, we have

s
MT∗

− s
D∗

�
2α2cRc

2
gcsΔ

2
cϕ1

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑 4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

s
MR∗

− s
MT∗

�
2cRc

2
gc 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
2cRϕ3 − cgcsα

2Δ2􏼐 􏼑 4cRϕ3 − cgcsα
2Δ2􏼐 􏼑
> 0,

s
C∗

− s
MR∗

�
2α2cRc

2
gcsΔ

2
cϕ1

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑 4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

(F.2)

thus sD∗ < sMT∗ < sMR∗ < sC∗.
(3) Comparing the optimal recycle rates in the four

models, we have

τMT∗
− τD∗

�
2αcRcgcsΔϕ1ϕ2

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑 4cRϕ2 − cgcsα

2Δ2􏼐 􏼑
> 0,

τMR∗
− τMT∗

�
2αβ2cRcgc

2
sΔϕ1

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑 4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

τC∗
− τMR∗

�
2αcRcgcsΔϕ1ϕ2

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑 4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
,

(F.3)

and thus τD∗ < τMT∗ < τMR∗ < τC∗

G. Proof of Proposition 7

Comparing the optimal market demands in the four models,
we have

D
MT∗

− D
D∗

�
2α3cRc

2
qc

2
sΔ

2ϕ1
2cRϕ2 − cgcsα

2Δ2􏼐 􏼑 4cRϕ2 − cgcsα
2Δ2􏼐 􏼑
> 0,

D
MR∗

− D
MT∗ 2αcRc

2
gcs 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑ϕ1
2cRϕ2 − cgcsα

2Δ2􏼐 􏼑 4cRϕ3 − cgcsα
2Δ2􏼐 􏼑

,

D
C∗

− D
MR∗

(G.1)

and thus DD∗ <DMT∗ <DMR∗ <DC∗
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H. Proof of Proposition 8

Comparing the profits of CLSCmembers in the four models,
we have

􏽙
MR∗
t

− 􏽙
D∗
t

�
8α2c2Rc

3
gc

2
sΔ

2ϕ21 2αcs − c
2

􏼐 􏼑 12cRcgcsα − cgcsα
2Δ2 − 4cRcsβ

2
− 6cRcgc

2
􏼐 􏼑

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑

2
4cRϕ2 − cgcsα

2Δ2􏼐 􏼑
2 > 0,

􏽙
MT∗
r

− 􏽙
D∗
r

�
2α2c2Rc

3
gc

2
sΔ

2ϕ21 2αcs − c
2

􏼐 􏼑 32cRcgcsα − 3cgcsα
2Δ2 − 8cRcsβ

2
− 16cRcgc

2
􏼐 􏼑

2cRϕ2 − cgcsα
2Δ2􏼐 􏼑

2
4cRϕ2 − cgcsα

2Δ2􏼐 􏼑
2 > 0,

􏽙
MR∗
mr

− 􏽙
D∗
m

− 􏽙
D∗
r

�
32c

3
Rc

3
gcs 2αcs − c

2
􏼐 􏼑

2
ϕ21

4cRϕ2 − cgcsα
2Δ2􏼐 􏼑

2
4cRϕ3 − cgcsα

2Δ2􏼐 􏼑
> 0,

􏽙
MT∗
mt

− 􏽙
D∗
m

− 􏽙
D∗
t

�
2α2c2Rc

2
gc

2
sΔ

2ϕ21ϕ2
2cRϕ2 − α2cgcsΔ

2
􏼐 􏼑 4cRϕ2 − α2cgcsΔ

2
􏼐 􏼑

2 > 0,

􏽙
MR∗
mr

− 􏽙
MT∗
mt

�
cRc

2
gcsϕ

2
1 8cRcsα − csα

2Δ2 − 4cRc
2

􏼐 􏼑

4cRϕ3 − α2cgcsΔ
2

􏼐 􏼑 2cRϕ2 − cgcsα
2Δ2􏼐 􏼑
> 0.

(H.1)

-e profit of the CLSC in the four models is
􏽑

MR ∗
c � 􏽑

MR∗
mr + 􏽑

MR∗
t , 􏽑

MT∗
c � 􏽑

MT∗
mt + 􏽑

MT∗
r , and

􏽑
D∗
c � 􏽑

D∗
m + 􏽑

D∗
r + 􏽑

D∗
t , since 􏽑

MR∗
mr − 􏽑

D∗
m −

􏽑
D∗
r > 0, 􏽑

MT∗
mt − 􏽑

D∗
m − 􏽑

D∗
t > 0, 􏽑

MR ∗
t > 􏽑

D∗
t , and

􏽑
MT∗
r > 􏽑

D∗
r ; hence 􏽑

MR ∗
c > 􏽑

D∗
c , and 􏽑

MT∗
c > 􏽑

D∗
c .

It also can be easily verified that

􏽙
C∗
c

− 􏽙
MR∗
c

�
2α2c2Rc

2
gc

2
sΔ

2ϕ2
1ϕ3

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑 α2cgcsΔ

2
− 4cRϕ3􏼐 􏼑

2 > 0,

􏽙
C∗
c

− 􏽙
MT∗
c

�
4c

3
Rc

3
gcs c

2
+ 2αcs􏼐 􏼑

2
ϕ21

2cRϕ3 − cgcsα
2Δ2􏼐 􏼑 cgcsα

2Δ2 − 2cRϕ2􏼐 􏼑
2 > 0.

(H.2)

I. Proof of Proposition 9

According to the previous conclusion
DD∗ <DMT∗ <DMR∗ <DC∗ and CS � 􏽒

(Q+βe+cs/α)

(Q−D+βe+cs/α)
Q − αp􏼈

+βe + cs}dp � (D2/2α), we have CSD∗ <CSMT∗ <CSMR∗

<CSC∗.
According to the previous conclusion eD∗ < eMT∗ < eMR∗

< eC∗, DD∗ <DMT∗ <DMR∗ <DC∗, and EI � ceeD, we have
EID∗ <EIMT∗ <EIMR∗ <EIC∗.

According to the previous conclusion
􏽑

D∗
c < 􏽑

MT∗
c < 􏽑

MR∗
c < 􏽑

C∗
c and SW � 􏽑c + CS + EI,

we have SWD∗ < SWMT∗ < SWMR∗ < SWC∗.
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