
sustainability

Article

A Sustainability Analysis on Retailer’s Sales Effort in
A Closed-Loop Supply Chain

Dexiang Yang 1, Lei Zhang 2,3,*, Ying Wu 4,†, Sidai Guo 3,†, Hua Zhang 3,† and Lijian Xiao 2

1 College of Management Science, Chengdu University of Technology, Chengdu 610059, China;
ydx@cdut.edu.cn

2 School of Management and Economics, University of Electronic Science and Technology of China,
Chengdu 611731, China; devinxiaolj@gmail.com

3 Sichuan Province Cyclic Economy Research Center, Mianyang 621010, China; guosidai@swust.edu.cn (S.G.);
zhanghua@swust.edu.cn (H.Z.)

4 Management School, Chongqing University of Science and Technology, Chongqing 401331, China;
wuyingcq@foxmail.com

* Correspondence: mouclim@uestc.edu.cn
† These authors contributed equally to this work.

Received: 9 December 2018; Accepted: 14 December 2018; Published: 20 December 2018
����������
�������

Abstract: With the development of the Internet, many brand name manufacturers including Apple,
Lenovo, and Canon offer remanufactured products through their official website. Confronting the
competition from remanufactured products that are available from the manufactured-owned channel,
more and more retailers have recognized that customer service level is one of the most important
performance metrics and have aggressively attempted to obtain larger market shares by providing
high levels of post-sale services. Although numerous researchers have studied various competitive
strategies in remanufacturing, to the best of our knowledge, there is little research highlighting
whether and how economic performance and sustainability issues related to remanufacturing
operations are affected by the retailer’s service levels. In this paper, we fill this gap by developing
two models for the closed-loop supply chain where all remanufactured products are available from
the manufactured-owned channel, while the equilibrium behavior of the retailer can be characterized
under two possible scenarios: (1) Confronting the cannibalization from direct channels where the
retailer only responds on prices (i.e., Model P); or (2) on providing competitive prices and high service
levels for new products (i.e., Model S). Our analysis suggests that, from managers’ perspective, if the
manufacturers care more about economic benefits, encouraging the retailer to provide higher levels of
post-sale services is a beneficial strategy. If they are more concerned with environmental performance,
Model P is preferred. However, from the angle of environmental groups and agencies, if the level of
eco-centrism is too pronounced, though Model S has a greater profitability for both parties, a more
significant welfare loss due to environmental hazard is perceived by the society. As a result, besides
avoiding indulging in overproducing on new products, environmental groups and agencies should
take emissions trading or taxation into consideration to stimulate remanufacturing operations.

Keywords: remanufacturing operations; service levels; economic performance; environmental
impacts; consumer welfare

1. Introduction

The rapid development of technology tends to shorten the life cycle of many products [1]. This
tendency is particular noticeable in the waste electrical and electronic equipment (WEEE). For example,
the expected waste of computers, TV-sets, fridges, and phones is expected to grow to more than 12
million tons by 2020. If not properly managed, such large quantities of WEEEs will result in heavy
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problems for our environment and health. To improve the environmental performance and to increase
profit margins, recycling and/or remanufacturing the end-of-life products is essential [2]. For instance,
Xerox has succeeded in running its remanufacturing operations in the USA, UK, the Netherlands,
Australia, Mexico, Brazil, and Japan. Similar cases can be observed in the Apple Corporation [3],
IBM [4], Canon [5], and HP [6], etc.

In contrast to the forward supply chain that involves the raw material and product flows from
manufacturers to final consumers, the reverse supply chain usually associates with reverse product
streams, in which manufacturers collect used products from consumers. When the forward and
reverse supply chains are integrated, they constitute a closed-loop supply chain [7–9]. Although the
closed-loop supply chain can be given a green environment and resource preservation reputation,
incorporating recycling and remanufacturing into existing business processes poses several questions
for operational decisions [10,11]. For example, a combination of marketing and remarketing for new
and remanufactured products may lead retailers’ irrational behavior in product distribution [11]. For
example, in a 17 April 2009 lawsuit filed by Dell in the New York district court, Tiger, an authorized
retailer of Dell’s new products until May 2007, was accused of selling remanufactured Dell products
including laptops, desktop computers, peripherals, and related computers parts that were purchased
from other resellers while claiming they were brand new and shuttled directly from Dell. In this
lawsuit, Dell further filed for an injunction on Tiger for using any of its materials and to recover
three times the profits Tiger made for their alleged wrongful actions and for unspecified damages
to Dell [12]. A similar case has also appeared in the Chinese market, in July 2010, a staff member
from Gao Hongheng Chang Technology Co., one of the biggest retailers and authorized after-sales
servicers of HP, revealed to the media that the latter hoodwinked its consumers by offering HP’s
remanufactured personal computers that were claimed as new [13].

Consequently, rather than distributing both products through a common retailer, the manufacturer
usually remarkets the remanufactured products through dedicated channels [11,14]. For example,
after undergoing a rigorous refurbishment process to make sure the products are up to Apple’s
high standards, the Apple Corporation distributes its remanufactured products on its official
website (www.apple.com) and pushes its standard one-year limited warranty [3]. Similarly, Lenovo
also provides all of its remanufactured laptops, desktops, tablets, and workstations, through its
official website (shop.lenovo.com.cn) in the Chinese market. In particular, with the development of
e-commerce, more and more well-known manufacturers such as Dell [15], Canon [16], and Bosch
Tools [17], have created dedicated channels to offer remanufactured items through their official
websites. Selling remanufactured products through manufacturer-owned channels is becoming more
and more prevalent in many industries [14].

Undoubtedly, although the remanufactured products are usually valued much lower by
consumers, a combination of marketing and remarketing for new and remanufactured products in a
closed-loop supply chain would induce a coexistence of cooperation and competition, i.e., coopetition
relationship, between the manufacturer and its retailers. That is, on the one hand, the manufacturer
is the supplier for traditional retailers who resell all new products in the market. Thus, they should
cooperate with each other to create value on new products marketing. On the other hand, the
manufacturer is also a competitor of the traditional retailers, as the substitutes (the remanufactured
products) are available from the manufacturer-owned channel. As such, they would compete with each
other when different products are distributed through differentiated channels. The latter is particularly
true under the circumstances that, compared to the traditional retail channel, the online direct channel
has many advantages, including involving fewer middlemen, higher control efficiency, decreased risks
of overstock, etc. [18].

As a result, retailers have naturally taken various measures to respond to the competition from
remanufactured products that are sold through the manufactured-owned channels. For example,
to confront the fierce competition from online channels, in the computer and electronics industry,
more and more traditional retailers are aggressively attempting to obtain larger market shares by
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providing higher levels of post-sale services [19]. Even if most traditional retailers do not yet advertise
their service levels, “customer service level” has been recognized by retail executives as one of the
most important performance metrics, ahead of traditional key measures such as “sales per selling
square foot” [20]. The discussion above raises a question of whether the economic performance and
sustainability issues related to remanufacturing operations are affected by the retailer’s service levels.

To answer this fundamental research question, in this paper, we developed two theoretical
models where all remanufactured products were available from a manufactured-owned channel,
while the equilibrium behavior of traditional retailers was characterized under two possible scenarios.
(1) Confronting the cannibalization from the manufacturer-owned channel, the retailer only responds
on prices (i.e., Model P); and/or (2) the retailer competes with the remanufactured products by using
competitive prices and high service levels (i.e., Model S). Using both models, we aimed to answer the
following questions:

(1) From the economic performance perspective, how do the retailer differentiated response strategies
affect the profitability of the manufacturer, retailer, and industry?

(2) From the environmental sustainability perspective, how do the retailer differentiated response
strategies affect the sustainability issues related to our environment?

(3) From the social welfare perspective, how do the retailer differentiated response strategies affect
the welfare issues related to our society?

We found that from the economic performance perspective, both parties benefited more under
Model S when the retailer responded to the competition from remanufactured products with a mix of
price and service simultaneously. Conversely, from the environmental sustainability and consumer
welfare perspectives, our analysis indicated that competing with Model P, the retailer responses
with a mix of price and service were always detrimental to environmental sustainability and may
also hurt consumer welfare. As a result, our analysis suggests that, from managers’ perspective, if
the manufacturers care more about economic benefits, encouraging the retailer to provide higher
levels of post-sale services is a beneficial strategy. If they are more concerned with environmental
performance and/or consumer welfare, necessary measures should be taken to control retailers’
aggressive promotion service in new products marketing. However, from the environmental groups
and agencies angle, if the level of eco-centrism is too pronounced, though Model S has greater
profitability for both parties, a more significant welfare loss due to environmental hazard is perceived
by the society. As a result, besides avoiding the tendency to indulge in overproducing on new products,
environmental groups and agencies should take emissions trading or taxation into consideration when
stimulating remanufacturing operations.

Our overall contribution is therefore as follows. On the one hand, although there are numerous
researchers (see Yan et al. [11] and references therein) who have studied the coopetition relationship
between the manufacturer and its retailers in a closed-loop supply chain, to the best of our knowledge,
there has been little research addressing whether and how the economic performance and sustainability
issues related to remanufacturing operations are affected by the retailer’s service levels. To fill this gap,
the retailer’s sales effort was taken into account in the closed-loop supply chain. On the other hand,
despite sales efforts having been well studied in the forward supply chain (see Rubel and Prasad [21]
and references therein), little is known about whether and how the influences of a retailer’s service
levels on the manufacturer’s remarketing strategies, which impacts the economic and sustainability
outcomes related to a closed-loop supply chain.

The remainder of this paper is organized as follows. Section 2 reviews the related literature.
Section 3 outlines the problem setting and formulates both models. Section 4 analyzes both models
and drives the main results from the economic, environmental sustainability, and social welfare
perspectives, respectively. Section 5 concludes our work and provides future research directions.
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2. Literature Review

The first related area of literature is on the coopetition relationship in closed-loop supply chains.
For example, Turki and Rezg [10] provided an optimal design for a manufacturing/remanufacturing
system that differentiates between new and remanufactured products and sorts the used products
into three quality levels and determined the optimal storage capacities and production decisions
regarding new and remanufactured products while considering carbon emissions. Li et al. [22]
examine the influences of vertical and horizontal cooperation models on the optimal decisions
and performance of a low-carbon closed-loop supply chain with a manufacturer and two retailers
and found that the completely centralized model was best in all optimal decision results among
all models. Wang et al. [1] examines the benefit of the reward-penalty mechanism (RPM) in a
closed-loop supply chain that composes with a manufacturer and its collector and shows that the
manufacturer prefers remanufacturing with RPM if the target collection rate is below a threshold; but
the opposite is true if the target collection rate is too high. Turki et al. [8] highlight the optimization of
a manufacturing– remanufacturing–transport–warehousing closed-loop supply chain and intend to
evaluate the optimal capacities of manufacturing stock, purchasing warehouse and the vehicle, as well
as the optimal value of returned used end-of-life products. He and Zhang [9] and Govindan et al. [23]
provided comprehensive literature reviews on the coopetition relationship in closed-loop supply chain
management. As mentioned earlier, although numerous researchers have studied remanufacturing,
to the best of our knowledge, none of the above literature has highlighted whether and how the
economic performance and sustainability issues related to remanufacturing operations are affected by
the retailer’s service levels.

The second related area of literature is on the retailer’s sales efforts in the forward supply chain.
In particular, Rubel and Prasad [21] propose a dynamic model with present selling efforts, drive sales
and show that a salesperson with low risk aversion exerts effort to decrease attrition from existing
business, whereas a salesperson with high risk aversion does not. Martin-Herran and Sigue [24]
then develop a model where, besides pricing decisions, the retailer and manufacturer can set their
advertising and cooperative advertising support rates for each period and reveal that the manufacturer
may change his advertising support over time depending on the nature of the long-term effects of
retailer advertising. Subsequently, Wang et al. [25] focus on the manufacturer’s two main customer
satisfaction incentives for the retailer: customer satisfaction index bonus (CSI bonus) and customer
satisfaction assistance (CS assistance) and find that, if the manufacturer has weak market pricing power,
then she should only offer CS assistance but not CSI bonus to the retailer when the market wholesale
price is relatively low. Meanwhile, Lou and Ma [26] study the complexity of sales efforts and carbon
emission reduction efforts in a Bertrand household appliance supply chain system and suggest that the
adjustments of price would affect the stability and profits much more than the sales effort and carbon
emission reduction effort in all three game structures. We refer interested readers to Karray et al. [27]
for a complete discussion on the sales efforts in the forward supply chains. As mentioned earlier,
although the sales efforts in the retail market have been well studied in the above literature, little
is known about whether and how the influences of a retailer’s service levels on the manufacturer’s
remarketing strategies, which impacts on economic and sustainability outcomes related to closed-loop
supply chain.

In recent years, several researchers have begun to address the promotional efforts that encourage
the returns of used cores for remanufacturing. For example, De and Zaccour [28] considered a
two-period closed-loop supply chain model where a remanufacturer appropriates the returns’ residual
value and decides whether to exclusively manage the end-of-use product collection or to outsource
it to either a retailer or a third-service provider. Gao et al. [29] investigated the optimal decisions
of a collection effort and pricing under different channel power structures, namely manufacturer
Stackelberg, vertical Nash, and retailer Stackelberg and showed that the manufacturer may also benefit
when the demand expansion effectiveness of the collection effort is large enough. Das and Dutta [30]
developed a market-driven recovery framework for acquiring the used products from consumers and
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showed that there was a trade-off between manufacturing/remanufacturing cost, penalty cost for
not fulfilling the legislation criterion, and collection cost due to the employment of the promotional
offer. The above literature analyzed the promotional efforts in product collection, thus ignored the
potential roles of sales efforts played by the retailers in the forward channels. In other words, they
did not pay any attention to whether the economic performance and sustainability issues related to
remanufacturing operations were affected by the retailer’s service levels. This is exactly the issue
we seek to address here. More specifically, in contrast to these studies, in our models, rather than
highlighting on the collection effort that encourages the return of used cores for remanufacturing, we
focused on whether (how) the retailer’s sales efforts affected the economic, environmental, and social
performance, respectively.

In particular, our work was closely related to Jena and Sarmah [31], who addressed two
manufacturers competing on price and service to sell their substitutable products (new and
remanufactured products) through a common retailer, and provided service directly to the end
customers. It should be noted that, our study was different to theirs in several important aspects.
First, rather than assuming that the remanufacturing operations could be undertaken by another
remanufacturer, we let all remanufactured products be produced by the manufacturer. This is
consistent with the fact that manufacturers may adopt appropriate remanufacturing patent laws to
protect their remanufacturing operations [32]. Second, they assumed that both manufacturers provided
service directly to the end customers. However, in reality, intermediaries play an important role in
the distribution of products [33], thus, we provided an alternative and somewhat complementary
research perspective to address whether and how the retailer’s service levels impacted on the economic
performance and sustainability issues related to remanufacturing operations. Third, they assumed that
the market demands were undifferentiated between new and remanufactured products. In contrast,
we assumed that the consumers’ willingness to pay for remanufactured products was lower than that
of new units, which is supported by empirical evidence that remanufactured products are usually
valued much lower by consumers [34].

3. The Model

We considered two models where the manufacturer would produce both products (i.e., new and
remanufactured products) and sell remanufactured products directly through its owned channels,
while the equilibrium behavior of the traditional retailer would be characterized under two possible
scenarios. (1) Confronting the competition from direct channels, the retailer only responds on prices
(i.e., Model P); and/or (2) the retailer competes with the manufacturer by offering competitive prices
and high service levels (i.e., Model S). The notations of all related parameters are listed in Table 1. We
then lay out our assumptions as follows.

Table 1. Notations in both models.

Notation Definition

δ The consumer value discount for remanufactured products
s The level of service available from the retail channel

ci
The unit cost for distributing product i, where subscript i ∈ (n, r) refers to
the new and remanufactured product, respectively.

di The unit cost for marking a new and remanufactured product, respectively.

qj
i

The quantity of product i under Model j, where superscript j ∈ (P, S) refers
to Model P and Model S, respectively.

wj
n The wholesale price of new product in Model j.

π
j
k

The player k’s profit under Model j, where k ∈ (M, R) refer to the
manufacturer and retailer, respectively.

Ej The environmental impacts in Model j.
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Assumption 1. All decisions are considered in a steady state period: the manufacturer announces the wholesale
price for new products (wn) to the retailer who responds with the optimal units/levels of products/services (qn/s)
that are available from the retail channel. Subsequently, the manufacturer encroaches into the retail market by
offering the remanufactured products with qr.

Like Yan et al. [35] and Xiong et al. [36], our analysis is on a steady state period, which means
both products are introduced to the market repeatedly.

Assumption 2. Consumers’ valuation v about the new product is heterogeneous. Specifically, it is uniformly
distributed in a market with the size normalized to 1, i.e., v ∼ U[0, 1].

Assumption 3. We assumed that the willingness-to-pay ratio of a remanufactured product to a new one was
δ ∈ (0, 1).

We focus on a market in which consumer heterogeneity is uniformly distributed on willingness
to pay [11,35]. Following Xiong et al. [36] and Zou et al. [37], we assume all consumers value
remanufactured products lower than that of new products; i.e., δ ∈ (0, 1). More specifically, in both our
models, a consumer, who values v for the new product, has a valuation of δv for the remanufactured
one. That is, if δ = 0, a consumer of type v for a new product would view the remanufactured one as
a product without any substitution for the new one. Conversely, if δ = 1, all consumers would find
that the remanufactured product is a perfect substitute for the new one and pay the same amount for
the former.

Assumption 4. The consumers’ willingness-to-pay for a new product was affected by the retailer’s sales efforts
(s), which accompanied the sales promotional cost that is convex increasing with the sales efforts, 1

2 ks2.

Note that in both models, we allowed all consumers to appear as a vertical heterogeneity in the
individual consumer’s willingness-to-pay for new and remanufactured products [35,38]. Assumption 4
indicates that the retailer can achieve higher consumer satisfactions by providing higher service
efforts (s), which accompanied a quadratic function of service levels, 1

2 ks2, where k is the scaling
parameter [39–41].

Based on Assumption 2–4, we can thus derive the inverse demand functions for new and
remanufactured products as follows: (we refer the reader to Yan [35] for the detailed derivation.)

pn = 1− qn − δqr + s
pr = δ(1− qn − qr)

(1)

Assumption 5. The unit cost of making a remanufactured product was less than that of producing a new one
(i.e., dr < dn).

Assumption 5 reflects the fact that remanufacturing is a low-cost alternative to producing [35,36].
For simplicity, like in Arya et al. [42] and Xiong et al. [43], we set cp = c > cm = 0.

Assumption 6. The cost of selling a new product via the traditional retail channel was cn, while the unit cost of
selling a remanufactured product through the manufacturer-owned direct channel was cr.

As per prior research in Yan et al. [11], we divide the cost of selling new products into two parts:
the unit cost for distributing new products and the cost of sales efforts. A similar division is quite
common in the marketing domain (see e.g., Karray and Zaccour [39] and Desai [41]).

3.1. Retailer Only Responses with Prices (Model P)

The consequence of the game theory between both parties is as follows. First, the manufacturer
announces the wholesale prices of new products (wP

n ) to the retailer, who maximizes its profits by
determining the optimal units of the new products (qp

n). Finally, observing the retailer’s response
for the optimal wholesale price, the manufacturer chooses the optimal quantities of remanufactured
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products (qp
r ) sold through its own direct channel. To determine the subgame perfect equilibrium, we

solved the problem with backward induction. Then, we could rewrite the manufacturer’s problem
as follows.

max
qr

πP
M = (wn − c)qn + (pr − cr)qr (2)

Given the wholesale prices of new products (wn) and anticipating the optimal quantities of
remanufactured products (qP∗

r ), the retailer’s problem would optimize

max
qn

πP
R = (pn − wn − cn)qn (3)

Finally, anticipating the retailer’s response of qP∗
r , the manufacturer’s problem is

max
wn

πP
M = (wn − c)qn + (pr − cr)qr (4)

All optimal decisions are summarized in Table 2 (for clarity, the proof is provided in Appendix B.1).

3.2. Retailer Responses with Prices and Service (Model S)

In Model S, the manufacturer first sets the wholesale prices of new products (wS
n) to the retailer,

who responds with the optimal units (qS
n) and the optimal service levels (s) that are available from the

traditional retail channel. Subsequently, the manufacturer maximizes its profitability by choosing the
optimal units of remanufactured products (qS

r ).
Therefore, the manufacturer’s problem would maximize

max
qr ,wn

πS
M = (wn − c)qn + (pr − cr)qr (5)

Given the optimal wholesale price of wn and anticipating the optimal quantities of qS∗
r , the

retailer’s problem is

max
qn ,s

πS
R = (pn − wn − cn)qn −

1
2

ks2 (6)

Like Model P, we can solve the problem with backward induction to determine the subgame
perfect equilibrium. More specifically, once the manufacturer maximizes its profit by choosing qS∗

r , the
retailer would also do so by determining its optimal quantities of qS∗

n , and levels of s∗, after which the
manufacturer would set its optimal wholesale price of wS∗

n . We can therefore obtain all equilibrium
decisions in Table 2.

It should be noted that to ensure the retailer may respond with providing adequate service and
that both parties would offer certain quantities of both products, like Yan et al. [35] and Liu et al. [38],
we impose the following lemma:

Lemma 1. In both scenarios, the costs for distributing remanufactured products should lie in the interval of
(δ+6c+2+6cn)δ

δ+8 < cr <
δ(3kδ−2ck−6k−2cnk+4)

3kδ−8k+4 .

Lemma 1 indicates that, on the one hand, to ensure the retailer provides sufficient new
products (i.e., qn > qr), which are obtained for used cores for remanufacturing, we need for
cr >

(δ+6c+2+6cn)δ
δ+8 . On the other hand, to ensure the manufacturer engages with remanufacturing, we

need cr <
δ(3kδ−2ck−6k−2cnk+4)

3kδ−8k+4 .
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Table 2. Optimal decisions and profits of both models.

Retailer Only Responses with Prices (Model P)

wp∗
n = 6δ−δ2+δcr−6δcn−8+8cn+4δc−8c

10δ−16 ,

qp∗
n =

2(δ+c−1−cr+cn)
5δ−8 ,

qp∗
r = 3δ2−2δcn−2δc−3δcr−6δ+8cr

2δ(5δ−8) ,

π
p∗
M =

[
δ3 − 8δ2cn − 8δ2c− 2δ2cr − 4δc2 + δc2

r + 8δcr + 8δc
+8δcn + 8δcncr − 4δc2

n + 8δcrc− 8δcnc− 4δ− 8c2
r

]
4δ(5δ−8) ,

π
p∗
R = 2(2−δ)(δ+c−1−cr+cn)

2

(5δ−8)2 .

Retailer Responses with Prices and Service (Model S)

wS∗
n = 4−8k−8ck−4cn+4c−6kδcn+kδcr+4kδc+8cnk+6kδ−kδ2

8+10kδ−16k ,

qS∗
n =

2(δ+c−1−cr+cn)k
4+5kδ−8k ,

s∗ = 2(δ+c−1−cr+cn)
4+5kδ−8k ,

qS∗
r = 3kδ2−2kδc−6kδ−3kδcr−2kδcn+4δ+8crk−4cr

2δ(4+5kδ−8k) ,

πS∗
M =

[
kδ3 − 2kcrδ2 − 8kδ2cn − 8kcδ2 + 4δ2 + 8kδcn − 4kδc2

n + 8kδc + kc2
r δ

−4kc2δ− 8kcncδ + 8kδcr + 8kcrδc− 4kδ + 8kδcncr − 8δcr − 8kc2
r + 4c2

r

]
4δ(4+5kδ−8k) ,

πS∗
R = 2(δ+c−1−cr+cn)

2(2k−kδ−1)k
(4+5kδ−8k)2 .

4. Model Analysis

We are now in a position to address the question posed at the beginning of this paper, whether the
economic performance and sustainability issues related to remanufacturing operations are affected by
the retailer’s service levels. To do so, based on the equilibrium outcomes in Table 2, we first compared
the equilibrium decisions of both models. Subsequently, we compared both models from economic,
environmental, and social welfare perspectives, respectively.

4.1. Comparing Equilibrium Decisions

Based on the outcomes in Table 2, we first listed the differences in the following proposition (the
proof of all propositions is listed in Appendix C).

Proposition 1. The manufacturer always sets a lower wholesale price for the new products in Model S than
that in Model P, i.e., wP∗

n > wS∗
n .

The retailer only responds with price in Model P, however, in Model S, the retailer would respond
with providing competitive prices and high service levels when confronting the competition from
remanufactured products. Furthermore, the increase in the levels of service is always accompanied
with a higher price charge by the retailer. As a result, one might expect an increased marginal revenue
per product that accompanies a higher wholesale price charged by the manufacturer. In fact, as
Proposition 1 shows, the opposite is true. In particular, the manufacturer is more likely to set a
lower wholesale price for the new product in Model S than in Model P. This can be interpreted as an
increase in the service levels and the higher consumers’ willingness-to-pay for a new product relative
to the remanufactured one. The growth in the difference between both products would mitigate the
adverse effects of the competition and increase the manufacturer’s marginal revenue from selling
remanufactured units. As a result, the manufacturer sets a lower wholesale price in Model S to provide
a strong boost to the retailer’s behavior of providing a higher service in the traditional retail channel.

It should be noted that, Proposition 1 differs from the results of Arya et al. [42], who conclude
that, confronting the supplier encroachment, “the manufacturer sets a lower wholesale price in the
encroachment setting than in the no-encroachment setting in order to offset the advantage its retail arm
secures when it effectively receives the input at cost” (p. 654). Obviously, a significant difference is that,
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although both models also involve a supplier, who distributes products through a manufacturer-owned
direct channel, our models are intended to highlight whether and how the influence of a retailer’s
service levels affects the manufacturer’s remarketing strategies, which impacts the economic and
sustainability outcomes related to a closed-loop supply chain without focusing on whether and how
the influence affects supplier encroachment.

The reduction in the wholesale price implies that the retailer may have a higher incentive to
distribute more quantities of new products. The outcomes in Table 2 indicate this is indeed the case,
even if the manufacturer sells remanufactured products through the direct channel.

Proposition 2. There is a higher quantity of new products in Model S than that in Model P, that is, qP∗
n < qS∗

n .

Not surprisingly, the reduction in wholesale price leads to a higher quantity of new products,
which is quite consistent with traditional wisdom: if the retailer offers a higher level of service to
end consumers, the consumers would appear to have a higher willingness-to-pay for a new product
relative to the remanufactured one. Such growth in the difference between both products cannot
only mitigate the adverse effects of competition between both products, but can also increase the
manufacturer’s marginal revenue from selling remanufactured units. As a result, the manufacturer
would like to set a lower wholesale price in Model S (see Proposition 1), which would lead to a natural
increase in the quantities of new products that are distributed by the retailer.

The above two propositions involve the decision-making between supply chain members who
vertically cooperate on a promotion strategy. More specifically, we find that the manufacturer more
likely sets a lower wholesale price for the new product (see Proposition 1), which can be a positive
response for product promotion to its downstream agent (i.e., the retailer): the retailer would sell more
quantities of new products (see Proposition 2), which can maximize their profits (see, Proposition 4).
In fact, such vertical cooperation is quite common within a supply chain that considers a promotion
strategy (see, e.g., Li et al. [22], and Xu et al. [44]). It should be noted that, our aim is quite different
from theirs. For example, they do not pay any attention to the effect of a retailer’s service levels on the
manufacturer’s remarketing strategies, which impacts economic and sustainability outcomes related
to closed-loop supply chain. This is exactly the issue we seek to address in this paper.

The difference in the equilibrium quantities of remanufactured products between both models is
the next issue of discussion, which can be summarized in the following proposition.

Proposition 3. There is a lower quantity of remanufactured products in Model S than that in Model P, that is
qP∗

r > qS∗
r .

Proposition 3 reveals that the manufacturer is more likely to provide lower quantities of
remanufactured products in Model S. The manufacturer does so for two reasons. On the one hand,
in Model S, the retailer sets a higher level of service for new products to the consumer, which leads
to a higher willingness-to-pay for a new product. Such growth in the consumers’ willingness-to-pay
for a new product would increase the manufacturer’s marginal revenue of selling new units. On the
other hand, the increase in the availability of new products means that the potential market for the
remanufactured products is lower. As a result, like Proposition 3 shows, the manufacturer is more
likely to provide lower quantities of remanufactured products in Model S, i.e., qP∗

r > qS∗
r .

The above three propositions indicate that, when both products are distributed through
differentiated channels, the coopetition relationship is raised between the manufacturer and its retailer.
When all remanufactured products are available from the manufactured-owned direct channel, such
a relationship would become much more complex within a supply chain. On the one hand, the
manufacturer is the supplier for traditional retailers who resell all new products in the market. Thus,
they should cooperate with each other to create value on new product marketing (see, Propositions 1
and 2). On the other hand, the manufacturer is also a competitor of the traditional retailers as
the substitutes (the remanufactured products) are available from the manufacturer-owned channel.
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As such, they would compete with each other when different products are distributed through
differentiated channels (see, Proposition 3).

4.2. Comparing Economic Performance

So far, we have focused on the difference in equilibrium decisions between both models. We are
now in a position to address the difference in economic performance. More specifically, we tried to
answer the question posed at the beginning of this paper: From the economic performance perspective,
how do the retailer differentiated response strategies affect the profitability of the manufacturer, retailer,
and industry? We answered this question from the manufacturer’s perspective.

Proposition 4. The strategy of responding with prices and services creates a greater profitability for both parties,
that is, πS∗

o > πP∗
o , πS∗

r > πP∗
r .

Note that the manufacturer’s profit increases with the wholesale price charged to the retailer and
the quantity of remanufactured products available from the direct channel. If the lowered wholesale
price (see Proposition 1) is not counterbalanced by a higher quantity of new products (see Proposition 2),
the manufacturer will suffer a loss in its profitability that is available from new products. Thus, as
Proposition 4 shows, although the lower wholesale price decreases the manufacturer’s profit from
product wholesaling, it increases the OME’s profits by a larger amount when purchased by the retailer.

Furthermore, from a broader viewpoint, Proposition 4 reveals that, although there is a competition
on selling different products, cooperation in selling new products with a retailer, who provides
promotion strategy in the tradition channel, can sufficiently coordinate the closed-loop supply chain.
That is, the cooperative profit from selling new products is sufficiently high to compensate for the profit
loss (see Proposition 3) in competition. As a result, both parties benefited more under Model S when
the retailer responded to the competition from remanufactured products with a mix of price and service
simultaneously. In particular, the retailer’s higher profits in Model S stems both from the lowered
wholesale prices set by the manufacturer and from the growth in the consumers’ willingness-to-pay
for a new product relative to the remanufactured one.

4.3. Comparing Environmental Performance

We now pay attention to the difference in environmental performance. More specifically, we
attempt to answer the second question posed at the beginning of this paper: From the environmental
sustainability perspective, how do the retailer differentiated response strategies affect the sustainability
issues related to our environment?

To incorporate environmental performance in our models, consistent with prior studies in [11,
35,45], we used the quantities of new and remanufactured products as a proxy for the environmental
performance. More specifically, we also recognize the fact that any producing and remanufacturing
behavior naturally accompanies undesirable pollutants, such as carbon dioxide etc. In addition,
remanufacturing can reduce emissions, since it consumes fewer materials and energy than producing
process. Hence, in this subsection, we assume that the unit emission for producing per new product is
en, while the unit emission for remanufacturing per remanufactured one is er = αen, where α ∈ (0, 1).
Like Maurice D. and Barrie [46] and Yenipazarli [47], for simplification, we normalize the unit emission
for producing per new product to 1, i.e., en = 1. Let EP(ES) represent the environmental impact of
Model P (Model S).

Based on the outcomes in Table 2, we can summarize the difference in the environmental
performance of both models in the following proposition.

Proposition 5. Compared to Model P, the retailer’s strategy of responding with prices and services is always
detrimental to our environment, that is, EP < ES.
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The intuition behind Proposition 5 is as follows. When the retailer offers a high service level to end
consumers in Model S, such a strategy can increase the marginal revenue of the new product and lead
the manufacturer to set a lower wholesale price in Model S (see Proposition 1) in order to support new
product sales in the traditional retail channel (see Proposition 2), which leads to a higher environmental
impact from new products. On the other hand, when the retailer offers a higher level of service to end
consumers in Model S, this strategy can mitigate the adverse effects of the cannibalization problem
between both products and increase the profitability of both parties (see Proposition 4), resulting in
providing a boost to the new products sales and the manufacturer likely to remanufacture less used
cores (see Proposition 3) in Model S, which leads to lower environmental recovery through product
remanufacturing. In sum, as Proposition 5 shows, the retailer’s strategy of responding with prices and
services results in higher negative impacts on our environment. Said differently, compared to Model P,
the retailer’s strategy of responding with prices and services is always detrimental to our environment.

In the analysis thus far, we have compared both models from economic and environmental
performance, respectively. In order to have a more comprehensive understanding on these two
important issues, based on Propositions 4 and 5, we offer the following corollary (without proof).

Corollary 1. If the manufacturers care more about economic benefits, encouraging the retailer to provide higher
levels of post-sale services is a more beneficial strategy than Model P; conversely, if they are more concerned
with environmental performance, necessary measures should be taken to control retailers’ aggressive promotion
service in new products marketing.

It is worth noting that in our both models the manufacturer is in a monopolistic position by
choosing that its wholesale prices achieve the Stackelberg leader in both models. Therefore, Corollary 1
is a simple illustration of its tradeoffs in economic performance where more profits can be available
in Model S but accompanied with more pollutants. The intuition for Corollary 1 is analyzed in
Propositions 4 and 5 and is not repeated here.

4.4. Comparing Social Welfare

In this subsection, we address the final question concerning the difference in the welfare
implications of both models: From the social welfare perspective, how do the retailer differentiated
response strategies affect the welfare issues related to our society?

To evaluate the social impact of the retailer differentiated response strategies, we should obtain
the optimal welfare values including the consumer willingness-to-pay for new products as well as
remanufactured ones. This can be calculated as follows:

CS =
∫ 1−qn

1−qn−qr
(δu− pr)du +

∫ 1

1−qn
(u− pn + s)du (7)

Like the literature on environmental economics (see, e.g., Maurice and Barrie [46], Yenipazarli [47]
and Cachon [48]), we define η as an eco-centrism parameter that reflects the degree of the society’s
consciousness over the environmental pollutants. That is, the total environmental costs for both models
are Cachon CP = ηEP and CS = ηES, respectively.

Let SWP(SWS) represent the total social welfare of Model P (Model S). Then, we can summarize
the difference in the social welfare between Model P and Model S as follows.

Proposition 6. There exists a η∗ below which SWP < SWS; otherwise, the opposite is true.

Note that η is the eco-centrism parameter that represents the level of eco-centrism. Thus,
Proposition 6 reveals that, if the level of eco-centrism is not too pronounced, the retailer’s strategy of
responding with prices and services results in increased social welfare. Naturally, based on Proposition
4 and 6, we can we obtain the following corollary (without proof).
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Corollary 2. If the level of eco-centrism is too pronounced (i.e., η > η∗), though Model S has a greater
profitability for both parties, a more significant welfare loss due to environmental hazard is perceived by society.

It should be noted that, on the one hand, Model S can increase both parties’ profits and
the consumer welfare from new and remanufactured products (see, Proposition 4). On the other
hand, compared to Model P, the retailer’s strategy of responding with prices and services is always
detrimental to our environment. Thus, Corollary 2 can be interpreted as follows. When the level of
eco-centrism is not too pronounced, i.e., η < η∗, the benefits from economic profitability is sufficient
to compensate the loss of environmental performance. Conversely, When the level of eco-centrism
is not too pronounced, i.e., η > η∗, the benefits from economic profitability are not sufficient to
compensate a more significant welfare loss due to the environmental hazard that is perceived by
the society. This argument is partly supported by Yenipazarli [47], who suggests that, besides avoid
indulgence in overproducing on new produces, governments should take emissions trading or taxation
into consideration to stimulate the remanufacturing operations.

4.5. Numerical Example

To gain deeper insight, in this subsection, we went a step further to reveal all propositions with
numerical experiment. Like Subramanian and Subramanyam [49] and Esenduran et al. [50,51], we
present an illustrative numerical study with Liquid Crystal Display (LCD) monitors, where the data is
obtained from the literature and industry reports. Note that, in all numerical experiments, we need to
normalize all parameter values because the potential market size is normalized to 1 in both our models.

Consumers usually value the remanufactured product much lower than that of the new one.
This is particularly true for electronic products such as LCD [50]. For example, we argue that the
consumer value discount for remanufactured products, δ, is around 85% [52]. Thus, we round it and
pick δ = 0.85. In the literature on marketing (see, e.g., Arya et al. [42]), it is generally argued that the
range of marketing cost to market size is about 20% to 60%. Therefore, we pick the marketing cost for
a new product as cn = 0.4. Remanufacturing is a low-cost and greener alternative to producing, like
Yenipazarli [47], we study a scenario where remanufacturing could require up to 10% less cost than
manufacturing (i.e., c = 0.1) and assume that remanufacturing reduces 45% of pollutants emissions
(i.e., α = 0.55). In the literature of sales promotion (see, e.g., Rubel and Prasad [21]), the retailer can
achieve higher consumer satisfactions by providing higher service efforts. A convex cost function,
1
2 ks2, is assumed and we let the scaling parameter of collection cost be characterized by k = 8. Like
Yan et al. [35] and Liu et al. [38], to ensure 0 < qr < qn, we need the costs for distributing remanufactured
products to lie in the interval of 0.57 = (δ+6c+2+6cn)δ

δ+8 < cr <
δ(3kδ−2ck−6k−2cnk+4)

3kδ−8k+4 = 0.67.
We first highlight the results of equilibrium decisions with numerical example. Based on Figure 1a,

we can easily drive the two phenomena. On the one hand, as Proposition 1 shows, we found that for
any cr, the wholesale price in Model P was always higher than that in Model S. On the other hand, as
the cost of distributing a remanufactured product (cr) increases, the wholesale prices of both models
decrease. Furthermore, the difference between both wholesale prices increases with the cost of cr.

Using the same parameters as before, we can do the other numerical example on Proposition 2,
which illustrated with Figure 1b. In particular, we found that, on the one hand, the optimal units of
new products in Model S were always higher than that in Model P. On the other hand, the wholesale
prices in both models increased with the cost of cr. In addition, Figure 2 further reveals that the
difference of both wholesale prices increased with the cost of cr.

Figure 3 reports the optimal quantities of remanufactured products that available from the
manufacturer-owned direct channels. Figure 1c illustrates three important phenomena: First, as shown
in Proposition 3, the quantity of remanufactured products in Model S is lower than that in Model P, that
is qP∗

r > qS∗
r . Second, the optimal quantities of remanufactured products in both models decrease with

the cost of remarketing. That is, as the unit remarketing cost for remanufactured products increases,
the manufacturer would decrease the remanufactured units that are from its own direct channels.
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Finally, as the unit remarketing cost for remanufactured products increases, the difference between
optimal units of remanufactured products increases.Sustainability 2018, 10, x FOR PEER REVIEW  15 of 23 
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Figure 2 illustrates the results for economic outcomes. More specifically, based on Figure 2a, we
can conclude that, as Proposition 4 shows, the optimal profit of the manufacturer in Model S was
always higher than that in Model P. In addition, as the optimal profits of the manufacturer in both
models was convex with the cost of cr, the former effect was that they both decreased at the early
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region and then increased with the cost of distributing remanufactured products. However, from
Figure 2b, we found that although the profits of the retailer in both models increased with the cost of
cr, the profits of the retailer in Model S were always higher than that in Model P.

Based on Figure 3, we conclude that, on the one hand, as shown in Proposition 5, the
environmental impact of Model S is always higher than that of Model P. In addition, as the cost
of cr increases, both models’ environmental impacts increase due to lower used cores and will be
remanufactured, while more new products are produced.

Finally, we pay attention to the difference in social welfare. Based on Figure 4, we can conclude
that, when the level of eco-centrism is not too pronounced, i.e., η < η∗, the benefits from economic
profitability is sufficient to compensate the loss of environmental performance. Thus, the social
welfare in Model P is lower than that in Model S, i.e., SWP < SWS. Conversely, When the level
of eco-centrism is not too pronounced, i.e., η > η∗, the benefits from economic profitability is not
sufficient to compensate a more significant welfare loss due to environmental hazard is perceived by
the society. As a result, the social welfare in Model P is higher than that in Model S, i.e., SWP > SWS.Sustainability 2018, 10, x FOR PEER REVIEW  17 of 23 
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5. Conclusions

Many manufacturers are usually in a difficult position to incorporate remanufacturing into existing
business, as such decisions are accompanied by a cannibalization problem between both products.
This problem is particularly acute when the manufacturer distributes remanufactured products in
a manufacturer-owned channel, but does not distribute new products in the retail channel. As a
result, retailers naturally take various measures to respond to the cannibalization from remanufactured
products. For example, to confront the fierce competition from online channels, in the computer
and electronics industry, more and more traditional retailers have aggressively attempted to obtain
larger market shares by providing higher levels of post-sale services [19]. Even if the most traditional
retailers do not yet advertise their service levels, “customer service level” has been recognized by retail
executives as one of the most important performance metrics, ahead of traditional key measures such
as “sales per selling square foot” [20].

Although numerous researchers have studied various competitive strategies in remanufacturing,
to the best of our knowledge, there is little literature highlighting whether and how economic
performance and sustainability issues related to remanufacturing operations are affected by the
retailer’s service levels. Conversely, although sales efforts have been well studied in the marketing
literature, little is known about whether and how the retailer’s service levels affect the equilibrium
outcomes of remanufacturing operations. We filled this gap by developing two theoretical models
where all remanufactured products were available from the manufactured-owned e-channels, while
the equilibrium behavior of the traditional retailer were characterized under two possible scenarios:
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(1) Confronting the cannibalization from direct-channels, the retailer only responds on prices (i.e.,
Model P); and/or (2) the retailer competes with the remanufactured products by providing competitive
prices and high service levels for new products (i.e., Model S).

Among other results, we found that when compared with Model P, the retailer’s strategy of
responding with price and service created greater profitability for both parties. However, from the
environmental sustainability perspective, such response was always detrimental to the environment
than that of Model P. In addition, we found that under certain conditions, the retailer’s strategy of
responding with prices and services may decrease social welfare.

Based on the above results, we provide two important insights for the closed-loop supply chain
management. On the one hand, from managers’ perspective, if the manufacturers care more about
economic benefits, encouraging the retailer to provide higher levels of post-sale services is a beneficial
strategy than that in Model P. Conversely, if they are more concerned with environmental performance
and/or consumer welfare, like in Model P, necessary measures should be taken to control retailers’
aggressive promotion service in new products marketing. On the other hand, from an environmental
groups and agencies angle, if the level of eco-centrism is too pronounced, though Model S a greater
profitability for both parties, a more significant welfare loss due to environmental hazard is perceived by
the society. As a result, besides avoiding the indulgence in overproducing new products, environmental
groups and agencies should take emissions trading or taxation into consideration when stimulating
remanufacturing operations.

This paper can be extended in several directions. First, we assumed that the retailer’s service had
a natural effect on consumers’ willingness-to-pay for new products; however, in practice, such services
may induce a spillover between differentiated channels and result in free-ride problems [53]. Future
researches can address the spillover issues raised between both channels. Second, in both models,
we did not pay any attention to the potential possibility of remanufacturing outsourcing, in reality,
however, remanufacturing operations may be outsourced to a third-party remanufacturer. Therefore,
considering remanufacturing outsourcing between the manufacturer and remanufacturer is a worthy
subject for future research. Third, future models can extend our models by addressing information
asymmetry, risks with remanufacturing, consumer preferences on distribution channels, etc.
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Appendix A. Proofs of Statements

(i) To accommodate space constraints, we will only provide a sketch of the proofs for some results.
A detailed analysis of these results is available from the authors upon request.

(ii) All parameters and variables in this paper must satisfy non-negativity constraints, that is, we

only consider all scenarios under (δ+6c+2+6cn)δ
δ+8 < cr and cr <

δ(3kδ−2ck−6k−2cnk+4)
3kδ−8k+4 .
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Appendix B. Technical Analysis for Both Models

Appendix B.1. Analysis of Model P

In model P, we first solve the OEM’s profits with first order condition of Equation (2) and
yields qp∗

r = δ−δqn−cr
2δ . Substituting qp∗

r into Equation (3) yields the retailer’s problem is max
qn

πP
r =

(pn − wn − cn)qn = −qn

(
2cn−cr+2qn+δ+2wn−qnδ−2

2

)
.

Solving the first order condition of the above equation with qn yields qp∗
n = 2wn+δ−cr+2cn−2

2(δ−2) .

Plugging qp∗
n and qp∗

r into Equation (2) yields the OEM’s problem is max
wn

πP
o (wn, qp∗

n , qp∗
r ) = (wn −

c)qn + (pr − cr)qr =

c2
r (δ−4)2−2crδ[8−2cnδ+2cn4−4cδ+8c−6δ+δ2+2δwn]

16δ(δ−2)2 +
δ[δ3−4δ2(1+cn−wn)−32wn(cn+wn−1)]

16δ(δ−2)2

+
δ[4δ(1+2cn+c2

n−6wn+6cnwn+5w2
n)−8c(δ−2)(2cn+δ+2wn−2)]

16δ(δ−2)2

.

Solving the first order condition of the above equation with wn yields wp∗
n =

6δ−δ2+δcr−6δcn−8+8cn+4δc−8c
10δ−16 . Substituting wp∗

n into qp∗
n , qp∗

r , π
p∗
o and π

p∗
r to get the equilibrium

outcomes in Table 2.

Appendix B.2. Analysis of Model S

In model S, we first solve the OEM’s profits with first order condition of Equation (5) and
yields qS∗

r = − cr+(qn−1)δ
2δ . Substituting qp∗

r into Equation (6) yields the retailer’s problem is max
qn

πS
r =

(pn − wn − cn)qn = 2sqn+qncr+qn(qn−1)(δ−2)−2qncn−2qnwn−s2k
2 .

Solving the first order condition of the above equation with qn and yields qS∗
n = k(2cn+δ+2wn−cr−2)

2+2k(δ−2) ,

s∗ = 2(δ+c−1−cr+cn)
4+5kδ−8k . Plugging qS∗

n and qS∗
r into Equation (5) yields the OEM’s problem

is max
wn

πS
o (wn, qS∗

n , qS∗
r ) = (wn − c)qn + (pr − cr)qr =

(2cr+kδcr−4kcr+2kδ+2kδcn−kδ2+2kδwn−2δ)
2

16δ(1+kδ−2k)2 −
k(c−wn)(2cn−cr+δ+2wn−2)

2+2k(δ−2) .

Solving the first order condition of the above equation with wn yields wS∗
n =

4−8k−8ck−4cn+4c−6kδcn+kδcr+4kδc+8cnk+6kδ−kδ2

8+10kδ−16k . Substituting wS∗
n into qS∗

n , qS∗
r , πS∗

o and πS∗
r to get the

equilibrium outcomes in Table 2.

Appendix C. Proofs

Appendix C.1. Proof of Proposition 1

To prove wP∗
n > wS∗

n , we have to show that wP∗
n − wS∗

n = − 2δ(c+δ+cn−cr−1)
(5δ−8)(4+5kδ−8k) > 0.

This is true for any cr ∈ (cr, cr). That is to say, for any cr ∈ (cr, cr), wP∗
n > wS∗

n is always holds. �

Appendix C.2. Proof of Proposition 2

To prove qP∗
n < qS∗

n , we have to show that qP∗
n − qS∗

n = 8(c+cn+δ−cr−1)
(5δ−8)(4+5kδ−8k) < 0. This is true for any

cr ∈ (cr, cr). That is to say, for any cr ∈ (cr, cr), qP∗
n < qS∗

n is always holds. �

Appendix C.3. Proof of Proposition 3

To prove qP∗
r > qS∗

r , we have to show that qP∗
r − qS∗

r = − 4(c+cn−cr+δ−1)
(5δ−8)(4+5kδ−8k) > 0. This is true for any

cr ∈ (cr, cr). That is to say, for any cr ∈ (cr, cr), qP∗
r > qS∗

r is always holds. �
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Appendix C.4. Proof of Proposition 4

To prove πS∗
m > πP∗

m , we have to show that πS∗
m − πP∗

m = 4(c+cn−cr+δ−1)2

(5δ−8)(4+5kδ−8k) > 0. This is true for any

cr ∈ (cr, cr). That is to say, for any cr ∈ (cr, cr), πS∗
m > πP∗

m is always holds.

To prove πS∗
r > πP∗

r , we have to show that πS∗
r − πP∗

r =
2(c+cn−cr+δ−1)2[16(δ−2)+k(64−64δ+15δ2)]

(5δ−8)(4+5kδ−8k)2 >

0. This is true for any cr ∈ (cr, cr). That is to say, for any cr ∈ (cr, cr), πS∗
r > πP∗

r is always holds. �

Appendix C.5. Proof of Proposition 5

To prove EP < ES, we have to show that EP − ES =
(
qP

n + erqP
r
)
−
(
qS

n + erqS
r
)
< 0.

Base on Propositions 2–3, we have got qP∗
n < qS∗

n , qP∗
r > qS∗

r , hence, we can easily obtain that
EP − ES = 4(2−α)(c+cn−cr+δ−1)

(5δ−8)(4+5δ−8k) < 0 for any α ∈ (0, 1), EP < ES is always holds. �

Appendix C.6. Proof of Proposition 6

Note that, SW j∗ = π
j∗
m + π

j∗
r + CSj∗ − ηEj∗, we can obtain that

SWP∗ =


116δ2cncr − 16δ− 136δ2cnc + 60ηδ2cr + 116cδ2cr − 256ηδcr − 124δ3

+248δ2cn + 248cδ2 + 284δ2cr + 112c2δ− 160δc2
r − 60ηδ3 − 192ηδ

+140δ2 + 192c2
r − 320δcr − 96cδ− 96δcn + 112δc2

n − 192δcncr + 27δ4

−192cδcr + 224δcnc + 40ηδ2cn − 64ηδcn + 40ηcδ2 − 64ηcδ + 216ηδ2

−116δ3cn − 116cδ3 − 54δ3cr − 68c2δ2 + 27δ2c2
r − 68δ2c2

n + 256ηcr


8δ(5δ− 8)2

SWS∗ =



88kc2
r δ + 32kδc− 48kδc2

n + 32kδcn − 176kcrδ2 − 80kδ2cn − 80kcδ2 − 48kc2δ

+368kδcr + 88kδ3 − 176kδ2 + 16kδ + 48δ2 + 48c2
r − 192kc2

r − 96δcr − 96kcncδ

+80kδcrc + 80kδcncr + 112k2δc2
n − 160k2c2

r δ− 320k2δcr − 136k2cncδ2 + 27k2δ4

−124k2δ3 + 140k2δ2 − 16k2δ + 192k2c2
r + 32ηkδc + 40ηk2cδ2 − 64ηk2δc

+128ηkδcr + 60ηk2crδ2 − 256ηk2δcr + 32ηkδcn + 40ηk2δ2cn − 64ηk2δcn

−128ηkδ2 − 60ηk2δ3 + 216ηk2δ2 + 224ηkδ− 192ηk2δ− 256ηkcr + 256ηk2cr

−64ηδ + 64ηcr − 54k2crδ3 + 284k2crδ2 − 116k2δ3cn + 248k2δ2cn − 116k2cδ3

+248k2cδ2 − 96k2δc + 27k2c2
r δ2 − 96k2δcn − 68k2δ2c2

n + 224k2cncδ + 116k2δ2crc
−192k2δcrc + 116k2δ2cncr − 192k2δcncr − 68k2c2δ2


8δ(4 + 5kδ− 8k)2

From above equation, we can get that SWP − SWS < 0 if and only of η < η∗, otherwise,

SWP − SWS > 0. Where η∗ =


95kδ2cn − 16− 68δ− 312kδc− 312kδcn − 112c− 70kcrδ2 + 256kc
+95kcδ2 + 80cr − 112cn + 70kδ3 − 192kcr − 227kδ2 + 48δ2 − 48δcr

+256kcn + 68cδ + 68δcn + 184kδ + 232kδcr


2(20δ−32+64k+25kδ2−80kδ)

�
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