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Abstract

This study investigates a pricing problem in a dual-channel remanufacturing supply
chain consisting of a manufacturer and a retailer with market segmentation and refer-
ence quality effects. In the era of e-commerce economy, the reference quality effect
plays an increasingly important role in influencing consumers’ purchasing behav-
ior, product pricing, and demand changes. It is crucial for manufacturers to develop
optimal sales channels of remanufactured products based on consumers’ purchasing
behavior. To this end, we study the manufacturer’s optimal decision problem in two
classical business scenarios: selling remanufactured products through retail or direct
channels. The objective is to explore the impact of the channel coefficient, remanu-
factured product acceptance, and the reference quality effect on optimal decisions in
the remanufacturing supply chain, as well as their combined impact on profitability.
The findings suggest that the reference quality effect has a negative impact on the
manufacturer’s profit, and the optimal channel choice remains uncertain. Within a
specific range, the reference quality effect hurts the profits of supply chain members.
In addition, the extended model shows that the manufacturer’s profit is highest when
the remanufactured product is sold in two channels, but the profits decrease as the
reference quality parameter increases.
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1 Introduction

Advances in technology have allowed consumers to assess product quality more
easily. For example, E-commerce enterprises such as JD! and MI? have adopted an
online-to-offline sales model to provide a better product experience for consumers
and enable them to fully understand the quality of the products that they are inter-
ested in (Qiu et al. 2022). The constantly evolving business environment has made
consumers’ buying behavior more complex and unpredictable. Strong connections
with physical retail channels enable consumers to modify their purchasing behavior
through multichannel shopping continuously. Hence, it is crucial for manufacturers
to design optimal distribution channels for their products based on consumers’ pur-
chasing behavior. Most recent literature in the area of operations management and
remanufacturing has focused on recycling channel strategies, remanufacturing com-
petition and cooperation, distribution channel decisions, pricing strategy, gaming
strategies, and consumer buying behavior (Savaskan et al. 2004; Debo et al. 2005;
Atasu et al. 2008; Jiang et al. 2010; Ovchinnikov et al. 2011; Chen et al. 2012; Ma
et al. 2013; Zhang et al. 2018; Cao et al. 2022; Cetin et al. 2023; Huang et al. 2023;
Zhou et al. 2023).

Remanufacturing refers to the recovery of the value of a used product by replac-
ing parts or reprocessing used parts to make the product in new condition (Atasu
et al. 2008). The studies found that consumers are generally less willing to pay for
remanufactured products and prefer new products over remanufactured ones (Turki
et al. 2018; Zhou et al. 2021). Several scholars have examined the pricing of new
and remanufactured products in the remanufacturing supply chain, most of which
have forced the assumption that the quality of new and remanufactured products is
the same (Zhou et al. 2023). Although the manufacturer has made a commitment
to the quality of the remanufactured product, a greater number of consumers per-
ceive the quality difference between the new product and the remanufactured prod-
uct, which reduces the willingness of consumers to pay for the remanufactured
product. In practice, comparing new and remanufactured products, consumers are
more concerned about the quality of the latter. The continuous improvement of
living standards has led to increased consumers’ requirement for product quality.
Consumers form general expectations of products based on their previous experi-
ence of using them, which largely influences their purchasing behavior and brand
recognition. The reality is that the companies involved recognize that there are dif-
ferences in consumer’s willingness to pay (WTP) for products and adopt marketing
measures accordingly. For example, Apple® puts the user experience at the center of
their business. It uses Amazon’s cloud service* for cloud management and applica-
tion by analyzing customer preferences. Therefore, companies adopt different dis-
tribution channels depending on the products and consumer types to meet different

' 1 https://www.jd.com.
2 2 https://www.mi.com.
3 3 https://www.163.com/dy/article/J4ADQKI2Q0519QIKK html.
* 4 https://www.163.com/dy/article/FTSOVSPH05118092.html.
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Fig. 1 The main of marketing mode in Apple

consumer needs. Inspired by Apple’s marketing mode, this paper mainly examines
the pricing decision of a supply chain with reference quality effects in consumer
segments. Compared with the marketing model of other companies, Apple is more
focused on learning about consumers’ needs directly from end-consumers. Then,
they design and innovate products to quickly response consumers’ needs. Their
products are sold through various sales channels, including traditional offline retail,
self-operated/ third-party online sales, and experiential shops. The main difference
between Apple’s multi-channel sales is that offline traditional channels are primar-
ily used to sell new products. Online direct sales, on the other hand, offer both new
and remanufactured products. Note that, online shopping makes it easier to provide
consumers with more information and services, as well as allows them to compare
product information and make purchases. Therefore, considering the advantages of
the online platform, Apple does not choose traditional offline retail to sell remanu-
factured products. The flow of this sales mode is illustrated in Fig. 1.

Quality management is pivotal to business, which has a significant effect on oper-
ating results and customer satisfaction. In recent years, due to product quality prob-
lems, many companies have suffered severe losses. For example, Samsung Galaxy
Note 7° cell phone battery explosion has triggered concerns about product quality
issues in all walks of life (Yan et al. 2022). Product quality issues affect consum-
ers’ purchasing decisions and market demand. Therefore, the reference quality effect
has become an important factor affecting consumers’ purchasing behavior. Consum-
ers can compare current product quality before making a purchase decision. The
theoretical framework suggests that the evaluation of product attributes is related
to reference points (Tversky and Kahneman 1991). Empirical studies have shown
that the difference between real product quality and reference product quality could
significantly affect consumers’ purchase probability (Hardie et al. 1993; Kopalle
et al. 1996). Specially, reference quality plays a crucial role in business decisions.
The reference quality effect is when consumers form expectations of product quality
based on previous product quality levels. In other words, consumers form expecta-
tions about product attributes through their purchasing experience, thereby affecting

5 5 https://tech.huangiu.com/article/9CaKrnJ X WjZ.
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their purchasing behavior (Hardie et al. 1993; Xue et al. 2017; Cao et al. 2020; Liu
et al. 2021).

Previous portrayals of the mathematical form of the reference quality effect can
be classified into two types. The first type is based on a continuous weighted aver-
age of past qualities, which is modelled as a weighting function with exponential
decay in a continuous time framework (Gavious and Lowengart 2012; Xue et al.
2017). The second is to focus on the current stage and capture the asymmetric effect
of the difference between product quality and reference quality on consumer util-
ity in the form of parameters of how consumers perceive reference quality to be
higher than observed quality (i.e., the quality assessment of remanufacturing) (Ma
et al. 2020). Based on Ma’s (2020) work, this study examines the impact of ref-
erence quality effects on the pricing decisions of a dual-channel remanufacturing
supply chain under the current stage. Based on utility theory and mathematical
models, this study explores how the manufacturer can make optimal pricing deci-
sions in different sales situations. Previous research on the reference quality effect
has mainly focused on single channels without fully considering the impact of the
reference quality effect on dual-channel pricing decisions. On the one hand, if cus-
tomers have a high acceptance of direct sales channels, independent manufactur-
ers may open direct sales channels to compete with retailers. This may indirectly
increase the profit flows of the retail channel and improve the manufacturer’s overall
profitability by reducing the degree of inefficient price double marginalization (Chi-
ang et al. 2003). It follows that direct selling channels are not always unfavorable
to retailers. Thus, the impact of dual channels on the profitability of supply chain
members is uncertain. On the other hand, few studies have examined the impact of
reference quality behavior on new and remanufactured product decisions in dual-
channel supply chains. Ma et al. (2020) explored the impact of dual reference effects
on remanufacturing supply chains under a traditional channel. In reality, consum-
ers have concerns about the quality of remanufactured products, which affects their
purchasing decisions. Therefore, the multi-channel sales model provides consumers
with multiple accessibility, which makes it easier for consumers to compare prod-
uct quality and allowing them to measure their psychological expectations through a
multi-channel platform. In addition, the intricate and fluctuating nature of consumer
purchasing behavior renders previous pricing decision-making methods inadequate
for current market demand strategies. Besides, there are few studies on the impact
of consumer channel preference, acceptance of remanufactured products, and the
reference quality effect on the optimal decision-making and profits of dual-channel
supply chains. Prior studies have shown that consumer behaviors (including chan-
nel preference, acceptance of remanufactured products, and reference behavior) play
a crucial role in firms’ decision-making (Chiang et al. 2003; Ma et al. 2013; Zhou
et al. 2021; Yang et al. 2021). A typical assumption of the above study is that the
consumer group is homogeneous. However, in a real business environment, it’s nor-
mal that there is heterogeneity throughout the sales period. Furthermore, it acknowl-
edges that consumers have different attitudes toward purchasing new and remanu-
factured products. To address this, motivated by the real case in Apple, game theory
and optimal constraint theory are utilized to solve the following problem:
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How does reference quality affect the manufacturer’s optimal decision under
different sales models? What is the threshold of the manufacturer’s optimal chan-
nel sales decisions? How do the channel coefficient, remanufactured product
acceptance, and reference quality parameter affect the price, demand, and profit
of supply chain members?

Based on realistic scenarios, a dual-channel remanufactured supply chain
structure comprising a manufacturer and a retailer is constructed. The structure
includes a traditional channel and an online direct channel. Several models are
considered, including the retail channel selling remanufactured products, the
direct channel selling remanufactured products, and both channels selling reman-
ufactured products. This structure has been previously discussed in literature,
such as Chiang et al. (2003). Different acceptance levels of new and remanufac-
tured products are considered; remanufactured products have a reference quality
effect, and the quality of new products in retail channels refers to the reference
quality. Previous studies have shown that consumers have different acceptance
levels for new and remanufactured products (Zhou et al. 2021) and different levels
of acceptance of channel products (Ma et al. 2013). Based on existing research,
this study draws some important findings. For example, a high reference quality
parameter may increase the demand for new products in the direct channel. The
influence of the reference quality effect on optimal decisions is uncertain. The
reference quality effect may harm the profits of supply chain members to some
extent. A high channel preference coefficient and low acceptance of remanufac-
tured products are more beneficial to the manufacturer than a low channel prefer-
ence coefficient and high acceptance of remanufactured products.

This paper offers innovative contributions to existing theories on operational
management of reference quality in three main ways. First, this paper develops
the dual-channel game-theoretic decision model incorporating the reference
quality effect into a dual-channel remanufacturing context. This model derives
expressions for the optimal price and profit for each supply chain member under
consumer heterogeneity. In comparison, most existing literature focuses more on
the decision-making problem of new products in different channels (Qiu et al.
2022). However, it is also essential to consider the different sales patterns of new
and remanufactured products. Second, using the game form between the members
of the dual-channel remanufacturing supply chain, the conditions for achieving
the optimal sales choice of supply chain members are analytically derived. Inter-
estingly, unlike Gavious et al. (2012), the manufacturer’s optimal channel choice
is dynamic. The manufacturer’s profit negatively correlates with the reference
quality effect within a specific range. Third, we explore the impact of reference
quality parameters on supply chain decisions and performance. The investigation
is based on theoretical findings from a comparative analysis of equilibrium solu-
tions for remanufactured products, considering the choice of online, offline, or
both online and offline sales modes.

The rest of the article is organized as follows. Section 2 provides the literature
review. Section 3 presents the model, including the model setting in Sect. 3.1 and
the model assumptions in Sect. 3.2. Section 4 discusses the model equilibrium and
comparison. Section 5 explores parameter sensitivity analysis. The model extension
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is in Sect. 6. Section 7 summarizes the conclusions. Proofs are collected in Appen-
dices x.

2 Literature review

Three branches of literature that are closely related to this study are: dual channel
supply chains, remanufacturing, and reference quality effects. We present a concise
review below.

2.1 Dual channel supply chains

Chiang et al. (2003) examined the influence of direct channels on the retail chan-
nel. They found that introducing a direct channel could increase the manufacturer’s
negotiated share of cooperative profits. In 2005, they proposed a dual-channel inven-
tory model with one traditional retail store and one Internet direct channel. They
proved that such a dual-channel inventory model is superior to single channel in
most cases. In certain cases, the flexibility of a dual-channel system can significantly
reduce operational costs. Dumrongsiri et al. (2008) studied the pricing decision
problem of a dual-channel supply chain in which the manufacturer sold products
directly to retailers and consumers. They showed that the marginal cost difference
between dual channels is a key factor in determining the existence of supply chain
equilibrium. Dan et al. (2012) investigated the optimal decision for retail services
and prices under centralized and decentralized scenarios by considering both tradi-
tional retail channels and online direct channels. They assessed how retail services
and customer loyalty to the retail channel affect the pricing behavior of manufactur-
ers and retailers. Liu et al. (2021) analyzed how different return strategies and return
rates affect the profitability and pricing of dual-channel retailers. Yang et al. (2021)
explored the impact of online consumer reviews (OCR) on products that sold in both
retail and internet channels. Their study found that a manufacturer offered OCR in
the Internet channel only when the information revealed by OCR was sufficiently
favorable. Liu et al. (2022a, b) investigated the effect of consumer overconfidence
on demand, pricing decisions, and profits of supply chain members. Their research
results suggests that demand in decentralized dual-channel supply chains decreases
as consumer overconfidence increases.

Previous research has focused on dual-channel supply chains including direct
sales channel and traditional retail channel. They pay more attention on new prod-
ucts management. However, with the improvement of consumers’ environmental
awareness, it becomes more essential to consider the impact of remanufactured prod-
ucts and reverse logistics in modern enterprise management (Mitra 2016; Liu et al.
2022a, b; Cetin et al. 2023; Zhou et al. 2023). Besides, only some of these studies
have addressed the impact of consumer reference behavior on pricing in dual-chan-
nel remanufacturing supply chains. Past studies have shown that an increasing num-
ber of consumers make purchasing decisions based on their own experiences. This
purchasing experience regarding product quality is referred to as reference quality,
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which results from historical quality levels. If the quality level is lower than the ref-
erence level, product demand is negatively affected, and vice versa. This implies that
reference quality affects demand and profits. It is worth noting that in-depth research
is needed to study the impact of consumer reference behavior from the perspective
of dual-channel supply chains. In other words, the influence of reference quality on
pricing decisions and profits of dual channel participants requires further attention.

2.2 Remanufacturing

In recent years, remanufacturing gained widespread public attention and attracted
the research interest of many scholars. Several scholars have provided comprehen-
sive overviews of remanufacturing supply chains, including Souza (2013), Govin-
dan et al. (2015), and Kumar and Ramachandran (2016). Researchers have studied
remanufacturing from various perspectives, including pricing decision, channel
coordination and competition between new and remanufactured products. Among
them, pricing management involves how manufacturers make optimal pricing deci-
sions when faced with different new and remanufactured products. Following these
researches, the topic of market segmentation has been discussed. Scholars focused
on how firms can maximize profits by considering product categories and consum-
ers’ willingness to pay. This is particularly important for remanufacturing supply
chain research when considering that price-sensitive customers may prefer remanu-
factured products, while quality-sensitive customers may prefer new products. Mitra
(2016) discussed whether a manufacturer who sells remanufactured products in a
price-sensitive secondary market would gain a competitive advantage over another
manufacturer who only sells new products. Although remanufacturing may can-
nibalize new product sales, they proved that the combined profitability and mar-
ket share of the manufacturer on account of new and remanufactured product sales
would improve over new product sales only. Particularly, under some given assump-
tions, they show that remanufacturing is almost always more profitable for the man-
ufacturer than when there is no remanufacturing. Zhang et al. (2018) studied the
effects of customer purchasing behavior and remanufacturing efficiency on the eco-
nomic and environmental values of trade-in remanufacturing policy. Their research
showed that remanufacturing under a trade-in policy for highly strategic consumers
can significantly negatively impact the environment and social welfare. However, for
myopic consumers, trade-ins benefit both business and the environment. Tang et al.
(2021) explored the optimal choice of supply chain members in a trade-in model
comprising a single manufacturer and retailer. They found that the trade-in model
can bear higher manufacturing costs and increase sales of new products compared
to a benchmark scenario without trade-ins. Ke et al. (2022) developed a two-period
model to examine the impact of trade-ins on consumer purchasing behavior. They
demonstrated that the more consumers that consider trade-ins, the higher the opti-
mal price of a remanufactured product is. Fang et al. (2023) focused on the choice of
remanufacturing strategy between in-house and authorized remanufacturing. Their
study found that authorized remanufacturing under the leadership of independent
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remanufacturers’ decisions is inferior to OEM remanufacturing when there are dif-
ferent leadership structures in the market. Liao et al. (2023) developed a mathemati-
cal model to quantify the impact of quality-based product categorization of returned
products under different return scenarios. The results indicated that optimal purchas-
ing decisions in a multilevel remanufacturing system can save more than 80% of the
cost.

There is a large body of literature on remanufacturing, which suggests that there
may be differences in consumer purchasing behavior between new and remanufac-
tured products due to differing perceptions of quality. However, previous studies
have not addressed the impact of reference quality effects on the pricing decision of
a remanufacturing supply chain. In particular, these papers do not plausibly explain
the joint effects of consumers’ reference quality and willingness to pay on each
member’s optimal pricing decision.

2.3 Reference quality effects

Kopalle et al. (1996) considered the relationship between expected quality and ref-
erence price. They analyzed the problem of a monopolist’s price and quality levels
when the price exceeds the reference price and the quality of the product is below
the expected quality. Gavious et al. (2012) studied the combined effect of price
and reference quality on profits. They discovered that the reference quality effect
increases firms’ profits. Liu et al. (2016) investigated the impact of myopic behavior
on product quality and pricing strategies, as well as on the profits of both mem-
bers in a dynamic supply chain. Such a supply chain involves a manufacturer who
produces specialty products and distributes them to consumers through an exclusive
retailer. Their study found that reference quality has a significant impact on the sup-
ply chain’s performance. He et al. (2017) captured the impact of reference quality
effects on consumers under different business models based on a modified Nerlove-
Arrow model using two different sales functions. Under the quality inflation sce-
nario, Xue et al. (2017) studied the joint pricing and dynamic product quality invest-
ment problem with reference quality effects. They found that it is not optimal for
firms to continuously increase quality investment throughout the planning horizon.
The effect of reference quality on the level of quality investment is more significant.
Cao et al. (2020) considered the effect of stochastic reference quality on a monopo-
list’s time-varying policies on price and product quality from a stochastic control
theory perspective. The results indicated that the monopolist could benefit from
higher prices and higher quality policies compared to the results of a deterministic
model. Ma et al. (2020) studied the effects of dual reference parameters and gov-
ernment incentives on pricing strategy, manufacturer’s profit, and consumer surplus.
Liu et al. (2021) investigated the impact of reference quality level on the service
quality of third-party platforms in a manufacturer’s oligopoly environment. They
found that the selling prices and service levels of online service platforms were sig-
nificantly affected by the reference quality level of competing platforms. Qiu et al.
(2022) studied the coordination of a two-tier decentralized supply chain in which
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market demand depends on retail prices and reference quality effects. They found
that the decisions of supply chain members are dynamic and rely on the consumer’s
initial reference quality, the strength of the reference quality effect, and the memory
parameter. Yan et al. (2022) explored the impact of reference quality on game mem-
bership in a dual-channel supply chain. Their study considered Bertrand and Stack-
elberg games between a manufacturer and a retailer in both centralized and decen-
tralized decision-making scenario. The findings suggested that reference quality has
a positive effect on the equilibrium price and profit in a dual-channel supply chain.
A substantial body of existing research in this area analyses the impact of specific
factors on a single channel in a supply chain that comprises of manufacturers and
retailers. In contrast to the existing literature, we develop a dual-channel remanufac-
turing supply chain consisting of a manufacturer and a retailer to explore the impact
of reference quality effects and consumers’ willingness to pay on dual channels.

In summary, Table 1 displays the research gaps compared to several closely
related works. This study is related to the work by Ma et al. (2020). However, the
latter focuses on the impact of reference effects on pricing decisions in traditional
two-stage remanufacturing supply chains. In contrast to Gavious et al. (2012), Zhang
et al. (2014), and Xue et al. (2017), this study places greater emphasis on the impact
of reference quality effects and he difference in consumer payments for new/reman-
ufactured products on dual-channel decisions. As compared to Zhang et al. (2018)
and Cetin et al. (2023), we develop a demand-sensitive model with reference quality
effects to analyze the pricing decisions of supply chain members in a dual-channel
environment.

Table 1 Summary and comparison of the most relevant literature

Related works Channel Reference  Remanf- WTP Decision variables
structure effects acturing

Single Dual

Gavious et al. (2012) v/ v Price; quality

Zhang et al. (2014) VvV v Retail/reference price

Xue et al. (2017) v v Product /reference quality

He et al. (2017) v v Wholesale/retail price; quality;
advertising effort;

Zhang et al. (2018) v/ v v Price; quality

Cao et al. (2020) v v Product price; reference quality

Ma et al. (2020) v v v v Retail price

Qiu et al. (2022) v v Wholesale/ retail price; quality

Cetin et al. (2023) v v v Product production level; innova-
tion level

This study v v v v Wholesale price; direct price;
retail price
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M NewRe. _ M New > C
New New/Re.
R R

(a) Scenario RO: selling remanufactured  (b) Scenario RR: selling remanufactured
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Fig.2 The structure of Models

3 Models setting and assumptions

In a monopoly market, new and remanufactured products can be sold to consum-
ers by the retailer through the physical channel and by the manufacturer through
the online direct channel, respectively. There are no distinct differences in perfor-
mance between the new and remanufactured products, which are similar in most
features (Atasu et al. 2008; Fang et al. 2023). However, consumers’ acceptance of
new and remanufactured products varies, which causes that the reference quality
effect occurs in consumers’ purchasing behavior. Note that, environmental con-
sumers’ acceptance of remanufactured products may be higher compared to new
products. To focus on the major issues, the case where reference quality effects
are present is considered in this paper. Here, the retailer is assumed to sell only
new products or both new and remanufactured products to the end-consumers.
The consumer chooses the product based on the principle of maximizing its util-
ity function.

3.1 Models setting

This study focuses on two sales scenarios in a remanufacturing supply chain: Sce-
nario RO, where the retailer sells only new products in the physical channel, while
the manufacturer sells both new and remanufactured products through online direct
channel; Scenario RR, the retailer sells both new and remanufactured products in
the physical channel, while the manufacturer sells only new products online. Fur-
thermore, to ensure comprehensiveness of the study, above two basic scenarios are
extended to a general scenario, in which both new and remanufactured products are
sold in the physical channel by the retailer and the direct sales channel by the manu-
facturer. For each scenario, consumers will choose to purchase new or remanufac-
tured based on the principle of maximizing utility. This study investigates the impact
of reference quality effects on the supply chain members’ optimal decisions under
different models. It is worth noting that consumers are more accessible to products
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in physical retail channels than that in online direct channel. Hence, offline consum-
ers can be easier to perceive the real quality of product. For example, Apple sets
up experience stores to attract consumers and give them a natural feel for the qual-
ity of products. The study assumes that consumers form reference quality effects
on remanufactured products by comparing them with products in the retail channel.
Specially, in this study, the interaction between supply chain members can be mod-
eled as a Stackelberg game, in which the manufacturer is viewed as the leader and
the retailer acts as the follower. Based on the retailer’s optimal retail price reaction
function, the manufacturer determines the optimal prices for both new and remanu-
factured products. As shown in Fig. 2, two basic sales scenarios in this study are
demonstrated.

3.2 Assumptions and description

In this study, the key parameters of the model set are listed in Table 2. In addition, to
make the model setup more reasonable, main assumptions are presented as follows.

Table 2 Notations

Notation Description

Parameters

wﬁl Wholesale price for new products (decision variable)

Wi Wholesale price for remanufactured products (decision variable)

p; Retail price for new products (decision variable)

pf) Direct channel price for new products (decision variable)

pi Price for remanufactured products (decision variable)

q. Demand for new products in retail channel

qi Demand for new products in direct channel

q Demand for remanufactured products

v Quality valuation of new product in the retail channel by consumers

”i Utility functions for purchasing new and remanufactured products from retail and direct
channels

A Channel preference coefficient

p Remanufactured product preference coefficient

p Reference quality effect parameter

,,,-ﬁf Profit of the manufacturer

”;:j Profit of the retailer

Indexes

i Superscript, denoting the models RO, RR and ROR cases, respectively, where i = ro, rr, ror

Z Subscript, z = 1,2, 3, used only to distinguish between consumers’ expressions of utility for
purchasing new and remanufactured products from retail and direct channels

Jj Superscript,j = O,R

* Superscript, denoting optimal results
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Assumption 1. Similar to Savaskan et al. (2004), the unit production cost of new
products is higher than that of remanufactured products, i.e., 0 < ¢, < ¢,

Assumption 2. The price of new products in retail channel is higher than that in
direct channels, i.e., pi < ﬂp;(Ma et al. 2013). In addition, in line with the assump-
tions of Chiang et al. (2003), consumers prefer traditional channels to direct retail,
that is, 0 < 4 < 1. Considering that consumers prefer new products to remanufac-
tured products, we assume that the quality of the new product is normalized to 1 and
expressing the relative quality of remanufactured products as f, where 0 < f < 1
(Ma et al. 2020).

Assumption 3. Assumed by Chiang et al. (2003), consumers are heterogeneous
with respect to their willingness to pay, represented by v, which is uniformly distrib-
uted between 0 and 1. The market size is normalized to 1.

Assumption 4. The formation of reference quality effect function is considered
as p(v — pv) (Kopalle et al. 1996; Ma et al. 2020), where p is the reference quality
parameter, which has an asymmetric effect on consumer utility and thus on market
demand, corresponding to how consumers perceive the quality valuation of the ref-
erence quality over a remanufactured product. v represents the quality of the new
product as a reference quality, and fv denotes the quality of the remanufactured
product in the same channel.

Assumption 5. The members participating in the game are all rational and risk
neutral. We further assume the information to be symmetric, i.e., the knowledge
about the market information is known to both members, and each member is also
aware of other member’s cost structure. This assumption is consistent with previous
studies (Savaskan et al. 2004; Chiang et al. 2005; Ma et al. 2013; Liao et al. 2023).

4 Equilibrium strategies
4.1 Model RO (Scenario RO)

In the RO scenario, the manufacturer only sells new products in the retail channel,
and both new and remanufactured products are sold through the online direct chan-
nel. For instance, Apple sells new products offline and both new and remanufactured
products online (Liu et al. 2022a, b). A consumer gets utility of new products from
retail and direct channels are u}” = v — p7” and u}” = Av — p'”, respectively. The ref-
erence quality effect of consumers is considered (new products in the retail channel
as the reference quality). The net utility of a consumer purchasing remanufactured
products in the direct channel is u” = Apv — p!? — p(v — ABv). Without affecting the
study, to make the study meaningful and concise, the constraints are as follows,

A —p(1 = 4p) >0, A=p+p(1—=p)>0,

(A =pr+p(1—ip)p, _ G=P+p(1=P)(Pa=p.) _ 5 0 o ro 10 o ro
Ay=——"F—"<p,— P < i = A, IE Wl >, u? > ul,

ul? >0, that is, v—p” > v —p, v—p° > Ay —p’ — p(v — Apv), v —p* > 0,
then the demand for new products in the retail channel is
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o _ _ L Pry
W = / tdv=1-—=—~ )

ro_ 1o
Pn ~Po

If ug’ > u?", I/t;o > u;(’, ug’ > 0, that is, Av =pl? >v—pr,
Av =pl? > Apv = pi? = p(v — Afv), Av — p'? > 0, then the demand for new products

in the direct channel is

ro_ro
Pn P

qg" = ldv )

g by

A(1=py+p(1-2p)

If w>u?, wf>u?, uy >0, that is, Afv—p? —p(v—Apv)>v—p7?,
ABv = pi? — p(v — Afv) > Av — p'%, Apv — p’° — p(v — Afv) > 0, then the demand for
remanufactured products in the direct channel is

ud ud
Py =Py

HA=prep=25)
q, = ldv 3)

10
Py

Ap—p(1=2)

Combining Eqs. (1)-(3), the optimal problems of the retailer and manufacturer
are as follows:

RO ro ro _ro\ __ ro p :lo -P 20
maXHM (Wn Py oDy ) - (Wn _CWL) - ﬁ

(e, (PZ" P py —pr/ ) @
o 1-2 AL = B) + p(1 — 2AP)
o P (AP — p(1 = Ap)) — ApY°
+(pr - CV)
(A= A+ p(1 = AB))(AB — p(1 — 4B))
py —py
maxIG7 (p))) = (P = wy)) (1 - ﬁ) )

Then, the optimal retail price of new products is obtained from Eq. (5) and

()HRO
—£& = () as follows:
apra

L= A+w? +p?
-

ro*

Pl (6)

Substituting above optimal retail price p/”* into Eq. (4) and solving the optimiza-

tion problem, the equilibrium values are obtained based on game theory and back-
ward induction, which can be shown in Lemma 1.
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Lemma 1 Under model RO, the optimal results can be summarized as follows:

ros I+c, ros Atc, ro% _ (I+p)AB+c,—p ro% _ 2¢,,—A+3 RO« _ 1-4

n 2’ 4 2’ r 2 ’ n 4 7 R 16

(B(L+p) = DAL+ p)2% + (p = B+ F2(1 + p) +4Bc,, (1 + p)(1 = (1 + p)) = Bp(3 +2p)) 2+
(p(1+p)(1 =28) = 2(2p+ AL + p)(c,, —4p — 2¢,) ),y — 2¢2) A+ 2p(c, — 20— 2¢,)Cpy + P+
8((BA+A-DA+P I+ p(1-25(1+p) i+ p?)

Combining Lemma 1 and Egs. (1)—(3), the demand for the new and remanufac-

tured product can be derived as follows:
rox _ 1 _rox _ (B+Por=1)2+2(cp=c,)=p ro% __ (e, =(B+Bp)c, ) Atpey,

D =09 = T a@rm i T AP o PP+ —2p-20ppkt )

According to Lemma 1, the price of new products in the retail channel is posi-
tively related to the cost of remanufactured products but negatively related to the
channel coefficient. Besides, the price of remanufactured products in the direct sales
channel is affected by factors such as remanufacturing cost, channel preference coef-
ficient, acceptance of remanufactured products, and the reference quality parameter.
The price of remanufactured products is positively related to the channel coefficient
and remanufactured product acceptance but negatively related to the reference qual-
ity effect parameter. This suggests that the price of remanufactured products is posi-
tively affected by the acceptance of remanufactured products. This is common in
dual-channel supply chains, especially for new and remanufactured products. In con-
trast, the reference quality effect has a negative effect on the price of the remanufac-
tured product, which does not work on the price of the new product. It is noteworthy
that any change in price affects the change in demand. Therefore, it is crucial to con-
sider the acceptance of remanufactured products and reference quality effects when
deciding on profit maximization.

9
RO% _
u

and g

Proposition 1 Under model RO, the effects of  and p on price and demand are

To% 0%

() L =02 0,2 5,

(i) - =0,%- <0,%->0.
L op P P

(iii) % =0, I;‘/’)* =0, Ig’p* <0.
(iv) ”g_p = ,"g; >o,"‘;;' <0.

Propositions 1 (i) and (ii) demonstrate the impact of acceptance of remanufac-
tured products on product price and demand. Propositions (iii) and (iv) reveal the
changes in the impact of reference quality effects on prices and demand, which tend
to exhibit the opposite trend compared to (i) and (ii). These findings indicate that
as consumers become more accepting of remanufactured products, the price and
demand increase while the demand for new products decreases in the direct chan-
nel. Interestingly, the retail price and demand for new products remain constant in
the retail channel. However, when consumers have a high reference quality, demand
for remanufactured products decreases in the direct channel while the demand for
new products increases. One possibility is that consumers have a reference quality
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effect on remanufactured products, and new products are not affected by the quality
reference effect. Overall, in the retail channel, demand for new products is neither
affected by the high acceptance of remanufactured products nor the reference quality
effect. This implies that a higher reference quality is less favorable to remanufac-
tured products. Therefore, the reference quality effect hurts the sales of remanufac-
tured products to some extent.

4.2 Model RR (Scenario RR)

In scenario RR, the manufacturer sells both new and remanufactured products
through the retail channel, while only new products are sold through the direct chan-
nel. This structure is also common in real life, for example, Konica Minolta’s early
remanufactured copier are available in retail stores. In the RR model, the manufac-
turer determines the wholesale and direct prices. Then, the retailer decides the retail
price of the new and remanufactured products. The optimal decision problem is for-
mulated using game theory and backward induction.

A consumer gets utility of new and remanufactured products from the retail
channel, which can be characterized asu|” = v — p"and u = fv — p" — p(v — fv).
The utility of consumers purchasing new products from the direct channel can

be presented as u§R=/1v— ply. The constraints are given as follows,

X A=p+p(1-P)p, A=B+p(1=-P)(Pa=P,) _ X r o rr oo .

Ap_f<po_pr<W_Ap' If wf” >uy, " >uy, u” > 0; that

is, v=p' > pv—p" —p(v—=pv), v=p > Aiv—p, v—p" >0, then consumers
1

will buy new products from the retail channel. Thus, ¢/" = [ ldv.1f uy > ul,

rr_prr
Pn 7Po

1-4
ugr > u;’, ugr >0, that is, Av —p{’)’ >y —p;’, Av —p(’)’ > fv —p;’ —p(v—pv),

Av— p > 0, then consumers will buy remanufactured products from the retail
Py -ry
1-4
channel. Thus, q; = / ldv. If ug’ > u?’, ugr > ugr, ugr > 0; that is,
Py —py”
A=p+p(1-p)
pv—p"—plv—pv)>v-pr, pv—p—p(v—pv)>Av-p,

pv —p!" = p(v— pv) > 0, then consumers will buy new products from the direct
Y -ry"
A=p+p(1-p)
channel. Thus, ¢” = [ ldv.
ry
. . P=r(1=0) . . .
Combined with demand functions, the retailer’s maximum profit problem can be

defined as follows:

rr

max IL* (). p7) = (P = wy)a) + (P = w])a) @)

Taking the first-order derivative of HgR with respect to p!” and p’”, the optimal result
is given by
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W — A+ 1
(I B 5 ®)
. (B=p+ B+ dwl
r 24

©)

From Eq. (7), it is observed that p!" is proportional to p’" and w'". p" increases with
the increase in the direct price of the new product and the wholesale price of the reman-
ufactured product.

The profit function of the manufacturer is given as follows:

max I (wil w7 py) = (W) = c) 4y + (P = cu)d + (W = ¢,)a (10)

The manufacturer’s profit consists of three components: the profit of new prod-

ucts in the retail channel, the profit of remanufactured products in the retail channel,

and the profit of new products in the direct sales channel. Combining Egs. (8) and

(9), the equilibrium solution can be derived by applying the Hessian matrix con-
straint, which is shown in Lemma 2.

Lemma 2 The equilibrium value of the RR model is w'™ = Loy s = w,

2> 2
. 2¢,,—A+3 " Atc, " (c,+2-2p+2pp) A+(f—p+Pp)c .
Fri m Fri m Fri I m
pt == = = ” . The optimal profits are

(0= B+ DA = (B = p—p*(1 = B)? +4c,(p— BL+ p)) + p(3 = 2p) + ¢ — p?) A2~
(280 = P2(1 = B)* +2¢,,(20(1 + p)B* +20*(1 = 2) + (p — B(L + p))c, — 4Pp) +2¢2 (B — p+ Bp) — (1 +2p)f%) A+
(BA + p)(BA + p) = 2p) + p)c2,

RR+ _
u = =8A((B(1 + p) = p)A = B(1 + p)(B(1 + p) = 2p) — p?)
B +p) =& = (¢ + 07 (L= Y + (1 +2p)f" = (L + P)p + p) 2~
e (280 == PP 0* = (L +20)> +2(p = B = fp)c,uc,) A = ¢, (1 + p)(B>(1 + p) = 28p) + p)
.

—16((B(1 + p) = p)A% + (=P>(1 + p)* + p(2B(1 + p) — p)) A)

Lemma 2 gives the optimal decision results for the manufacturer and the retailer
under the RR model. The findings indicate that as the number of consumers who
prefer the direct channel increases, the price of new products in the direct channel
increases while the price of new products in the retail channel decreases. The whole-
sale price of remanufactured products is positively correlated with the acceptance of
remanufactured products and negatively related to the reference quality parameter.
Unlike traditional channels, the retail price of remanufactured products is uncertain
and depends on channel preference, acceptance of remanufactured products, and the
reference quality parameter. Previous studies have shown variability in results due to
different research environments. For example, Gavious’s 2012 found that the refer-
ence quality effect increased firms’ profits, while Ma’2020 discovered that a higher
reference quality effect parameter would hurt the manufacturer’s profit. Observing
the profit functions of the manufacturer and the retailer reveals that the direct impact
of the reference quality effect on the supply chain members cannot be intuitively
seen from the expressions compared to the studies of traditional channels.
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Proposition 2 Under model RR, the following relationships hold:

o o o’ g
1 n —_— 0 20 = , s — 0’ 0

() op ap ﬁ dﬂ 0B

L opt L opT ap 6(10 0q“*

(i) Py =0, o =0, =0, >0, < 0.

Compared with proposition 1, proposition 2 reveals the same trend. This sug-
gests that regardless of whether remanufactured products choose to be sold through
retail or direct channels, the acceptance of remanufactured products and the refer-
ence quality effect will not change the direction of price and demand. However, the
magnitude of the changing trend varies. Differs from Proposition 1, when both new
and remanufactured products are sold in the retail channel, consumer acceptance of
the remanufactured product affects total demand in the retail channel, resulting in
fewer consumers choosing the product in the direct channel. Consequently, the total
demand in the direct channel decreases. Furthermore, total demand in the direct
channel is also decreasing. As consumers are more willing to buy new products, the
price of these products in the direct channel is lower than those in the retail chan-
nel as the reference quality parameter increases. This leads to consumers having a
greater preference for new products from the direct channel, increasing in demand
for this channel. This phenomenon seems counterintuitive because, in the same
channel, when the preference for one product increases, the sales of another product
will decrease. However, this study shows that different levels of consumer accept-
ance of remanufactured products do not always affect the price and sales of other
products; for example, both models show that the price of the retail channel is not
affected by the acceptance of remanufactured products. Since the reference quality
effect on the demand function is reflected through the consumer utility function, it
is inferred that for the RO and RR models, the remanufactured product acceptance

coefficient f is eliminated from the expression for the price of new products in the
—i+3

retail channel. Thus, it can be seen from the expression that 2 is not directly
affected by f. This explains this phenomenon in real companies, such as Apple’s
new product price, which is almost unaffected by the preference for remanufac-
tured products. Because the quality and reputation of Apple’s new products are well
known, consumers who prefer new products are less willing to buy remanufactured
products. Many consumers who prefer remanufactured products are environmentally
conscious, price-sensitive, and less willing to accept new products. Therefore, to
a certain extent, the degree of preference for remanufactured products may not be
directly influenced by the price setting of new products. The price of new products
in the direct channel is inversely proportional to the acceptance of remanufactured
products and positively related to the reference quality effect parameter.

Proposition 3 Compared to the RR model, the threshold A, is higher for the RO

_ GA=prp(1-2p)(1+c,) _ G-pra(i- Aﬁ))(zc —A+3-2((1+p)AB+¢,—p))
model, where A 37 A 4(1=Ap)(14p)

A G=pp(1—p)(1+c,) - (A=B+p(1-P))(2¢,,— A+3-2((1+p)B+c,—p)) o

Ay = 2 cand &, = 41-p)(1+p) S
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Fig.3 The effectof pon A,

From Proposition 3 and Fig. 3, prices of new and remanufactured products in the
direct channel have different boundary values according to the channel preferences
under different models. The difference under the RO model is higher than that under
the RR model, that is, Q; > Q,. As p increases, Ap increases to varying degrees,

among which A, and ﬁp increase rapidly. The range of boundary values for pf) and

pi in the RO model is slightly larger. The RO model shows that when the boundary
of pf} in the direct channel is significantly lower than pi , the manufacturer’s profit
increases. However, the boundary values do not have a significant impact. This
means that even slight differences in the pricing boundary strategies adopted by the
manufacturer in different models will ultimately affect the profits of supply chain
members. The manufacturer has an optimal response curve that depends on the
value of A . This implies that price boundaries for new and remanufactured products
play a vital role in the pricing strategy of the manufacturer. Thus, the reference qual-
ity effect brings different impacts on firms’ pricing differentials between new and
remanufactured products under different models. This suggests that when firms opt
to sell remanufactured products online in the direct sales channel, the pricing thresh-
olds between new and remanufactured products under the RO model are narrowed
under the high p of the direct channel.

4.3 Comparison analysis

In this subsection, decision differences between the retail channel and the online
direct channel when selling remanufactured products are compared. Specifically, the
optimal pricing strategies of firms under different models for remanufactured prod-
ucts are examined by comparing prices and volumes. Proposition 4 and Figs. 3—4
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Prices for remanufactured products
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Fig.4 The effect of p on the price of remanufactured products

reveal the relationship between the optimal price and the optimal total demands
under different models. In addition, the optimal threshold range of the optimal chan-
nel for remanufactured products is derived from Corollary 1.

Fo*

:qn

s ro%* rr rox Frk

Proposition 4 By comparison, the relationship pi™* = p**, p'™ = p'**, "
holds, and the following relationships hold under certain conditions:

. (B—p+Bp)c,—2(A—1)AP+Ac, o s s (B—p+Bp)c,,—2(A—1)Ap+Ac,
O IfApp < 50D ,then p’?* > p™;if Afp > 50D ,

then p/?* < p'™.
3 iﬂp > C,Cl) >0 ro% rrE. 3 iﬁﬂ(é” C())O r0% rr¥
(i) If{ ABp<Cow <O then ¢’** > ¢'™; if ABp>C.mw< O then ¢/** < g™
Where o =2+ p)—p-24c, + (A -2)x,,
¢ = ~((1=p)p*+(4=B)p+AP(F=22+1))c,,— A(A+p+B(A+Ap=2))c,
B (BQ+p)=p=24)c, +(A=2)c, ’
) N . ~B—4/B>H4C(-1)(1+p)c,,
(iii) When B~ +4C(f — 1)(1 + p)c,, > Ois satisfied, if 1fp < Do
—B+4/B+4C(8-1)(1+p)c,, rox s 2
or Afp > T , then ¢7°* < g™ When B~ + 4C(8 — 1)(1 + p)c,, <0
is satisfied, ¢°* <g”*. When B2 +4C(B — 1)(1 + p)c, >0 is satisfied, if
—B—1/B2+4C(f—-1)(1+p)c,, —B+4/B2+4C(f-D)(1+p)c,,
< Afp <

—2(p-D)(1+p)c,, —2(p-1)(1+p)c,,
Proposition 4 shows that under the RO model, the combined effect of remanu-

factured product acceptance, channel preference, and the reference quality effect
parameters causes the manufacturer to lower the price of remanufactured products.
Intuitively, on the one hand, the lower the remanufactured product acceptance and
channel preference, the lower the consumer interest in remanufactured products.
On the other hand, increasing the reference quality parameter will lead to a greater

, then g/** > g™,
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perceived quality difference between remanufactured products and direct channels.
This reference quality effect may also make consumers more price sensitive. There-
fore, under the RO model, the manufacturer may lower the price to attract more
consumers to remanufactured products. As shown in Fig. 4, under both the RO and
RR models, the price of remanufactured products decreases with the increase of
p. At this time, more price-sensitive consumers will choose remanufactured prod-
ucts because of the relatively lower price of p'°*, so the demand for the remanufac-
tured product under the RO model increases, while the demand for the new product
decreases relatively. The observation of the equilibrium form of the price of new
products under two models reveals that the price of new products is closely related
to channel preference and the cost of new products. On the contrary, the acceptance
of remanufactured products and the reference quality effect will not directly affect
the price of new products. Therefore, whether a manufacturer chooses retail or direct
channels to sell remanufactured products may not affect the pricing of new products,
and further, the price of new products is the same under both models. This implies
that whether higher channel preference and remanufactured product acceptance are
favorable for sales of remanufactured products also depends on the impact of refer-
ence quality effects. A real-world example is Apple, whose online direct sales chan-
nel sells remanufactured products such as iPhones and computers, while new prod-
ucts in the retail channel. In relation to the case of Apple, it is found that although
the fact that the online direct channel offers lower prices for remanufactured prod-
ucts and even provides more educational discounts for these products, the channel
still provides more product quality information for remanufactured products to coun-
teract the impact of quality perception shocks caused by the reference price effect.
Therefore, it would be safer for the manufacturer to set a lower price for the remanu-
factured product because the reference quality effect seems to have some negative
impact on remanufactured products.

Corollary 1 The manufacturer’s profit is greater for remanufactured products

sold through the retail channel (i.e., ﬁﬁR* > 7[11510*)) if and only if A_l*(p) > 0;

the manufacturer is more profitable for remanufactured products sold

through the direct channel (i.e., 7[}6,0* > ﬂAI;R*) if and only if M*(p) < 0, where
((p = B+ p)I = (B(1 + p) = DAL + p)o)A* — (19 + ho) A*—

V9 + ko)A + (ﬁ(l + )1+ p)—2p)+ pz)é)cfn - 20p(cm —-2p— 20,)cm +op?

o

M (p)=

Corollary 1 indicates that when A_/I*(p) > 0, it is more profitable for the manu-
facturer to choose the retail channel to sell the remanufactured product. Conversely,
when ]\71*(/)) < 0, it is more beneficial for the manufacturer to choose the direct
channel to sell the remanufactured product directly. Flgure 5 illustrates the effect of
the parameter p on M1t is found that as p increases, M initially increases and then
decreases. This suggests that when the degree of reference quality effect is weighted,
the manufacturer is more likely to choose the optimal decision from the two models.
The findings reveal that the higher the reference quality parameter, the smaller the
profit difference between the two models. It should be noted that reference quality
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Fig.5 The effect of p on M

effects do not always favor the RO model. In other words, although profitability
under the RR model increases, the manufacturer is still negatively affected by refer-
ence quality. Nonetheless, when the reference quality parameter is small, the RR
model is more favorable than the RO model. Under the RO model, as p increases,
the price of the remanufactured product decreases, the wholesale price of the
remanufactured product decreases, and the demand for the remanufactured product
increases. For the manufacturer, the increase in the demand for the remanufactured
product offsets the decrease in wholesale price, and therefore the manufacturer’s
profit increases. A numerical analysis is provided hereafter to explore in detail the
impact of the product acceptance coefficient, channel coefficient, and the reference
quality effect parameter on the manufacturer’s optimal decision and profits.

5 Numerical analysis

In this section, numerical experiments are used to explore the impact of consumer
acceptance for remanufactured products (f), consumer acceptance for online direct
channel (4), and the parameter of the reference quality effect (p) on the optimal
decision and profit of the manufacturer. To validate the proposed pricing problem,
similar to previously published studies (Atasu et al. 2008; Ma et al. 2020), the data-
sets are given as follows.

Examples: ¢, =0.2, ¢, =0.05, 1=08, f=03; ¢, =02, ¢, =0.05, 1 =0.8,

p=04; ¢, =02, ¢, =005 A=08, p=05 c, =02, c, =005 Ai=0.85
p=03; ¢, =02 c, =005 A=085 f=04; c, =02, ¢, =005 A=0.85
p=05.
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Fig.6 The effect of p on prices and demands (4 = 0.8)
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5.1 The impact of reference quality effect parameter on prices and demands

Figure 6 displays the trend of the reference quality parameter on price and demand
under RO and RR models. Under different acceptance levels of remanufactured
products, as the reference quality effect parameter increases, the price of new and
remanufactured products follows the same trend, but when f = 0.5, the price of
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Fig. 7 The effect of p on the demands (4 = 0.85)
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remanufactured products is relatively high. Moreover, under different levels of remanu-
factured product acceptance, as p increases, the demand for different products is differ-
ent. As shown in Fig. 6, when the acceptance of remanufactured products is low, the
demand for remanufactured products is higher under the RR model. However, when S
is high, and p is low, the demand for remanufactured products is higher under the RO
model. As f increases, the demand for new products in the direct channel decreases.

Figure 7 plots the demand trends for different products in both models when
4 =0.85. Compared with Fig. 6, the demand for remanufactured products increases
with g and is slightly higher in the RO model, which is independent of A. The
demand for new products is higher under the direct channel when both models have
a high channel preference. However, under the RR model, the demand for reman-
ufactured products is uncertain. This is because the acceptance of remanufactured
products affects the demand for new products to some extent. The insight gained
is that, the demand for new products under the direct channel increases with the
increase in the reference quality parameter, and increases rapidly with the accept-
ance of remanufactured products. Under the RO model, the demand for new prod-
ucts is most favorable when there is a higher channel preference and acceptance of
remanufactured products in the direct channel.

5.2 The impact of reference quality effect parameter on the manufacturer’s profit

Figure 8 graphs the impact of key parameters on the manufacturer’s profit in differ-
ent models. The profit in the RR model follows the same trend as the RO model. As
the value of f§ increases, the difference in manufacturer’s profits between the RR and
RO models gradually decreases. When the channel coefficient is large, the manufac-
turer’s profit in both models is higher. Comparing the RR and RO models, the manu-
facturer’s profit is affected by the acceptance of remanufactured products. In this
case, the profit of the RO model is greater than that of the RR model. This trend sug-
gests that in the retail channel, the smaller the value of g, the higher the manufactur-
er’s profit of remanufactured products. However, when consumers are more willing
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Fig.8 The effect of p on the profits

@ Springer



56 Page 24 of 37 L. Daietal.

to buy remanufactured products through direct sales channels, the manufacturer’s
profit loss can be effectively mitigated. The revelation is that consumer acceptance
of remanufactured products does not directly affect the overall profitability of the
manufacturer. There is uncertainty in the profitability of the manufacturer choosing
retail or direct channels to sell remanufactured products. The profit of both models
increases with the increase of channel preference but decreases with the increase of
reference quality parameters. Although the reference quality effect creates uncertain
dynamic effects to firms, low reference quality parameters generally favor firms that
profit from a mixed sales model of new and remanufactured products. Therefore,
firms are encouraged to invest in remanufactured products to achieve the balance
between cost savings, environmental protection, and business interests. This explains
why some real-life companies prefer to sell remanufactured products through direct
channels, as Apple does. The manufacturer’s profit is negatively affected by the ref-
erence quality effect, which somewhat hurts the supply chain members’ profits. The
manufacturer and the retailer could adjust the reference level of consumers based on
product quality information. For example, they can disclose the quality of remanu-
factured products to improve their perceived quality.

Figure 9 illustrates how the total profit of the RO model is affected by the remanu-
factured product acceptance, the channel coefficient, and the reference quality effect
parameter. The total profit of the RO model decreases as p increases, and the trend
is independent of remanufactured product acceptance and channel coefficient but
is related to the reference quality effect parameter. The study shows that maximum
profit is achieved when both the channel coefficient and remanufactured product
acceptance are high. However, when A is high and g is low, profits are higher than
when channel coefficients are low and remanufactured product acceptance is high.
This trend suggests that when g is low, a higher channel preference can increase
total profits (e.g., firms should promote efforts in the direct channel).

0.156 : : : : : :
X=08: —w— 403 B=04 3=05
A=0.85: = — =03 5=0.4 5=0.5
0.155 F 1
0.154 g
0153 F 4
0.152 1 g
0.151F 1
0.15Y : ¥

0 0.005 001 0015 0.02 0.025 0.63 0.035 O.‘(’)4 0.045 0.‘(’)5
P

Fig.9 The effect of p on the total profit in model RO
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Fig. 10 The effect of p on the total profit in model RR

Figure 10 shows the impact of remanufactured product acceptance, the channel
coefficient, and the reference quality effect parameter on the total profit of the RR
model. The trends are roughly the same as those in the RO model. However, it is
worth noting that when f is low, changing the channel preference parameter may not
increase total profit. In addition, as p increases, the total profit decreases. To improve
profits, disclosing the quality of remanufactured products could help mitigate con-
sumers’ reference quality behavior. Green development cannot be considered solely
on the supply side or only on the demand side. Instead, it should be combined with
production patterns on the supply side and the consumption behavior on the demand
side. The profitability of the supply chain may be affected by the combined effects
of channel preferences, acceptance of remanufactured goods, and reference quality
effects. In fact, for a certain range of reference quality parameters, when channel
preference is high and remanufactured product acceptance is low, the profitability is
higher than that when channel preference is low and remanufactured product accept-
ance is high.

6 Extensions

In this section, the above questions are expanded to better understand how manu-
facturers can make the best decisions and improve supply chain profitability when
selling remanufactured products in multiple channels. In particular, it examines the
sale of remanufactured products in both the retail and direct channels (ROR model).
The optimal wholesale price of the product is determined by the manufacturer
using the best response function of the retail price of the new or remanufactured
product in the retail channel. Similar to the previous discussion in Sect. 4, a con-
sumer could get utility from new and remanufactured products in the retail chan-

ror ror ror

nel are " =v—p and u)" = fv—p’" — p(v — Bv), respectively. Meanwhile,
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a consumer could get utility from new and remanufactured products in the direct

channel are uy” = Av—p* and w)" = Apv —p7" — p(v — ABv), respectively. If
u{"" > ug”’, uq"r > ug”’, u{"" > ug’”, u{"’ > 0, then consumers will buy new products

from the retail channel. If ug”’ > u{”’, u;”’ > ug"’, ug"’ > uf{”, ug"’ > 0, then con-
sumers will buy remanufactured products from the retail channel. If ul”" > u}”,
wy" > w)”, wy" > u), uy" > 0, then consumers will buy new products from the
direct channel. If uf{” > uq‘”, ug"’ > ug”’, uf{” > ug‘”, ug’” > 0, then consumers will
buy remanufactured products from the direct channel. The constraints are consistent
with the above studies, utilizing the consumer utility function and the demand for

new products in the retail and direct channels, we have

1

q:lm” = / 1dv (11)

ror_ror
Pn_~Po

q) = ldv (12)

A=p+p(1-p)

The demands for remanufactured products in the retail and direct channels are,
respectively,

Tor _ ror
plOr _
Po Py

A=p+p(1=-p)

9 = / ldv (13)

ror _ror
p’or
Pri P

B+p)(1-2)

ror _ ror

Pri P
P+p)(1-2)

4y = / ldv (14)

ror
P
AB—p(1-4p)

The retailer’s expected profit is described as follows
max Tl ()" p") = (P = wy" )4y + (P = wi")a (15)

By taking partial derivatives of the first order of p/”™* and p’1™ for the Egs. (15), it

1

can be observed that
rore _ PETAWITa ] BA=A A0 4 Uk p= PP + (o= AP+
P, = 2 (200 2(A+p—AB(14p)) :

The manufacturer’s optimal profit problem is given as follows,
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rOr | FOF L TOT pror\ _ ror _ ror ror _ ror
maXHM(Wn YWDy 5Py ) - (Wn cm)qn + (po cm)qo

+(W;ar _ Cr)qror + (p:gr _ Cr)q:gr (16)

rl

S.e.pltt <plt <plt < Apy’

rorx

Substituting p/*™ and p

into Egs. (16), the equilibrium values are

_ 4¢, _ B—ptBptc, _ My, _ 2¢,—A43
Wli;or* ==, W:or* — > : , p(r)or* =, p;or* — =,
(Zp - 2.6 - 2'cr + 2:62(1 +p) + ﬁ(cm + cr) - Zﬁp(z +p)+ ﬁp(cm + Cr)))'+
rors __ (ﬂ_21’+ﬁp)cr—(ﬁ+ﬁp)cm _2ﬂp(1 +p)+2p2
P = 4(P+Pr—)i=p) ’
rors _ AB(l+p)—p+c,
prZ - 2 :

Proposition 5 Under the ROR model, the optimal profits of supply chain members
are

(L= Bp— B2 + (1 + pB(L + p)f = p)+2p — D2+
(0 +2((cn=c,) = pU+ 2+ 1)+ 52 =2p) 4= B0+ p)(c, = ;)" + Bpl + ) = 72
16((B+pp— DA%+ ((—p> =20 = 1)2+ (P2 +2p + 1) = 2p) A+ Bp(1 + p) — p?)

ﬂ'R:

. BA+p)(B(L+p) = DA + ud’ + 92> + i +o0

T S B+ ((+ p)f— DA+ (P +307+3p+ 1)1 = )= 3p(1 + p)B+ p) A°
+p(20+pP* B — (20> +3p+ 1) +2p) A+ p*(p — Pp — B))

Figure 11 shows how the manufacturer’s profit changes with p under low channel
preference (4 = 0.8), high channel preference (4 = 0.85), and low remanufactured
product preference (f = 0.3) or high remanufactured product preference (f = 0.5).
As it can be seen from Fig. 11, the profits of the three models all decrease with p.
However, under low channel preference, the profit of the remanufactured product

0.145 —
R .
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0143 & = = High channel preference
N e R Low remanufactured product preference
~~~~~~~~ — === High remanufactured product preference
ol42F  TTTeel 1
&0 TTT—
0141 T ~
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P

Fig. 11 The effect of p on the manufacturer’s profit under model ROR
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sold through both channels is the highest. Under conditions of low preference for
remanufactured products, profits are higher when remanufactured products are sold
through both channels. The manufacturer’s profit is lowest when the acceptance of
the remanufactured product is low, which first decreases and then increases with
the reference quality parameter. The possible reason for this is that, when consum-
ers have low acceptance of remanufactured products, the expected quality of the
remanufactured product decreases. This leads to aggravated reference quality behav-
ior, which can be detrimental to the sale of the remanufactured product. As a result,
sales of new products increase, which leads to an increase in overall profits.

Corollary 2 When remanufactured products are sold through the dual channel,
the manufacturer’s profit is highest. The profit of the ROR model is significantly
higher than that of the RO model. As the value of p increases, the difference in profit
between the two models narrows.

Based on the above analysis, it can be concluded that the manufacturer’s profit
is the highest in the dual-channel sales model of remanufactured products. This is
illustrated in Fig. 12. For example, when f = 0.3, the profit difference of z;, — 7[11510*
is much greater than r, — n]’;R*. That is, the manufacturer’s profit is the lowest in the
RO model. As p increases, the profit difference of ”:4 - 7[]5[0* decreases while that of

* RRx*

Ty, — T, increases. As f increases, the difference in profit between ﬂ;‘/l - ﬂ]';o* and

Ty, = JrlﬁR* gradually decreases, which suggests that the RR model gradually domi-
nates. These trends indicate that reference quality effects hurt the profitability of all
three models. In the long term, the sales method of remanufactured products tends

to be a mixed model of retail and direct sales.
7 Conclusions
The diversity of product consumption among consumers has an impact on their pur-

chasing behavior. Consumer buying behaviors, such as channel preference, accept-
ance of remanufactured products, and reference quality effects, influence the pricing

=03

Fig. 12 The effectof pon A,
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decisions of the manufacturer and retailer on remanufactured products. When con-
sumers purchase these products, they not only consider the acceptability of the
remanufactured products, but also compare their quality with new products. They
make a purchase decision only after considering all possible factors. The complex-
ity and variability of the business environment and consumer purchasing behavior
have created significant challenges for firms when making pricing decisions for new
or remanufactured products. It is crucial to consider how firms’ pricing decisions
would change when consumers have different acceptance of new and remanufac-
tured products in which the impact of the reference quality effect is considered. This
study analyses the pricing strategies for remanufactured products which are sold
through different channels under the reference quality effect. The main findings and
contributions of this study are summarized as follows.

First, there are significant differences in the price and demand of new prod-
ucts in the retail channel under different distribution models. Second, as reference
quality parameters increases, the demand and price of remanufactured products
decrease. Third, demand for new products in the direct sales channel increases
with the reference quality effect parameter and increases even faster with the
remanufactured product acceptance. Fourth, the manufacturer’s profit depends on
the sales mode of remanufactured products, and the manufacturer’s profit is nega-
tively related to the reference quality effect. Fifth, the profits of the supply chain
are affected by dynamics of channel coefficients and product preference. When
the channel preference is high and the remanufactured product acceptance is low,
the profit of supply chain members is higher than that when the channel prefer-
ence is low, and the remanufactured product acceptance is high.

Our research provides two important managerial implications. First, when the
reference quality parameter is low, a higher channel preference coefficient within
a certain threshold will increase the manufacturer’s profit to some extent. Sec-
ond, when the reference quality parameter is large, and the acceptance of reman-
ufactured products is moderate, the pattern of remanufactured products sold in
the direct channel is less profitable and decreases sharply with an increase in the
reference quality parameter. When the parameter of the reference quality effect
parameter is relatively large, the manufacturer’s earnings are relatively high in
cases where the remanufactured product is sold in the retail channel. Therefore,
the manufacturer can utilize the reference quality effect to adjust the marketing
model and improve profitability.

Although this study has presented some useful findings based on realistic
assumptions, there are still some limitations. First, owing to the complexity of
the model parameters, the model only considers reference quality effects. How-
ever, in practice, consumers’ purchasing behaviors are usually influenced by
both the price and quality of products. In order to make our research more in line
with practice, incorporating both the reference price effects and reference qual-
ity effects into the dual-channel remanufacturing supply chain decision model
will be an interesting topic in future research. Second, to keep consistent with
the operations management literature, the study assumes that the consumer utility
function follows a uniform distribution. In real life, the consumer utility func-
tion may be more complex and variable or even follow a random distribution.
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Further research can yield more insights by exploring the possibility of a random
distribution of the consumer utility function. Third, for the sake of brevity, this
study assumes that the classical dual-channel structure consists of one manufac-
turer and one retailer. However, in the natural market environment, the structure
of one manufacturer and multiple retailers is common, which exists a competi-
tive relationship between retailers. The above content will serve as a subsequent
research direction to conduct more in-depth research on related issues so that the
research is closer to reality and provides more accurate guidance for the pricing
of real enterprises.

Appendix x: Proofs

The following proofs are derived using constraint conditions, the backward induc-
tion, and differential partial derivatives methods.

Proof of Lemma 1

Taking Eqs. (6) into the Egs. (4), the first-order derivative of ﬁ}ff with respect to
w', p’, and p'” are respectively

OmR0 A+ 2w —2p

owre — 2(A-1)

(x1)

p(1 = AB) (2w = 2p7 + 1= A) =22 — A — AP)p"°+
omy? 4L = Ap? + A+ 241 = pw? = Af = (1= p) +2(1 = H(c, - ¢,)

apy 200 = D(p(Ap = 1) = A1 = p))
(x2)
67r1§10 3 (Zp;” —c,+ p(1+ p)(cm - 2p(’)”))ﬂ + p(Zps’ - cm) 3)
apyp (B +p) = DB+ p)A> + (p = 2p(1 + p))A + p?
Plm) 1 Pm) _ -1 P
From the Egs. (x1)-(x3), we get Gwmows = I1° owmopr . a=1° awmopr O
P(ry’) _ -1 () _ es-D+aB-D+20-1)  P(r) -2 P(m) _
dpreawre — A=1" appapy T (=D(pAF—1+AB-1) " dppapp T p(Af-D+AB-1)’ dppowre T 7
P (7)) -2 P(m) 24 . L
= = . The Hessian matrix with
opeopy PAB=1)+A(p—=1)" dpopr (P(Ap=1)+A(B—1))(AP+p(A—1))
respect to i is
1 =L 0
A=1 A-1
R0 _ | 2L @ts-0+Ap-126-1) -2
M T A-1 (A=D(p(Af=-D+A(-1) ﬂ(ﬂﬂ—1%+/1(ﬂ—1)
0 -2 1

P(Af—D)+A(f-1) (p(Ap=D)+A(F=D)(AS+p(26—1))
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—1

|’_‘

Note  that ﬁ <0,

)

1 A-1 _ -2
L (pAp=D+a(B-1)+2(4-1) | = A=D1 =P)+p(1=1p) >0,

=1 (A=D(p(Ap-1)+A(f-1))
< 0, which indicates that Hﬁo is a negative defi-

P

|- s
M (A=D)(AB—p(1=2))(A—(AB—p(1—Ap))
nite matrix. Hence, ”11;0
0751";0 -0

0RO onRo

M. — () an M

owre opre 0 d op'e
Wa Py Py

is concave in wr, pr? and pr. Using first-order condition, let

= 0, the supply chain members’ optimal pricing decisions

1+c, A+c, 1+p)Af+c,—
under model RO can be solved as follows: w)?* = ==, p/* = ==, pi** = %.

1-1 70 10 _
%, we have p/** = w Thus,
all the optimal results are yielded. Finally, substituting above optimal pricing decisions

RO RO ROx _ 1-4
Ty and g we have T =

(B +p) = DR+ )4 + (p = p+ P21+ p) +4Pc, (1 + p)(1 = (1 + ) = fp(3 +2p)) A7+
k0w _ (p(1+ p)(1 =28) = 2(2p + B(L + p)(c,, —4p — 2¢,) ),y — 2¢2) A+ 2p(c,, — 2p — 2¢,)c,, + PP )
M 8((B(1+p)=1)B(1+p) 22 +p(1-2B(1+p))A+p*)

rox
0

Then, substituting w/’* and p’?* into p/** =

into

Proof of Proposition 1

Combining Egs. (1)—(3) and using partial differential theory, we can obtain Proposition
1.

Proof of Lemma 2

Using differential partial derivatives and backward induction to solve the optimization
problem in Egs. (7), the first order derivative of zrgR with respect to p", p’" can be
obtained as follows:

oxkR  (2p7 —pT—wT) +A—1

= 4
o A1 (x4)
onfk (1= Bppl) +2p — Bpll — Aw'” *5)

= X

B (1= + (A= P2+ A=2p)p+ B~ A)
2 ﬂ.RR 2 ﬂRR 2 ﬂ.RR
From the Egs. (x4)—(x5), we have Zpg ;p,z = ﬁ, Zpg ;pz =0, ngr ;p’? =0,
02(”§R) 3 A ) n n ) ] n r r nRR )
Pl Ty PR The Hessian matrix with respect to z," is
1
— 0

HRR = | 471 A : Note that ﬁ <0,

2(B=A+p(f—D)(B+p(f—1))
A < 0, which indicates that Hﬁo is a negative defi-

’ HERR| =
R 2(A=1)(f=A+p(B=1))(B+p(f—1))
nite matrix. Hence, ﬂ'gR is concave in p’" and p!". Using first-order condition, let
O _ ) ana 2

oy opy’

n

= 0, we have
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Pr AW —A+1

Py = (x6)
(B —p+ Pop, + Aw]”
p, = 22 (x7)

Substituting Egs. (x6) and (x7) into Eqgs. (10), taking partial derivatives of ﬂA’f,R with
respect to w;’, w:’, and p(’]’, we get

onkR A+ 2w —2p7 — 1

= XS
ow'r 20— 1) (x8)
onkR (2w = ¢, ) A+ (207 = ¢, )(p — B(1 + p)) o)
= X
owyr 2((p— B+ p)A+ B(L + p)(B(L + p) — 2p) + p?)
=23+ (¢, =20, + 297 + 2w =20 + f—p+ fp+ 1) A%+
orkR 3 (2¢ — ¢, — 4P 42w + (2w — ¢+ 1)(p — B = Bp)) A+ (¢ — 207 ) (0 — B — BP)
apy 2=+ B +p)—p+ DA%+ (p— U+ p))A)
(x10)
P _ 1 2 o ) _ -
From Egs. (x8)—(x10), we get that owrowr = I owrowr = 0, v = oD
P _ P _ A Pmf) _ -1
dwrowrr T 7 awrrawr "~ (p=P(L+p)A+A(1+p)B(1+p)=2p)+p>" owropy — p—Atp(p-1)’
P(my) _ -1 ’ Plmp) _ =1 2 ) A=2ikp=pthp . Then, the
aprowr — A=1" oprowr — f=Atp(p=1) opropy  —P+(f—p+Pp+)A2+(p—p—pp)i
Hessian matrix with respect to zXX is
£ 0 =L
A-1 1 A—ll
RR _| 0 s
Hy' = =P+ A+ P+ 2p) 7 —Hp(p-1) . Note  that
= —1 A==22+p—p+pp
-1 | iG] =B+ (P=p+Bp+ 1) 2+ (p—p—Pp)
— 0
1 _ -1
—_— < 0’ = > 0,
-1 0 A (A=D)(B=p+Bp)(A=P+p—Pp)
(=B(+p)A+P(1+p)(B(1+p)~2p)+p?

2 . . . RR : .

= < 0, which indicates that HY" is a negative defi-

’ ’ =D(B=p+pp)G=P+o—pp) M o Bg

. T 7[
nite matrix. Hence, ﬂ}ff is concave in w'", w" and p’". Let —£ =0, = =0 and

n r 0 0Wrr ()

ok 1+ - +i—p+ It
—. =0, we have w)™ = %, Wi = w and p”* = % Then, substltutmg
o
. . 2¢,,—A+3
£ £l £ %

w™, w’™ and p/™ into p7 and p, we have p= = and
+20-2p+2pp) A+ + . . . . .. .
prr = (c¥2p—2p+2p ﬁ Gptborcy, Finally, substituting above optimal pricing deci-
sions into mRR and TRR, we have
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(0= B+ )2 = (B = p = 2L = ) +4c,,(p = B+ p)) + o3 = 2p) + ¢ = p7) =
(260 = (1 = Y +2¢,, (291 + p)* +20°(1 = 29) + (p = B(1 + p))c, = 48p) +2C%(B = p+ fp) = (1 +20)°) it

e B+ B+ p) = 20) + 1),
o= =84((B(1+p)=p)A=P(1+p)(B(1+p)=2p)=p*)

B +p)— )22 = (2 + 21— P+ L +2p)8% — (L + Pp+ p) 12—
(280 — (1= By 0% = (L +2p)f% +2(p = f = Pp)c,uc,) A — ¢ (1L + p)(B2(L + p) = 26p) + pP)
—16((B(1+p)=p) 2+(—f2 (1+p)*+p(2B(1+p)—p)) 1)

and R =

Proof of Proposition 2

Combining demand functions and Lemma 2, by applying partial differential theory,
the result of Proposition 2 is obtained.

Proof of Proposition 3

Combining the constraints and Lemma 1 and Lemma 2 yields the result.

Proof of Proposition 4

MQ2A=2p+24p-2 —(p-
Note that, p:o* _p:r* — ( p+2Ap )4ﬂ+Cr) (B p+ﬂﬂ)cyu' When

A
204 =DAB+2(A=1)Afp + Ac, — (B — p + Bp)c,, > 0, we have p/°* > p™, that is,
(B=p+Bp)c,=20=DAf+ic, - (B=p+Pp)c,,—2(=DAf+Ac,
Afp < 2G-1) ,if Afp > G-1)
ok _ rrk _ (/1p+p2+iﬁ2(l+p)2—ﬂ(1+p)(p—A+/1p+2/12))cm+/1(/1+p+ﬂ(/1—2p+Ap—2))c,

Note that, g — ¢, = 1A= 20— )= +p(1—B)) :
By the constraint A—Af+p(1—-16)>0, we get A—-f+p(1—-p)>0,
AAA = A+ p(1 = AB)(A — B+ p(1 = B)) > 0, thus, when
(A0 + P>+ 4821+ p)* = B+ p)(p — A+ Ap +222))c, + MA+ p+ B
(A=2p+ Ap=2))c, >0, we have qrr > q’r, that is, if
(1=B)p* + (A= B)p+ AB(B =24+ 1))c,, + A4+ p+ B(A+ Ap — ),

rr¥
o

£, then p’™* < p

+((B2+p)—p =24, + (A=2)c,)ABp >0 ,  then

q{’}”* > q{’}’*. In other words, when w >0, that is, if
—((1- 2 — _ - —

Afp > ((1=B)P*+(A=P)p+AP(f—24+1) ), — M A+p+P(A+Ap 2))c,’ then ng* > q;’*. When o < 0,

(B2+p)—p=200, +=2)c,
- (=P +U=Pp+ APP=20+D)e, = Hrtp Pt hp=2)e,
that is. if 46 < BCHp—p=220, 4G,

Note that,

, then g’ > g'™.

=B =p+pp)AB —p+ ABp)A—=2B+p+ A —20p+ APp)c,—

Ac, ((=BU+ p)B+ Bp— 1A+ (202 —2)B+p) A+ (20 +4p +2) 7 — 4pp(1 + p) + p*)
S4B +P-p = PP AP I—AB) G+ p1—B)

ro% rrE

g7 =g/

Because(AB(1 + p) — p)(B — p+ Bp)(A — Af + p(1 — AB))(A — B+ p(1 — B)) > O,
i f
~(B=p+Bp)AP —p+ APp)(A—=2B+p+ AP —2Bp+ ABp)c,, — Ac,(=B(1 + p)
B+Pp—DA%+ ((207=2)B+p)A+ (20> +4p+2) > — 4pp(1 + p) + p*) <0
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then ¢** > g™, that is, —(ABp)*(B - D(1 + p)c,, + AfpB +C <0, where
B =c,(B(1 =20+ 20) = (L+p+Pp) +p(L+p) + (B =1 = p+ Bp)A =28+ p+ 28— 2fp)
+p(L+ B+ Bp) = c.(=(B+ B+ pf — DA +2p4+2pf +4(f — 1 - p))
C= =, AP (A=2B+AB) — pBQB+p—2Bp)+ p*(A— 2B+ p—2Bp) + Bp(Bp — p)

s (=284 p=2pp) — Ac,(=B(B = 1)A* =24+ pA+ 25>+ p?) . To
be specific, when B2 +4C(p — 1)(1 + p)c,, > 0, if
—B—4/B2+4C(f-1)(1+p)c,, —B+4/B>+4C(B-1)(1+p)c,, ro% rr
e ( “20-D(+p)e, =2(p=1)(1+p)c,, . then g > ¢ When

or

—B-— 2 — C.
B2 +4C(5 — 1)(1 + p)e,, > 0, App < N2 DT,

—2(p=D)(1+p)c,,

_B+1/B? _ -
ABp > B+14/B +4C(f—1)(1+p) " q:o* <q:r*. When B2+4C(ﬂ— (1 + p)e,, <0,

—2(p-D)(A+p)c,,

q:()* < q:r*.

Proof of Corollary 1

Let h=p—p+B1+p) +4pc,(1+p)1 -1+ p) — Bp(3 +2p).
k=p(1+p)(A-2p8)— 2(2p + p(1 + p)(cm —4p— 2c,))cm - 263 ,
9=38((B(L+p)— DAL+ p)A2 + p(1 = 28(1 + p))A + p?) :
£ =p—p—p*(1 =Py +4c,(p— PO+ p)) + Bp(3 —2) + ¢ — p* :
v=28p = p*(1 = B’ +2¢,,(20(1 + p)B* +2p*(1 = 28) + (p = B(1 + p))c, — 4Pp)
+2c2(B—p+Bp)— (1 +2p)f :

o ==8A((B(1 + p) — p)A — B(1 + p)(B(1 + p) — 2p) — p*). From
M = zfR — zRR the result is derived.

Proof of Proposition 5

The proof process is similar to Lemma 2 and will not be repeated. Where
u=(=41+p)’ B> +4(p+ Dfc, + (—p* =30 =3p— 1)’ + (p* +4p° +5p +2)
+(=30*—4p—1)p +p)
@ =(((UL+ PP =21+ p)fcs, +2(=(L+ P + )P = ¢, +2(p* +3p7 +3p+ 1) (B = D +2p(3(L + p)f = D),y

, A+ p 7 =2)2 + (=p* =302 =3p— 1) + (30° + 70> + 5p+ 1) 2 + (=29 — 69 — 4p) p +2p* + p)
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c=((F2-30) + (28> =36 +2)p+ B*),
+ ((=287p* —4pB> — 28> + 6pp* + 6pp — 4p)c, — 88p
, (49 +46p(20° +3p+1) =807 ), + (=F*(L + p) = B> + pp + 26 = 2p)c]

+ (287 =38+1)p* +2(28* =28+ 1)p* +28(8 — )p
0= (20" =0’ = Bp)c;, +2p((B+ Bo = 20)c, +2Bp(1 + p) = 207 )c,,

s+ (B +Bp)C + 00— Bp—B)
Proof of Corollary 2

Combining Propositions 2, 3 and 5, Corollary 2 is proven.
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