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Abstract

In 2015, the United Nations Member States adopted the 2030 Agenda for Sus-
tainable Development with at its core 17 sustainable development goals (SDGs) to
preserve the planet and its resources for future generations. Remanufacturing covers
several of these SDGs and is one of the main operations of the circular economy.
Remanufacturing has been adopted by (re)manufacturers to extend the life cycles of
their products and reduce material, energy, and labour consumption. Remanufactur-
ing has experienced significant growth over the past decades and is forecast to keep
growing. However, some hurdles could soon hamper its development. Sales canni-
balization between new and remanufactured products is one such obstacle that could
prevent the remanufacturing industry from further developing. Consumers perceiv-
ing remanufactured products as having lower quality and performance than new ones
could also reduce demand and force manufacturers to opt for less environmentally
friendly value recovery options. To mitigate the negative effects of cannibalization,
optimal pricing and retailing strategies should be designed for the competing new
and remanufactured products. Appropriate after-sales services should be derived and
offered to consumers to help alleviate their quality, performance, and safety concerns
about the remanufactured products. This dissertation explores three themes dealing
with the optimal pricing, production, retailing and after-sales service strategies for
new and remanufactured products.

The first theme investigates the manufacturer’s optimal pricing and production
decisions for the new and remanufactured products in a dual-channel supply chain
with crosschannel and intrachannel competitions. The second theme deals with the
optimal pricing and production decisions for new and remanufactured products sold
with base warranty. Finally, the third theme extends the models developed under the
first two themes to explore the optimal strategies for competing after-sales extended
warranty services offered by the (re)manufacturer and retailer. Several mathematical
models are built to explore the impacts of manufacturing and remanufacturing costs,
and customers willingness to pay for remanufactured products on the optimal prices,
demand functions and warranty periods offered.

This research addresses key issues in the pricing, production and retailing of re-
manufactured products. The results obtained provide academic and managerial in-
sights to support efficient decision-making for organizations engaging in remanufac-
turing.
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Chapter 1

Introduction

In recent years, the pressure on manufacturers to produce environmental friendly

products has grown due to the increasing environmental awareness of consumers and

the laws and regulations promulgated by governments. Extended Producer Respon-

sibility (EPR) policies require manufacturers to take the financial and/or physical

responsibility for the value recovery of their End-of-Use (EOU) or End-of-Life (EOL)

products. Remanufacturing, a proven value recovery option and efficient alternative

to sending EOU/EOL products to landfills which aims at reducing resources usage,

has been adopted globally by leading original equipment manufacturers (OEMs).

Although, the remanufacturing industry has reported significant growth in revenue

and number of employees over the past decade, issues such as cannibalization be-

tween new and remanufactured products, quality, performance and safety concerns

from consumers regarding these remanufactured/refreshed products have become in-

creasingly important and could risk becoming key hurdles to further growth of the

remanufacturing industry. To mitigate the negative effects of cannibalization and

alleviate the quality, performance and safety concerns, OEMs must judiciously de-

cide the pricing, production, retailing and post-sales strategies for their competing

new and remanufactured products. This dissertation contributes to this important

decision-making by exploring the optimal pricing, production, channelling and war-

ranty models and decisions for new and remanufactured products.

This dissertation is a thesis by articles comprised of three peer-reviewed manuscripts.

The production decision focuses on investigating the manufacturer’s remanufactur-

ing decision (whether or not engaging in the remanufacturing activities); the optimal

pricing decisions examines price strategies, including the wholesale price and selling

price for both the new and remanufactured products; and after-sales decisions studies

the optimal prices of the manufacturer and retailer on after-sale services (base and

1
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extended warranties). Chapter 1 introduces the remanufacturing process. Following

a discussion on the definition of the remanufacturing in the literature, an overall in-

troduction to the remanufacturing industry is presented. Then, the advantages and

obstacles to the development of the remanufacturing industry are presented to sup-

port and justify the research motivations and goals on this dissertation. Chapter 2

investigates optimal pricing strategies of the manufacturer and the retailer for new

and remanufactured products in a dual-channel supply chain under the cases with and

without remanufacturing. Chapter 3 focuses on the manufacturer’s optimal decisions

on the price and production strategy in a closed-loop supply chain (CLSC) by con-

sidering the bundled base warranty for the products. Chapter 4 explores the optimal

pricing strategy for the extended warranty (EW) offered by the manufacturer and the

retailer for both products. Conclusions and extensions are presented in Chapter 5.

1.1 Introduction to remanufacturing and its processes

1.1.1 Definition of remanufacturing

Remanufacturing is a set of processes dealing with recovering value from used

products. It has been defined by Ijomah (2002) as the “process of returning a used

product to at least original equipment manufacturer (OEM) performance specifica-

tion from the customer’s perspective and giving the resultant product a warranty that

is at least equal to that of a newly manufactured equivalent.” This definition is used

in the dissertation for two reasons. First, it distinguishes remanufacturing from re-

pairing (or reconditioning) based on the level of quality and warranty (see Table 1.1).

A similar definition is given by the Remanufacturing Industries Council (Remanu-

facturing Industries Council, 2020) by defining remanufacturing as “a comprehensive

and rigorous industrial process by which a previously sold, worn, or non-functional

product or component is returned to a ‘like-new’ or ‘better-than-new’ condition and

warranted in performance level and quality.”

Amezquita et al. (1995) define repairing and reconditioning as the process of

transferring a damaged product to a functioning and satisfying condition. Differing

from the repaired and reconditioned product, the remanufactured product usually
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Table 1.1: Differences between remanufactured, repaired, and reconditioned products.

Remanufactured product Repaired product Reconditioned product
Warranty level High Low Medium
Quality level High Low Medium

has the same or even higher quality than the new product. This is clearly stated

by the British Standard (BS 8887-220:2010, 2010) which requires that the technical

specification of the remanufactured product should be equivalent to the performance

of the new product. This implies that the quality of a remanufactured product is

higher than the quality of a repaired or a reconditioned product. Moreover, BS

8887-220:2010 (2010) states that a remanufactured product should be covered by a

warranty that is equivalent to or better than the one for the new product. This is

different from the repaired or reconditioned product, which has a warranty inferior

to that of the new product (Ijomah, 2002). These same requirements are stated in

Griffiths (2012) and Kauffman and Lee (2013).

1.1.2 Remanufacturing process

The remanufacturing process has been discussed in many studies in the litera-

ture such as (BS 8887-220:2010, 2010; Kauffman and Lee, 2013; Manufacturing, 2020).

BS 8887-220:2010 (2010) classifies the remanufacturing process into 10 steps and ex-

plains the standards for each step in details, including the collection of technical

documents and cores, initial inspection, disassembling, detailed inspection, remedia-

tion, replacement, reassembling, testing, and setting a warranty. Kauffman and Lee

(2013) combine some of the 10 steps from BS 8887-220:2010 (2010) to result in seven

steps. Atlantic Automotive Manufacturing, a leading manufacturer in the automotive

aftermarket, suggests 8 key remanufacturing steps based on its practice as: core re-

ceiving and inspection, disassembling, cleaning, component preparation, assembling,

quality control, final part preparation, and packing. Based on these three explana-

tions of the remanufacturing process above, we classify the remanufacturing processes

into five stages in this dissertation as shown in Figure 1.1): 1) Collection, inspection

and sorting of cores; 2) Disassembly, inspection and sorting of components; 3) Re-

processing; 4) Assembling and final quality checks; and 5) Distribution, retailing and
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servicing.

Figure 1.1: Remanufacturing stages

The first stage in the remanufacturing process is to collect the returns from con-

sumers. The quality and quantity of the returns depend on the collection policies

and the reverse channel structure adopted by the manufacturer. Based on the qual-

ity, some returns/cores with sufficiently low quality are recycled and the rest are

taken to the next stage dealing with disassembly. At stage 2, the returns with suffi-

ciently good quality are disassembled into their individual components or materials.

These disassembled components/modules/subsystems are inspected, and based on

their quality, they are used for repairs, refurbishment, recycling, or remanufacturing

(Alqahtani and Gupta, 2017b) in Stage 3. The objective of Stage 4 is to assemble the

reprocessed components/modules/subsystems to produce a remanufactured product.

After assembly, the remanufactured product is tested to ensure that its quality is as

good as the new product’s quality (BS 8887-220:2010, 2010). After the remanufac-

tured product is produced, the manufacturer sells it to the customer by adopting an

optimal marketing strategy that includes a pricing strategy, a warranty strategy, and

a choice of selling channels.
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1.2 Advantages of remanufacturing

This section discusses the three types of advantages that remanufacturing brings

to an organization: economic benefits, compliance with policies and regulations, and

enhancement of the organization’s social image.

1.2.1 Economic benefits

Due to the usage of the returns, the production costs of the remanufactured

product, including costs of material, energy used, and disposal, decrease significantly

as compared to the production costs of an equivalent new product.

By using the returns, the manufacturer does not need to buy large quantities of

raw materials in the remanufacturing process, leading to an essential saving in the

material cost. The material cost for a remanufactured product is usually 45% to

60% lower than the material cost of a new product (Saavedra et al., 2013). Giuntini

and Gaudette (2001) state that remanufacturing businesses can save 14 million tons

of materials every year. Xu (2010) points out that a truck engine remanufacturer

in China can save around 40,000 tons of metal to produce around 50,000 engines

annually. Steinhilper and Weiland (2015) also mention that a large remanufactur-

ing factory producing auto parts saved 240 tons of copper, 440 tons of aluminum,

and 2,200 tons of steel. In the United Kingdom (UK), the annual raw material sav-

ing for the remanufacturing industry is around 2.7 million tons (Gunasekara et al.,

2018). Many companies involved in the remanufacturing industry enjoy the benefit

of material savings. Armstrong World Industries produce tiles with more than 80%

of recycled materials (Bhatia and Rajiv, 2019). Vasudevan et al. (2012) report that

the production cost for HP and EPSON decreased by about 65% through remanu-

facturing. Volkswagen remanufactures 15,000 engines every year by using 70% of the

material at half the cost from EOL products (Singhal et al., 2018).
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Energy savings are also notable in remanufacturing. Compared with new prod-

ucts, the production of remanufactured products can use from 50% to 60% less energy

(Steinhilper and Weiland, 2015; Feng et al., 2016). Boustani et al. (2010) explore the

life cycle energy savings for remanufactured products and find that for washers, re-

frigerators, and dishwashers, the life cycle energy savings are respectively reduced by

51%, 59% and 74%, as compared to new ones. In China, 105,000-megawatt hours

of energy can be saved annually by a large auto parts remanufacturer (Steinhilper

and Weiland, 2015); there are around 7 million machine-tools and almost one third of

them have been used for more than ten years with low energy efficiency (Cao et al.,

2011). Due to economic pressures, it is not practical for the companies to replace

their machine-tools with new ones (Du and Li, 2014). However, remanufacturing is

considered as a cost-effective method to upgrade the quality of the machine-tools and

thus to increase their energy efficiency and reduce energy consumption (Zhang et al.,

2020b).

Energy savings in the remanufacturing process lead to reductions in greenhouse

gases (GHG) emitted and generate substantial profit for the (re)manufacturer ac-

cording to the local carbon pricing policies. According to Deng et al. (2017), the

production of remanufactured products can reduce emissions by 80%. In the UK,

the annual reduction in CO2 emissions is around 0.8 million tons (Gunasekara et al.,

2018). In order to reduce the greenhouse gas emissions (GHGE), many environmen-

tal policies and regulations are adopted by governments such as the cap-and-trade

and carbon-cap regulations. The cap-and-trade regulation is accepted by many coun-

tries worldwide and is considered as one of the most effective policies to control the

GHGE (Xu et al., 2017; Chen et al.). Under this regulation, free emission credits are

allocated to each manufacturer at the beginning of a cycle and a manufacturer can

trade residual credits in a carbon market. Due to the reduction in GHGE during the

remanufacturing process, the allocated credits are usually more than enough for the

remanufacturer who can then can trade the unused credits with other manufacturers

to generate profit.

Under the Extended Producer Responsibility (EPR) regulations, manufacturers
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must deal with their EOL/EOU products. However, the number of returns has

sharply increased rapidly due to the shortened product’s life cycle and the devel-

opment of online shopping. In the past decade, the life cycle of most products has

dramatically shrunk. For example, in the auto industry, the life cycle of the VW Golf

I was around 10 years in 1974. In 2008, the life cycle of the VW Golf VI has reduced

to 5 years (Schuh et al., 2017). For mobile phones, Chiang and Trappey (2007) claim

that their life cycle is shortening. Market studies show that 50% of the revenue for

companies in a variety of industries are generated from the sales of new products in-

troduced into the market within three years (Horn, 2020). Thus, this increased race

to introduce new products compounded by a shortening life generate huge quantities

of EOL and EOU products. This is even more dramatic for electronic products. 49

million tons of returned electronic products (e-waste) were generated in 2016 globally

and this number is expected to reach 58 million tons in 2021 (Cho, 2018). In Europe,

e-waste increases with an annual rate of 3% to 5%, and was predicted to reach 12.3

million tons in 2020 (Zeng et al., 2013). About 59 million tons of EOL vehicles were

recorded and disposed of between 2006 and 2014 (Paterson et al., 2018). In Malaysia,

e-waste is expected to increase at a rate of 21% annually, and 1.7 billion units of

e-waste was estimated to be generated in 2020 (Beleya et al., 2017). Moreover, due

to the development of online shopping and the promise of easy returns by retail-

ers, the return rates for these retailers has reached high levels in the past decades,

which is due to the factor that consumers are not always capable of obtain sufficiently

information on the products at the time of their online purchase (Ramanathan, 2011).

According to Ramanathan (2011), in 2003, nearly 20% of online sales (a total of

$96 billion) were returned to retailers. The National Retail Federation (2015) reported

that the average returns rate is around 8% in the retailing industry globally. However,

this rate is around 20% to 40% for online sales (Vamanan, 2020). For fashion products,

the returns rate can be as high as 75% (Mostard and Teunter, 2006). High returns

rate translates into high amount of returns to be processed by manufacturers. IHL

Group reports that returns account for more than $ 600 billion annually worldwide,

and nearly one in four return comes from North America (Hudson, 2019). Reagan

(2019) also reports that in December 2019, UPS was estimated to deal with more than
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1 million returns daily. Therefore, the disposal cost for the returns is non-negligible

for manufacturers. According to Grau et al. (2015), the average disposal cost in Latin

America and the Caribbean is about $20.4 per ton disposed of, and in some countries

such as Brazil, this unit cost is over $30.

1.2.2 Compliance with policies and regulations

To protect the environment, many countries have adopted laws and regulations

to require the manufacturers to take the responsibility for their EOL/EOU prod-

ucts and support value recovery activities. The Basel Convention is one of the most

widespread and essential agreements to control the movement of the e-waste (Eu-

ropean Commission, 2013). The core of this agreement is the extended producer

responsibility (EPR), which is a policy to extend the manufacturer’s responsibility

for its own product to the post-consumer stage (De Oliveira et al., 2012). The inten-

tions of EPR are to transfer the responsibility for dealing the EOL/EOU products

from the government to the manufacturer and encourage the manufacturer to produce

sustainable products that are easy to remanufacture, recycle or reuse to generate the

profit (European Commission, 2013) and protect the planet. Most countries in the

world have either implemented EPR (e.g., European Union, Canada, and Japan), or

introduced and designed related policies (e.g., China and India) (OECD, 2014).

In Europe, the Waste Electrical and Electronic Equipment Directive (WEEE Di-

rective) announced in August of 2005 sets collection, recycling and recovery targets

for all types of electrical goods and thus requires electrical and electronic equipment

manufacturers to reprocess or cleanly dispose of their EOL/EOU products (Andersen

et al., 2020). Between 2011 and 2016, Sweden and Switzerland achieved the high-

est recycling rates for EOL/EOU products (over 60%) among all European countries

(Ylä-Mella and Román, 2019). For Norway and Denmark, the rates were around 38%

and 50% respectively (Andersen et al., 2020).

In the United States, Public Law 114–65, allows all federal agencies to use reman-

ufactured products in repairing or maintaining their vehicles (Guidat et al., 2017),

which is an essential support to the remanufacturing industry. The Environmental
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Protection Agency (EPA) is the main environmental legislation organization in the

United States, which published laws and regulations to support the remanufacturing

activities both directly and indirectly with initiatives such as the Safer Choice pro-

gram (Guidat et al., 2017).

As early as in 2001, the Chinese government established the National Key Labora-

tory, that focused on exploring new remanufacturing technologies (Williamson et al.,

2012). Since 2003, many laws and regulations were put in place to foster recycling

such as the Law of the People’s Republic of China on Cleaner Production Promotion

(2003) and the Law of the People’s Republic of China on Prevention of Environmental

Pollution Caused by Solid Waste (2005). In 2009, the Law of the People’s Republic of

China on Circular Economy Promotion pointed out that remanufacturing is consid-

ered as one method for reusing products, which gives a legal label for remanufactured

products. In 2019, a new law in China allowed remanufacturers to sell used car com-

ponents (Schwarck, 2019).

Similar laws and regulations to support remanufacturing can be seen worldwide,

for example the eWASA Technical Guidelines on Recycling of Electrical and Elec-

tronic Equipment in South Africa and the Guidelines for Environmentally Sound

Management of e-Waste in India (European Commission, 2013). These laws and

regulations have fostered the creation and growth of remanufacturing activities and

businesses worldwide.

1.2.3 Enhancement of the organization’s social image

Adopting remanufacturing can help increase the organization’s social image and

boost the demand due to the increased customer’s environmental awareness (CEA)

(Hammami et al., 2018). In a 2019 survey, 72% of respondents indicated that they

were more likely to buy a green product than five years ago (Martins, 2019). A

report in 2007 from BBMG reveals that more than half of the Americans being inves-

tigated were willing to pay more for eco-friendly products and around two-thirds of

the respondents indicated that they were more likely to buy products benefiting the

environment (Zhang et al., 2015). A 2018 survey on social responsibility conducted
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in the United States shows that more than two-thirds of the youths have bought a

product with some level of environmental benefit in the past year and almost 90%

of young people were willing to buy a product with environmental benefits (Butler,

2018). In China, a report for the research program (customer awareness and behavior

change in sustainable consumption) showed that on average half of the Chinese con-

sumers were willing to pay a 10% premium for green products and around 70% of the

consumers agreed that their purchasing behaviours are affected by the environmental

issue (Li et al., 2017).

Remanufactured products are considered as green products given that they are

produced from used products and can decrease energy consumption and GHGE. En-

gaging in remanufacturing can increase the manufacturer’s social image and boost

demand for its products. A 2018 survey shows that 87% of consumers showed a

better attitude towards a manufacturer whose business activities yielded benefits for

society and the environment, and 92% of consumers were more likely to trust a manu-

facturer providing a product or service with an environmental benefit (Butler, 2018).

1.3 Development of the remanufacturing industry

Due to the benefits presented in Section 1.2, remanufacturing has been adopted

by many firms worldwide. Around 70 years ago, on the sole basis of financial benefits,

companies in the United States and Europe began to recycle used products, which

was considered as a start point for the remanufacturing industry (Xu, 2013). In the

1960s, some small auto repairing shops began to collect used auto components and

reused them in the repairing service in Japan (Ikeda, 2017). As early as 1980, reman-

ufacturing has been officially recognized as the regeneration of the wasted products

(Xu, 2013). In 1981, a three year global research and development project on the

integrated resource recovery was executed by the World Bank. In its report, reman-

ufacturing was studied and classified as a part of solid-waste management (Lund,

1985). The situation of the remanufacturing industry in the developed and devel-

oping countries was also explored in this project. The British Standard Institution

published the standards for the activities in the remanufacturing process in 2010 (BS
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8887-220:2010, 2010). According to a survey from Global Industry Analysis, reman-

ufactured auto parts could generate $193 billion by 2020 (Lee et al., 2017). During

the 6th China Remanufacturing Summit in 2016, Joe Kripli, the president from Au-

tomotive Parts Remanufacturers Association (APRA), pointed out that the United

States could still dominate the remanufacturing market in the next few years and

the Asian-Pacific region would have see a substantial growth in the remanufacturing

industry with a more rapid growth speed than any other regions in the world (Kripli,

2016).

The United States has the largest remanufacturing industry and more than 70

years history (Kang et al., 2018). According to a report published by the United

States International Trade Commission in 2012, America had the largest remanu-

facturing industry in the world. As early as in 1996, remanufacturing was already

adopted by 73,000 firms in America, covering 46 major industries with annual sales

of $ 53 billion dollars (Lund, 1996). In 2012, the annual investment for the reman-

ufacturing industry was around $1.2 billion, which doubled the investment in 2009

(Williamson et al., 2012). The remanufacturing auto industry in America accounted

for $6.2 billion in its domestic market in 2011 (Matsumoto et al., 2017) and this

number increased to $6.9 billion in 2015 (IBISWorld, 2020).

In China, remanufacturing legally started in 2008 when the government began

issuing licenses to some manufacturers that allowed them to engage in the remanu-

facturing of auto parts, machinery, and electrical equipment (Lee et al., 2017). In

2012, the capacity of the remanufactured engines reached 110,000 units and the to-

tal remanufacturing industry in China accounted for $0.4 billion in value and this

number increased to $4.89 billion in 2015 (Zhang and Chen, 2015). According to the

Ministry of Industry and Information Technology, the remanufacturing industry was

predicted to reach $30 billion in 2020 (Cao et al., 2020b).

The growth of the remanufacturing industry in Europe is similar to the USA,

which mainly covers the aerospace, automobile parts, and machinery industries (Lee
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et al., 2017). The remanufacturing industry in all of Europe is estimated to have a po-

tential value of 600 billion euros (Cattolica, 2018) and will employ 255,000 people by

2030 (Parker et al., 2015). The main remanufacturing industry in Europe was located

in four countries: Germany, the UK, France, and Italy with Germany accounting for

one third of the total output (Parker et al., 2015). In the UK, the annual output from

remanufactured products is around $7.28 billion and the remanufacturing industry

has provided more than 50,000 jobs (Cao et al., 2020a).

In Japan, remanufacturing can be traced back to 1960’s. Some repair shops col-

lected cores and components with good quality from disposed autos and used them

as spare parts (Ikeda, 2017). In 2012, the market size of the auto remanufacturing

industry was around $2.31 billion and with more than half from the reused auto parts

(Kang et al., 2016). According to Kafuku et al. (2016), the annual value of remanu-

factured products in Japan was around $4.8 billion in 2016.

South Korea is also a large market for remanufactured products. Kang et al.

(2018) conducted a survey in 2015 to explore the remanufacturing industry in South

Korea. The result shows that the remanufacturing industry was worth around US$700

million in 2015 with a 16% increase, as compared to 2010. Auto parts accounts for

the majority of the value (85%) and the rest includes toner cartridges, catalyst-coated

products, and electrical and electronic equipment.

In Malaysia, the remanufacturing is a new industry for 4 major product cata-

logues: the vehicle components, the printer cartridge, the information and communi-

cation technology, and aerospace, generating $1.25 billion every year with a potential

to be doubled when the market matures (Philippines, 2015).

In Canada, the high demand for remanufactured products due to an increasing

customer’s environmental awareness is the essential driving force for the development

of the remanufacturing industry (Gunasekara et al., 2018). The main catalogues of

remanufactured products in Canada include motor vehicle and aerospace components,

medical devices and equipment (APEC and US-AID, 2013). According to a report
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from US International Trade Commission in 2012, Canada was one of the leading

countries importing remanufactured products from the United States (Parker et al.,

2015). There is therefore an urgent need for the Canadian manufacturing industry

to innovate and improve its methods and decisions to compete against the American

remanufacturing industry.

The numerous examples given above show how the remanufacturing industry has

grown worldwide. There are significant opportunities for growth as the global econ-

omy pivots towards more sustainable economies through the 17 sustainable develop-

ment goals of the United Nations. With these opportunities also come many issues

and obstacles that need addressing to better support decision-making for organiza-

tions engaging in remanufacturing.

1.4 Obstacles to remanufacturing growth

Although remanufacturing has tremendous advantages and create substantial

economic value, many manufacturers are still hesitant to enter this industry for several

reasons including the important following three issues: (i) the cannibalization to the

sales of the new product by the remanufactured; (ii) the uncertain quantity and

quality of the returns; and (iii) the low consumer’s perception of the remanufactured

product.

1.4.1 Cannibalization of the sales of new products

One key concern disclosed by (re)manufacturers is the possibility that engaging

in remanufacturing will cause the cannibalization of the sales of their new products

with high profit margins by their own remanufactured products with low profit mar-

gins. Indeed, new and remanufactured products compete on the same market given

that the remanufactured product has similar functions as the new one with the ad-

vantage of a lower price. Price sensitive consumers may switch from buying the new

product to acquiring the remanufactured product. For example, the Sales and Mar-

keting teams at Hewlett Packard state that the sale of one new product is lost when

four remanufactured products are sold (Zhang et al., 2020a). Similar cannibalization

rates are also reported by Atasu et al. (2010) and Guide and Li (2010). Moreover,
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due to the huge market size for the remanufactured products, this cannibalization

exists regardless of the manufacturer’s remanufacturing decision.

When selling the remanufactured product in an addition to the new product, a

manufacturer needs to consider the competition between the different departments in

the company (if the manufacturer directly sells both products ) or the different mem-

bers/agents in the supply chain (SC) (if the new and remanufactured products are sold

through different channels). The competition is not just for the product, but also for

all services offered such as the extended warranties (EW). A non-cooperative relation-

ship between different departments in the company or different members/agents in the

SC could negatively impact the manufacturer’s profit (Papachristos and Adamides,

2014).

If the manufacturer only sells the new product, a third-party company may enter

the market by collecting returns and producing the remanufactured product. In this

case, the manufacturer faces three threats: cannibalization of the sales of new prod-

ucts by the remanufactured product from the third-party company, the violation of

its intellectual property, and potential damages to its reputation if the remanufac-

tured products turn out to be of poor quality (D’Adamo and Rosa, 2016). During the

remanufacturing process, the third-party may learn about the manufacturer’s sensi-

tive or proprietary design and production techniques and the manufacturer cannot

control the quality of the remanufactured product produced by the third-party com-

pany. Canon Inc., in April 2004, accused a third-party remanufacturer of stealing

its JP3278410 patent. Similar cases have also be seen in the automotive industry

(Bouchery et al., 2016).

To mitigate the negative effects of cannibalization, a price fence should be estab-

lish to prevent the customer from buying from the lower price segment (Raza and

Govindaluri, 2019). This means that the manufacturer should set different prices for

the new and the remanufactured products to segment the market to maximize its

profit.
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1.4.2 Uncertain returns

According to Seitz (2007), the main problem in remanufacturing is the uncer-

tainty in the collection of returns. There is high variability in the quality, quantity,

and costs of returned or collected products. Furthermore, the consumer’s attitude

towards recovered products are high variable. Unlike the forward SC, the collection

of returns in the reverse SC is a process from many sources (customers) to few de-

mand points (retailers/firms/third-party collectors) (Han et al., 2016). This “many

to few” process is easily subject to high uncertainty and can be disrupted by unex-

pected events (e.g. disasters) as the used products are collected from geographically

dispersed consumers (Han et al., 2016). Govindan et al. (2016) show that the reverse

supply chain has a high uncertainty in the quality and quantity of returns, which is a

difficult issue for the manufacturer to deal with. Zhao and Zhu (2018) list the factors

that affect uncertainty in the reverse SC: consumer’s environmental consciousness,

convenience of reverse logistic, government regulations, and incentives for remanufac-

turing and condition/state of used products. Heydari and Ghasemi (2018) show that

the uncertainty in the quality of returns can significantly affect the manufacturer’s

returns policy and optimal profit.

The uncertain quality and quantities of returns/cores have a significant impact

on the remanufacturing production plan. For example, returns with very high qual-

ity can be resold immediately after cleaning and testing while low-quality returns

must be cleaned, disassembled, and undergo several value recovering processes. As a

result of these uncertainties, it is very difficult for the (re)manufacturer to forecast

or estimate the remanufacturing costs and duration of production cycles. Giri et al.

(2017) suggested that manufacturers should adopt the dual-channel reverse channel

structure for collecting returns to ensure their quality and quantity.

1.4.3 Low consumer’s perception of the remanufactured product

Although the remanufactured product is required to have a “as-good-as-new”

quality, consumers still have some reservations about its quality, performance and

reliability. As a result, consumers have a lower perceived value for remanufactured

products (Wang et al., 2013). Guide and Li (2010) point out that the consumer would
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not pay the same price for the remanufactured product as for the new product. Atasu

et al. (2010) state that the willingness to pay for the remanufactured product is 15%

less than for the new product. Michaud and Llerena (2011) argue that the consumer

has a lower perceived value on the remanufactured product when the environmental

benefit of the remanufactured product is not known to them. Lee and Kwak (2020)

explore the customer’s valuation on the remanufactured product for six categories

of items: low-end laptops, high-end laptops, smartphones, gaming consoles, printers,

and water purifiers. They find that regardless of the product category, the customer

perceived the value on the remanufactured product is around 83% of the value for new.

This low perceived value of remanufactured products reduces the likelihood of

a consumer purchase. Therefore, to attract more customers to buy the remanufac-

tured product and generate more profit, the (re)manufacturer needs to be proactive

and increase the consumer’s perception of the remanufactured product by engaging

in initiatives such as offering an appropriate warranty period to signal quality and

educating the consumer.

1.5 Research Objectives & Dissertation Organization

A (re)manufacturer willing to develop its remanufacturing business should begin

by mitigating the negative impact of the competition between its new and reman-

ufactured products in the SC (the cannibalization in sales of the remanufactured

product). Therefore, different pricing strategies should be adopted for the new and

remanufactured products to target different customer segments. The manufacturer

can set a price (lower than the price of the new product) for the remanufactured

product to capture the sales from the customers with low valuations to the product,

and mitigate the lost sales of the new product. An extremely low price for reman-

ufactured products, however, can decrease its profitability and lead to a significant

increase in its demand, which may not be satisfied due to the limited number of re-

turns. Therefore, the manufacturer should carefully decide the prices for the new and

remanufactured product based on both the availability of returns and the demand.

Abbey et al. (2015a) find that adopting a price discount to the remanufactured prod-

uct (relative to the new product) can boost the demand and generate more profit for
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the manufacturer even in the presence of cannibalization. Choi (2017) points out that

for fashion products, the retailer does not necessary need to set a lower price for the

remanufactured product than the new product, and the pricing decision should be

made depending on the base demand for the remanufactured product. The inventory

level of the remanufactured product also plays an essential role for the manufacturer

in deciding the optimal prices for the new and remanufactured products when the

new product is made to order (Yan et al., 2017).

This dissertation explores three themes dealing with the (re)manufacturer’s opti-

mal pricing, production and after-sales service strategies for new and remanufactured

products. Each theme is developed in a dedicated chapter. Chapter 2 investigates

the manufacturer’s optimal pricing and production decisions for the new and reman-

ufactured products in a dual-channel SC. Chapter 3 deals with the optimal pricing

and production decisions for new and remanufactured products sold with base war-

ranty. Chapter 4 extends the models in the previous chapters to explore the optimal

strategies for competing after-sales extended warranty (EW) services offered by the

(re)manufacturer and retailer. Each chapter is self-contained and has its own in-

troduction, literature review, model, sensitivity analysis, and conclusion sections.

Chapter 5 concludes this dissertation with additional discussions. All proofs of the

Lemmas and Theorems are given in Appendix.

1.5.1 Theme 1: optimal pricing and production strategies for new and

remanufactured products in a dual-channel supply chain

Due to lower pricing, convenience, and various other reasons (e.g., physical dis-

tancing during pandemic, lack of nearby retailers), many customers prefer to shop

through the Internet. However, other customers are still willing to shop through the

traditional physical stores due to factors such as the backward logistics (ease of re-

turns) and physical examination of product before buying (Yang et al., 2010). Thus,

many manufacturers have adopted the dual-channel structure to sell their products

to capture both groups of customers. The (re)manufacturer’s optimal pricing strat-

egy for the remanufactured product can become more complex when multi-channel
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sales are considered. Cannibalization exists between the new and remanufactured

products in the same channel (intrachannel competition) and the across channels

(cross-channel competition). Abbey et al. (2015a) explore a monopolistic manufac-

turer’s optimal pricing strategy for new and remanufactured products. San Gan et al.

(2015) focus the pricing problem in a SC. Chen and Chang (2013) use the dynamic

programming schemes to derive the manufacturer’s optimal pricing decisions. These

studies consider the cannibalization between new and remanufactured products in

one channel only and miss the consideration of the competition between the new and

remanufactured products in the different channels. Gan et al. (2017) and He et al.

(2019) consider the competition between the new and remanufactured products in the

separate channels only and the channel selling costs are not included in these studies.

Moreover, the dual-channel structure can also benefit the manufacturer in the re-

verse SC for collecting returns. Giri et al. (2017) point out that the dual channels in

the reverse SC are more effective than single channels in collecting returns. Therefore,

on top of collecting returns through the retailer, many manufacturers, such as Xerox

Corporation and ReCellular Inc., open a second channel to collect returns directly to

ensure the quality and quantity of the returns (Batarfi et al., 2017).

Chapter 2 studies the optimal pricing strategies for both the manufacturer and

the retailer, and the optimal production strategy for the manufacturer in the SC with

the dual-channel structure in both the forward and reverse SCs (Theme 1). Intra-

channel and crosschannel competitions between new and remanufactured products

are discussed. The optimal results derived from the cases with and without remanu-

facturing are compared. We address the following research questions specifically.

� What pricing and production strategies should the (re)manufacturer and retailer

implement in the cases with and without remanufacturing?

� Under what conditions should the (re)manufacturer carry out remanufacturing?

� How does the (re)manufacturer’s remanufacturing decision affect the retailer’s

retail price, demand, and profit?
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� How will the customer’s acceptance levels for the remanufactured product and

the online channel, the production and channel costs, and the proportion of

high-quality returns impact the (re)manufacturer’s optimal pricing and produc-

tion strategy, and the retailer’s pricing strategy?

The main results obtained in Chapter 2 include: (i) the manufacturer’s production

and optimal pricing strategies depend on both production and channel selling costs;

(ii) remanufacturing is not considered by the manufacturer when the unit manufac-

turing cost is sufficiently low and the retailer’s channel cost is sufficiently high; (iii)

the introduction of remanufacturing may benefit the retailer and it hurts the retailer’s

profit only when the unit manufacturing cost is sufficiently high; and (iv) selling the

new product online mitigates the negative effect of remanufacturing on the retailer,

while a high customer’s acceptance of the remanufactured product can benefit the

retailer.

A manuscript resulting from Theme 1 was published in the International Journal

of Production Economics under the following reference Liu et al. (2021): Liu, Z.,

Chen, J., Diallo, C., and Venkatadri, U. (2021). Pricing and production decisions

in a dual-channel closed-loop supply chain with (re)manufacturing. International

Journal of Production Economics, 232:107935.

1.5.2 Theme 2: optimal pricing and production strategies for new and

remanufactured products with base warranties

To increase customer’s the typically low perceived value of the remanufactured

product, many manufacturers bundle a warranty service with the remanufactured

product to boost demand. Warranty is a signal of the product’s quality to customers

(Cohen et al., 2011), since the manufacturer incurs a high warranty cost for poor

quality product. The warranty bundled with the product also leads to a high cost.

According to Yang et al. (2010), a car’s warranty cost accounts for 2.3% of its revenue.

This cost is likely to be higher for the remanufactured product due to its higher prob-

ability of failure during the warranty period. Therefore, the warranty cost cannot be

ignored for the manufacturer when deciding the optimal price for the remanufactured

products. Alqahtani and Gupta (2017a) and Alqahtani and Gupta (2017b) deal
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with the warranty issue in remanufacturing. However, they focus on the warranty

cost evaluation only and not the price competition. Liao et al. (2015) explore the

competition between new and remanufactured products with warranty. However, the

relationship between the quantity sold and warranty cost is not covered in their study.

Theme 2 explores the impact of a monopolistic manufacturer’s non-renewing free

replacement warranty. A two-period mathematical model (selling the new product

with the warranty in the first period and selling both new and/or remanufactured

products with warranties in the second period) is developed to maximize the man-

ufacturer’s profit. Both the price and the warranty length affect the demand of the

remanufactured product and the demand-dependent warranty cost. The limited num-

ber of returns as well as the change in the market size are considered in this chapter.

Three research questions are addressed.

� How should the manufacturer set prices for the new and remanufactured product

under a given warranty length?

� How does the warranty length affect the prices, demands and profit for both

new and remanufactured products?

� Does an optimal warranty length exist and what factors influence it?

Chapter 3 derives the optimal pricing and production strategies for new and re-

manufactured products and shows the relationships between these optimal strategies

and the production costs and the market change rate in the second period. The con-

dition, under which the manufacturer should engage in remanufacturing is identified,

which is related to the warranty length. The impacts of the customer’s sensitivities to

the warranty length for the new and remanufactured products on the optimal pricing

and production strategies are discussed. The optimal warranty length for the manu-

facturer is shown to exist and it is affected by the unit production costs, failures rates,

and sensitivity of the customer’s utility to the warranties for new and remanufactured

products.
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A manuscript resulting from Theme 2 was published in the International Journal

of Production Economics under the following reference Liu et al. (2020): Liu, Z.,

Diallo, C., Chen, J., and Zhang, M. (2020). Optimal pricing and production strate-

gies for new and remanufactured products under a non-renewing free replacement

warranty. International Journal of Production Economics, 226:107602.

1.5.3 Theme 3: optimal pricing and retailing strategies of the extended

warranty for new and remanufactured products

Post-sales or after-sales services include services such as the delivery, installation

of product, feedback implementations and extended warranty (EW). These services

are very important and are key elements to a successful customer experience. Choud-

hary et al. (2011) point out that post-sales service is important for satisfying and

retaining customers. Among all post-sales services, EW is a popular service for the

remanufactured product, since it increases the customer’s perceived value of the re-

manufactured product, like the base warranty discussed in the Chapter 3, but it also

generates substantial profit for the company and/or retailer. Due to the economic

benefit, both manufacturer and retailer are willing to provide this service (Jin and

Zhou, 2020). Bian et al. (2015) focus on the competition between the EWs offered

by two retailers for the same product on the market. Zhu et al. (2016) explore the

impact of the remanufactured product’s EW on the manufacturer’s profit. These

studies, however, do not consider the competition between the retailer’s and the

manufacturer’s EWs for the new and remanufactured products.

Chapter 4 explores the EW competition between the manufacturer and the re-

tailer in the SC. In the forward SC, the manufacturer sells the EWs for the new and

remanufactured products, while the retailer offers its own EW for the new product

sold in its store. In the reverse channel, a failed return is replaced by the manufac-

turer at a unit trade-in cost for the retailer. The optimal EW’s pricing strategies for

the new and remanufactured products are obtained for the manufacturer in the cases

with and without the sales of the retailer’s EW. The impacts of the retailer’s EW on

the manufacturer’s pricing decisions are also examined. The numerical studies show

the sensitivity of the manufacturer’s and retailer’s EW lengths to the optimal prices,
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demands, and profits. Three research questions are addressed in the chapter.

� How should the manufacturer price its EW service?

� What is the impact of the introduction of the retailer’s EW on the manufac-

turer’s decisions?

� How does the warranty length affect the manufacturer and retailer optimal

decisions?

In Chapter 4, we find that (i) the manufacturer’s optimal pricing strategy depends

on the EW length;(ii) the introduction of the retailer’s EW does not always hurt the

manufacturer’s profit when the unit trade-in cost is at a moderate level; (iii) there

exists an optimal EW length for the manufacturer that maximizes its profit; (iv) the

retailer cannot extract more profit by increasing the length of its own EW.

A manuscript resulting from Theme 3 has been submitted for publication in the

International Journal of Production Economics with submission reference PROECO-

D-20-02337.



Chapter 2

Pricing and production decisions in a dual-channel

closed-loop supply chain with (re)manufacturing

2.1 Introduction

For the past two decades, online shopping has seen unprecedented growth as it

offers a quick and convenient shopping experience to consumers. There are many rea-

sons why consumers choose the online channel. For example, Jiang et al. (2013) point

out that the convenience of the online transaction and efficient delivery service are the

main reasons why consumers opt for online shopping. Butler and Peppard (1998) ar-

gue that online shopping provides the consumer with a variety of information, which

helps the customer to find their desired product easily with at a reasonable price.

Vasić et al. (2019) mention that online shopping can help the consumer to avoid the

pressure from a face-to-face interaction with the retailer. The recent social distancing

and reduced businesses occupancy regulations put in place by public health authori-

ties to limit the spread of COVID-19, and the need for no-contact payment combined

with curbside pick-up and free home-deliveries have fueled the most recent growth of

online shopping (Grashuis et al., 2020; Tran, 2021).

In 2019, the retailing e-commerce sales amounted to more than 3.5 trillion US

dollars and were forecast to reach 7 trillion by 2022 (Sabanoglu, 2019). In China,

the online daily sales volume on a special promotion day (November 11th) reached

$25.3 billion in 2017 (Yang et al., 2018) and this number exceeded $56 billion in 2020

(E-Commerce, 2020). The annual retailer e-commerce sales in the United States were

around $470 million in 2017 and are estimated exceed $740 million in 2023 (Estay,

2020). In India, the e-commerce industry was expected to account for over 1.6%

of the global GDP in 2018 with an increasing rate over 50% since 2012 (Suginraj,

2017). These numbers show that the online channel has played an essential role in

23
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the consumption market. This huge market has motivated manufacturers to develop

direct online channels for selling their products in order to meet different segments

of customers (Radhi and Zhang, 2018), save channel-developing cost, and obtain the

latest market information Yang et al. (2018).

Although the online channels have attracted many consumers, some still prefer to

shop through the tradition retail channel, as they can assess the product by touch-

ing and feeling, obtain the product immediately, and receive professional advice from

the retailer directly if shopping in a physical store (Alizadeh-Basban and Taleizadeh,

2020). To reach more customers, many firms such as Dell, Apple, and Sony sell their

products through dual channels: online platforms and retailers (Giri et al., 2017).

For example, Apple and Philips sell only new products in their retail stores, and both

remanufactured and new products through their websites (online channels) (Yang

et al., 2019; Borenich et al., 2020). However, the dual-channel structure can cause

competition between the two channels, which can negatively effects the profits of all

members in the SC (Giri et al., 2017).

To mitigate the channel competition, it is important for the manufacturer to em-

ploy the appropriate pricing strategies for the products sold through different chan-

nels. Chiang et al. (2003) show that the retailer can benefit from the manufacturer’s

direct channel due to the mitigation of the double marginalization by controlling

prices. Fruchter and Tapiero (2005) find that a manufacturer should set the same

prices for products in both channels. Dan et al. (2012) demonstrate that the optimal

pricing strategies of all members in the SC are influenced by the retailer’s service

quality, while Huang et al. (2012) show that the customer’s preference for the online

channel is a key factor in influencing the optimal prices.

In addition to the forward channel, the dual-channel setting can also benefit the

manufacturer in the reverse channel. Due to the quantity and quality of used products

and the inherent variation in the collecting time, it is often difficult for a manufacturer

to collect sufficient returns for remanufacturing (Zhao et al., 2017). Online channels

can help manufacturers obtain the appropriate quantity of returns and decrease the
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cost of collection and transportation, while satisfying the customers by removing the

roadblocks in the traditional recycling channels due to the physical distance and time

(Feng et al., 2017). Therefore, many firms, such as Hewlett Packard Corporation and

Xerox (Chen and Chi, 2019), established new direct reverse channels to enable the

remanufacturing process to work effectively and efficiently.

As a lower-priced substitution, the selling of a remanufactured product potentially

cannibalizes the sales of an equivalent new product, and may reduce the profit of the

manufacturer (Yenipazarli, 2016). Therefore, it is important for a manufacturer to

carefully design their production, pricing, and channel strategies when they produce

both products. Both the manufacturer and the retailer need to deal with the compe-

tition between new and remanufactured products, but also the competition between

new and remanufactured products within and across channels.

An extensive literature review found that the optimal pricing and production

strategies for the competing remanufactured and new products selling through the

competing retail and online channels in a SC are understudied. Most papers in the

literature, such as Gan et al. (2017) and He et al. (2019), only focus on the compe-

tition between new and remanufactured products in separate channels. But in prac-

tice, the SC faces the competitions between new and remanufactured products both

within channels (intrachannel competition) and across competing channels (cross-

channel competition). For example, Apple Inc. sells new products in both the offline

and online channels, and also sells the remanufactured products in its online channel

(https://www.apple.com/ca/). Similar practices are also observed for Lenovo Inc.

(https://www.lenovo.com/ca) and Samsung Inc. (https://www.samsung.com/us).

They sell both the new and remanufactured products through the online channel.

Moreover, the channel’s selling cost is ignored in most studies in the literature, such

as in Gan et al. (2017), Batarfi et al. (2017), and He et al. (2019). However, the

channel cost is an essential parameter to capture the difference between the online

and the retail channels. Thus, the impact of these costs on the manufacturer’s opti-

mal pricing and production strategies, and the retailer’s pricing decision is worth to

be investigated. To fill the above research gaps, the proposed model investigates the
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optimal pricing and production strategies for a manufacturer selling its new product

through a retailer and its direct online channel, and may sell remanufactured prod-

ucts through its online channel, with the consideration of both the production and

the channel costs. The following questions are addressed in this chapter.

� What pricing and production strategies should the manufacturer and retailer

implement in the cases with and without remanufacturing?

� Under what conditions should the manufacturer carry out remanufacturing?

� How does the manufacturer’s remanufacturing decision affect the retailer’s retail

price, demand, and profit?

� How will the customer’s acceptance levels for the remanufactured product and

the online channel, the production and channel costs, and the proportion of

high-quality returns impact the manufacturer’s optimal pricing and production

strategy, and the retailer’s pricing strategy?

To answer these questions, a two-period model is developed to determine the op-

timal pricing and production strategies for both remanufactured and new products.

It is shown that optimal pricing decisions of the manufacturer and the retailer, and

the optimal production strategy of the manufacturer depend on both the channel sell-

ing cost and production cost of the new product. Numerical experiments are carried

out to provide additional insights by testing the impact of the customer’s acceptance

level of the remanufactured product, the customer’s acceptance level of the online

channel, and the proportion of high-quality returns on the optimal decisions of the

manufacturer and the retailer.

Our research indicates that there are key thresholds for the unit manufacturing

cost of the new product and the retail channel cost, respectively. The manufacturer

is not willing to engage in remanufacturing if the unit manufacturing cost for the new

product is lower than a certain threshold. Moreover, the retailer’s channel selling cost

does not affect the manufacturer’s remanufacturing decision when there are sufficient

returns. When there are not enough returns, the manufacturer engages in remanu-

facturing if the retail channel cost is higher than a certain threshold. Furthermore,
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the retailer suffers a profit loss due to the introduction of the remanufactured prod-

ucts only when the manufacturer needs to use all returns for remanufacturing. The

sensitivity analysis also shows that the customer’s acceptance level for the reman-

ufactured product has no impact on the retailer’s profit when this acceptance level

is lower than a threshold and the increase in the proportion of high-quality returns

leads to an increase in the manufacturer’s profit and a decrease in the retailer’s profit

when the manufacturer uses all returns for remanufacturing. The values of these key

thresholds are determined and presented along with the optimal pricing and produc-

tion strategies.

The contribution of this chapter to the literature is two-fold. Firstly, the opti-

mal pricing and production strategies are explored for a SC in which remanufactured

and new products are sold in a dual-channel by considering not only the channel

competition (retail versus online), but also the product cannibalization/competition

between the remanufactured and new products that are sold in the same channels and

across channels. Hence, a two-fold product competition is considered: intrachannel

and cross-channel. Secondly, our model differentiates not only the online channel and

retail channel from the customer’s perspective by considering a discounted perceived

value on the products sold in the online channel, but also the selling costs for the two

channels (different channel operating costs), which is not explored in the literature.

Our results show that the channel selling cost is the essential factor affecting the op-

timal pricing strategies of the manufacturer and the retailer and optimal production

strategy of the manufacturer.

The rest of the chapter is structured as follows. Section 2 presents the related

literature review. In Sections 3 and 4, the two-period model is presented and the

optimal pricing strategies of the manufacturer and retailer for the cases with and

without remanufacturing are derived. The numerical experiments and the conclusion

are presented in Section 5 and 6 respectively. Proofs are presented in Appendix.
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2.2 Literature review

In this section, we discuss the literature on the pricing strategy for the reman-

ufactured and new products. Comprehensive reviews of this topic can be found in

Kumar and Ramachandran (2016) and Guo et al. (2017). Kumar and Ramachandran

(2016) reviews the issues affecting the manufacturer’s pricing decisions, which can be

classified into three areas: product issues, SC issues, and formulation issues. Guo

et al. (2017) focus on studies of the optimal pricing strategy for the manufacturer

under different channel structures and the possible contracts to coordinate the SC.

Giri et al. (2017) focus on the revenue management aspect for remanufactured

products in the closed-loop supply chain (CLSC) by considering dual channels for

both forward and reverse SC. The manufacturer sells part of remanufactured prod-

ucts through the retailer and sells the rest through an e-channel. Similarly, a portion

of the returns is collected through a third-party company and the rest of the re-

turns is collected by the manufacturer. It is found that the manufacturer obtains

the highest profit when the third party collector is the leader in the SC, while the

retailer and the third-party collector obtain maximum profit when the retailer is the

leader in the SC. Radhi and Zhang (2018) investigate how to price new and resale

products in a dual channel. The manufacturer allows the product sold in the online

store to be returned to both the physical store and the online store. Four different

SC structures are discussed in the paper: centralized system, online-leading system,

physical-leading system, and Nash game. Based on their study, under the Stackel-

berg scheme, the centralized SC sets high prices for products, as compared with the

SC with competing channels. Taleizadeh et al. (2018) explore the optimal pricing,

returns, quality policies, sales, and collection effort in a CLSC with dual collection

channels and single or dual selling channels among the manufacturer, the retailer,

and the third party collector. They find that the optimal product quality in the

dual forward channels model is higher than that in the single forward channel model.

When the market share of the online market is small, the wholesale price is higher

under the dual forward channels configuration.
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While these papers focus on the pricing issues by considering the channel com-

petition in the CLSC, they ignore the competition between remanufactured and new

products. In these papers, customers are assumed not to be able to differentiate

between the remanufactured and new products, which is not practical. Although

the functionalities of remanufactured and new products may be the same, customers

always have a lower perceived value for the remanufactured products, as they have

been used and returned before (Jiménez-Parra et al., 2014). Furthermore, due to

liability and customer protection concern, sellers differentiate new products from re-

manufactured products to maintain their reputation. For example, in 2010, Hong

Hengchang, a retailer of HP, misrepresented remanufactured computers as new ones

causing incalculable damage to HP’s reputation (Yan et al., 2015).

Other studies, such as Abbey et al. (2015a), Choi (2017), Liu et al. (2018), and

Sun et al. (2020), investigate the optimal pricing and production strategies by con-

sidering the competition between remanufactured and new products. Abbey et al.

(2015a) investigate the price competition between remanufactured and new products

in several scenarios, from a monopolistic scenario to a more complex scenario with

competition between a manufacturer and a third-party remanufacturer. Customers

are classified into two groups based on their perceived values for the remanufactured

product. The authors find that with the existence of a group of people who never

buy the remanufactured product, the price for the new product should be raised to

generate more profit for the manufacturer, when the remanufactured product is in-

troduced into the market. The price competition between remanufactured and new

products is also explored in Choi (2017) with the consideration of the branding in-

vestment. The remanufactured product is found to be over-priced by the retailer

in the decentralized case than in the centralized case. Liu et al. (2018) explore the

optimal pricing and production strategy for remanufactured and new products by

considering a convex collection and inspection cost, two-quality bins for returns, and

the remanufacturing losses in a two-period model. The authors find that an extremely

high customer’s acceptance level for the remanufactured product is not good for the

manufacturer’s profit. Chen et al. (2019) explore the optimal pricing strategies for

the two generations of new and remanufactured products. Three production strate-

gies in the second period (selling new products of the second generation only, selling
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remanufactured products of the first generation only, or sell both) are compared and

the results show that selling the remanufactured product can maximize the manufac-

turer’s profit, although it cannibalizes the sales of the new product. Sun et al. (2020)

focus on the impact of warranty period on the competition of remanufactured and

new products in the market with a manufacturer, a remanufacturer, and a retailer. If

the repair cost of the remanufactured product increases, the remanufacturer needs to

decrease the warranty length and the manufacturer can increase the wholesale price

of the new product to gain more profit.

The papers mentioned above fail to consider the impacts of the channel structure

on the optimal pricing decisions. With the rapid growth of information technolo-

gies and e-commerce, more customers are willing to shop online due to convenient

shopping process and lower prices. To meet the needs of the customer, firms have

developed their online channels in addition to offline channels to sell products (Xie

et al., 2018). The dual-channel structure has become the mainstream structure in SC

(Wang et al., 2020a). Therefore, it is necessary and practical to consider the channel

competition in a CLSC to examining the optimal pricing and production strategy for

new and the remanufactured products among the SC members.

The most related literature to our study with both competitions of channels and

products can be found in Batarfi et al. (2017), Zheng et al. (2017), and Xie et al.

(2017). Batarfi et al. (2017) compare a single and a dual-forward channel in a SC

with a manufacturer, a retailer, and a remanufacturer by considering the optimal

inventory decision and the return policy. Based on extensive numerical experiments,

they conclude that the dual-forward channel is more profitable for the entire SC than

the single forward-channel, and the optimal selling prices in the single channel are not

affected by the introduction of a new direct channel. Zheng et al. (2017) investigate

the effect of the power structure and the coordination contract for a manufacturer, a

retailer and a third-party collector. Both the centralized case and decentralized cases

are discussed in the paper. A modified two-part tariff contract is proved to achieve

the coordination of the SC under different power structures, and all the members

can be more profitable than in the decentralized case. Xie et al. (2017) focus on
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the coordination contracts in a dual SC with consideration of the advertisement ef-

fort. A dual revenue-sharing contract is designed, in which the manufacturer and

the retailer share the cost saving from the remanufacturing and the sales revenue

from the retailer. Gan et al. (2017) explore the optimal pricing strategy for new

and remanufactured products in separate selling channels. Customers willingness to

pay for the remanufactured product and their preferences for the online channel to

acquire the remanufactured product are considered. The authors find that low cus-

tomer’s acceptance of the remanufactured product leads to a high retail price and a

low manufacturer’s profit. He et al. (2019) focus on the selling channel for the new

and remanufactured products. Three cases are investigated in the paper: 1) the new

product is sold by the retailer and the remanufactured product is sold by a third-party

company; 2) the new product is sold by the manufacturer and the remanufactured

product is sold by the third-party company; and 3) the new product is sold by the

retailer and the remanufactured product is sold by the manufacturer. Both the cus-

tomer’s acceptance levels for the remanufactured product and the online channel are

considered and their impacts on the manufacturer’s and the retailer’s decisions are

explored.

Differing from the above papers, our study considers competition between reman-

ufactured and new products in different channels (external competition), and their

cannibalization in the same channel (internal competition) as is common in prac-

tice. For example, on top of selling its products through the retail channel, Dell

also sells both its new and authorized remanufactured products through its online

channel (Ovchinnikov, 2011). Gan et al. (2017) and He et al. (2019) only consider

the competition between the new and remanufactured products in different channels

(crosschannel cannibalization). Their setting does not consider the competition that

exists in the same channel (interchannel cannibalization). Moreover, to differentiate

the new and remanufactured product sold within and across channels, the proposed

model considers key differentiating parameters: i) customer’s acceptance levels for

the remanufactured product and for the online channel for the demand aspect, and

ii) production and channel selling costs for the profit aspect. Most studies in the

literature, such as Batarfi et al. (2017), Zheng et al. (2017), and Xie et al. (2017), fail
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to consider the difference in operating costs between brick-and-mortar retailer stores

and online stores that can affect the manufacturer’s optimal pricing strategies and

the decisions on the production of the remanufactured product. Tables 2.1 and 2.2

summarize the main differences between our model with the models mentioned in the

above literature review.

Table 2.1: Summary table: planning horizon and the type of competition considered

Intrachannel Crosschannel Crosschannel
Time competition competition competition
horizon between new and between new and between

References (# periods) remanufactured remanufactured same products

Abbey et al. (2015a) One
√

Giri et al. (2017) One
√

Choi (2017) One
√

Batarfi et al. (2017) Infinite
√ √

Zheng et al. (2017) One
√ √

Xie et al. (2017) One
√ √

Gan et al. (2017) Four
√ √

Liu et al. (2018) Two
√

Radhi and Zhang (2018) One
√

Taleizadeh et al. (2018) One
√

Chen et al. (2019) Two
√

He et al. (2019) One
√ √

Sun et al. (2020) One
√

Our study Two
√ √ √

2.3 Problem description

A CLSC with a manufacturer and a retailer is considered. The selling horizon is

divided into two periods. In the first period, the manufacturer sells the new product

only through both its online channel and the retail channel. In the second period,

the manufacturer sells the new product through the retail channel and both the

remanufactured and new products (Case B) or the new product only (Case N) through

its online channel. The two cases, Case N (without remanufacturing) and Case B

(with remanufacturing), are shown in Figure 2.1. Table 2.3 presents the notation

used in the chapter.

In accordance with the extended producer responsibility (EPR) legislation, the
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Table 2.2: Summary table: key parameters considered

Customer’s acceptance Customer’s acceptance
level for remanufactured level for

References Products online channel Channel costs

Abbey et al. (2015a)
Giri et al. (2017)

√

Choi (2017)
Batarfi et al. (2017)

√

Zheng et al. (2017)
√

Xie et al. (2017)
√

Gan et al. (2017)
√

Liu et al. (2018)
√

Radhi and Zhang (2018)
√

Taleizadeh et al. (2018)
√

Chen et al. (2019)
√

He et al. (2019)
√ √

Sun et al. (2020)

Our study
√ √ √

Table 2.3: Table of notation

Indices
i Index of the product types (subscript): i = r (remanufactured) and i = n (new)
j Index of the planning periods (superscript): j = I, II
k Index of the selling channels (subscript): k = o (online) and k = t (retailer)
l Index of the SC members (subscript): l = M (manufacturer) and l = R (retailer)
s Index of Cases (superscript): s = N (selling new products only case) and

s = B (selling both remanufactured and new products case)
Parameters
cn Unit production cost for the new product
cp Unit selling cost through the retail channel
α Customer’s acceptance level of the remanufactured product
β Customer’s acceptance level of the online channel
z Customer’s perceived value of a new product, a uniform distribution with the

supporting range [0, 1]
ct Retailer’s unit collection cost of the high-quality return from the customer
cm Manufacturer’s unit collection cost of the high-quality return from the customer
cmt Manufacturer’s unit collection cost of the high-quality return from the retailer
q Fraction of products returned to the retailer
δ Proportion/percentage of the high-quality return
h Manufacturer’s unit expected collection cost for high-quality returns

djski Demand of product type i through channel k in period j under Case s

πjs
l Profit for SC member l in period j under Case s

Decision Variables
pski Selling price for product type i through channel k under Case s
ws

n Wholesale price for the new product under Case s
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Figure 2.1: Structure of the two cases

manufacturer manages the recovery of all its products sold. Most countries in the

world have either implemented EPR (e.g., European Union, Canada, and Japan),

or introduced and designed related policies (e.g., China and India) (OECD, 2014).

Therefore, for the reverse SC, the manufacturer is assumed to collect all end-of-

life/end-of-use products directly from the customers or through the retailer. Many

companies such as Xerox (Han et al., 2016) and Lexmark (Hong et al., 2015), use the

direct reverse channel to recover their products. Other companies such as Hewlett

Packard, collect returns through their retailers (Han et al., 2016).

Consistent with studies in the literature, such as Debo et al. (2006), each prod-

uct can only be remanufactured at most once. Returned new products are classified

into two bins based on their quality: high-quality and low-quality returns. The high-

quality return can be remanufactured at a lower cost, compared to the low-quality

return. When engaging in remanufacturing activities (Case B), in order to decrease

the remanufacturing cost, the manufacturer is willing to pay a higher return/collection

fee (incentive) for collecting high-quality returns directly from customers or through

the retailer. In order to maximize its reverse channel profit, the retailer is also willing

to pay a higher fee for collecting high-quality returns from customers and then returns
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them back to the manufacturer with a unit fee. In 2020, a 64GB iPhone XS can be re-

turned for a $50 incentive from the Apple’s trade-in program in Canada, while a well-

functioning one can be traded-in for up to $400 (https://www.apple.com/ca/trade-

in/). Therefore, in this chapter, the collecting/recovery costs for low-quality returns,

such as the low-quality returned new product and returned remanufactured product,

are considered negligible compared to the collection/recovery costs for high-quality

products and are thus normalized to 0.

Therefore, for Case B, the manufacturer collects high-quality returns directly from

customers with a unit cost cm or through the retailer with a unit buyback cost cmt.

For the retailer, the unit collecting cost for a high-quality return is ct. Thus, each

high-quality new product returned through the retail channel leads to a net value of

cmt−ct for the retailer. It is assumed that a proportion δ of all returns are high-quality.

A customer will return a product directly to the manufacturer with probability 1− q

and to the retailer with probability q. For the manufacturer, the expected collection

cost for each high-quality return is h = qcmt + (1 − q)cm. This policy applies in

both periods. However, the returns collected in the second period are not used for

remanufacturing as remanufacturing takes time. The collected returns in the second

period and unused returns from the first period are all recycled.

For Case N, in which the manufacturer does not engage in remanufacturing, both

the retailer and the manufacturer have no incentive to collect high-quality returns

with additional costs, as all returns will be recycled. It is assumed that the salvage

value of a recycled product is sufficiently high to offset its collection and recycling

cost. The process of the reverse SC is shown in Figure 2.2.

The unit production cost for a new product (cn) is always higher than the cost for

a remanufactured product, as remanufacturing saves both energy and raw materials

in the production process (Liao et al., 2018). We normalize the unit remanufacturing

cost to 0. Moreover, since the online channel generally costs less to operate due to

the lower rental and labour costs (Miyatake et al., 2016), the unit selling cost in the

retail channel is denoted by cp and the unit online selling cost is normalized to 0.
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Figure 2.2: Reverse SC process

Consistent with studies in the literature (Wu and Zhou, 2017; Xu et al., 2018), it

is assumed that the manufacturer is the Stackelberg leader of the SC who is the first-

mover in pricing decisions. In the beginning of the first period, it sets the wholesale

price (wn) for the new product first. Then, both the retailer and the manufacturer

announce the selling prices for the new product for both channels. For example,

the price of the iPhone XS was announced by Apple Inc. on September 12, 2018.

Then, later on the same day, retailers such as T-mobile and AT&T announced their

selling prices (Liao, 2020). At the beginning of the second period, if the manufac-

turer sells the remanufactured product, it decides and announces the selling price for

the remanufactured product. The iPhone 6s, for example, was released in Septem-

ber 2015 while its refurbished version was released at least a year later at the end

of 2016 (Benjamin, 2020). This implies that in the first period, customers do not

know the price for the remanufactured product (in the second period). Following

the studies of Dou et al. (2019) and Xu and Wang (2018), customers are assumed

not to postpone their purchase in the first period. The wholesale and selling prices

for the new product are assumed to be the same for both periods. This assumption

is common for electronics and goods. For example, the prices for the iPhone XS

and iPhone XR remained unchanged on Apple’s website since they launched in 2018

(Chauhan, 2019), and their refurbished versions are also currently sold on the same

website several months later. The decision sequences for the manufacturer and the

retailer are illustrated in Figure 2.3. It should be noted that the decision on the sell-

ing price for the remanufactured product in the second period is only made in Case B.



37

Figure 2.3: Decision sequence in the SC

The demand functions in the model are derived based on the utility theory. As in

Liu et al. (2018), it is assumed that the customer’s perceived value for a new product

is z, which is heterogeneous and uniformly distributed on [0, 1]. Parameter α is used

to represent the level of the customer’s acceptance for the remanufactured product.

Since the customer values the remanufactured product as the low-end version of the

new product (Atasu et al., 2010), α is assumed to be between 0 and 1; α = 1 im-

plies that the customer equally values remanufactured and new products. Parameter

β represents the level of the customer’s acceptance for the online channel. A simi-

lar setting is found in Feng et al. (2017). According to Rofin and Mahanty (2018),

the value of β depends on the type of products (e.g. β = 0.787 for DVD players

and β = 0.769 for shoes). The customer values the online channel lower than the

traditional retail channel because it takes several days to receive a purchase made

online and the customer can only appreciate the product through a virtual descrip-

tion offered by the manufacturer’s website (Chiang et al., 2003). In this chapter, β is

assumed to be between 0 and 1; β = 1 represents that the customer does not differ-

entiate between the two channels, and β = 0 means that the customer never chooses

to buy products online. The potential market size is assumed to be 1 for each period.

Similar assumptions can be found in Ferrer and Swaminathan (2006) and Dou et al.

(2019).

For the first period, the manufacturer contracts with the retailer to sell the new

product for both cases (s = {N,B}): the customer can buy the new product either

from the direct online channel or the retail channel. The utilities can be presented
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as:

U Is
tn = z − pstn (2.1)

U Is
on = βz − pson. (2.2)

The customer will buy a new product through the retail channel when U Is
tn ≥ 0

and U Is
tn ≥ U Is

on. U Is
tn ≥ 0 leads to z ≥ pstn and U Is

tn ≥ U Is
on leads to z ≥ pstn−pson

1−β
.

This customer will buy a new product through the online channel when U Is
on ≥ 0 and

U Is
on ≥ U Is

tn . U Is
on ≥ 0 and U Is

on ≥ U Is
tn lead to z ≥ pson

β
and z ≤ pstn−pson

1−β
, respectively.

To ensure that selling the new product is profitable either from the online channel

and physical retail store, it is assumed that pson
β

≤ pstn−pson
1−β

≤ 1, which is equivalent to
pson
β

≤ pstn ≤ 1 − β + pson. Therefore, demands for the new and the remanufactured

products in Case s (s = {N,B}) in the first period are

dIstn = 1− pstn − pson
1− β

, and (2.3)

dIson =
βpstn − pson
β(1− β).

(2.4)

For the second period, if the manufacturer does not sell the remanufactured prod-

uct (s = N), the demands for the new product in two channels are the same as those

in the first period

dIINtn = 1− pNon − pNor
1− β

, and (2.5)

dIINon =
βpNtn − pNon
β(1− β).

(2.6)

For s = B (Case B), the customer can buy the new product through either the

traditional retail channel or through the direct online channel or buy the remanufac-

tured product through the direct online channel. The utilities for the customer are
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then given by:

U IIB
tn = z − pBtn, (2.7)

U IIB
on = βz − pBon, and (2.8)

U IIB
or = αβz − pBor. (2.9)

The customer will buy a new product through the retailer only when U IIB
tn ≥ 0,

U IIB
tn ≥ U IIB

on , and U IIB
tn ≥ U IIB

or , which give z ≥ pBtn, z ≥ pBtn−pBon
1−β

, and z ≥ pBtn−pBor
1−αβ

,

respectively. The customer will buy a new product through the direct online chan-

nel only when U IIB
on ≥ 0, U IIB

on ≥ U IIB
tn , and U IIB

on ≥ U IIB
or , which give z ≥ pBon

β
,

z ≤ pBtn−pBon
1−β

, and z ≥ pBon−pBor
β(1−α)

, respectively. The customer will buy a remanufac-

tured product through the direct online channel when U IIB
or ≥ 0, U IIB

or ≥ U IIB
on , and

U IIB
or ≥ U IIB

tn , which give z ≥ pBor
αβ

, z ≤ pBon−pBor
β(1−α)

, andz ≤ pBtn−pBor
1−αβ

, respectively.

To ensure that the demands for both the remanufactured and the new product

in two channels are non-negative, it is required that pBor
αβ

≤ pBon−pBor
β(1−α)

≤ pBtn−pBon
1−β

≤ 1

(p
B
or

αβ
≥ pBon−pBor

β(1−α)
leads to dIIBor = 0, while pBon−pBor

β(1−α)
≥ pBtn−pBon

1−β
leads to dIIBon = 0, and

pBtn−pBon
1−β

≥ 1 leads to dIIBtn = 0). The demands for the new and the remanufactured

product in Case B are

dIIBtn = 1− pBtn − pBon
1− β

, (2.10)

dIIBon =
β(1− α)pBtn + (1− β)pBor − (1− αβ)pBon

β(1− α)(1− β)
, and (2.11)

dIIBor =
αpBon − pBor
αβ(1− α)

. (2.12)

2.4 Optimal decisions

In this section, the optimal pricing strategies are derived for the manufacturer

and the retailer in the Stackelberg game for both cases, s = {N,B}.
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2.4.1 Case N: no remanufacturing

In this case, the customer can buy the new product only over two periods and

the manufacturer will not collect returned products. This case serves as a benchmark

case. Firstly, the manufacturer anticipates the wholesale price for the new product to

the retailer. Secondly, without consultation with each other, the manufacturer sets

the online channel selling price (pNon) and the retailer sets the physical store selling

price (pNtn). The profit functions for the retailer and the manufacturer are respectively

max
pNtn≥0

πN
R =

∑︂
j=I,II

(︁
pNtn − wN

n − cp
)︁
djNtn and (2.13)

max
pNon≥0

πN
M =

∑︂
j=I,II

(︁
wN

n − cn
)︁
djNtn +

∑︂
j=I,II

(︁
pNon − cn

)︁
djNon . (2.14)

By solving the objective function (2.13) and (2.14), the optimal prices are derived

and summarized in Lemma 1.

Lemma 2.1. The optimal prices for the new product in the online and retail channels

are pN∗
tn = (cn−wN

n +2)(1−β)+2cp+3wN
n

4−β
and pN∗

on = 2cn(1−β)+(cp+3wN
n +1)β−β2

4−β
.

With prices in Lemma 1, we can derive the optimal demands for the new product

in both channels as:

dIN∗
tn = dIIN∗

tn =
2 + cn − wn

4− β
− cp(2− β)

(4− β)(1− β)
and

dIN∗
on = dIIN∗

on =
(1 + cn − wn)β − 2cn

β(4− β)
+

cp
(4− β)(1− β)

. (2.15)

Lemma 1 shows that the optimal prices for the new product in both channels

increase and their demands decrease, as the wholesale price increases. This implies

that setting a reasonable wholesale price is an important decision for the manufac-

turer to maximize its profit and compete with the retailer. Due to the increase in

the wholesale price (for the new product), the selling price for the new product is

also increased by the retailer to ensure that the marginal profit for each new product

is unchanged, which leads to a reduction in the demand for the new product in the

retail channel. In the meantime, the manufacturer also increases the selling price

for the new product more rapidly in the online channel to ensure a higher marginal
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profit for each new product, which also leads to a decrease in the demand. This

result implies that a high wholesale price reduces the market share of the retailer and

enhances the revenue that the manufacturer earns from the online direct channel, but

it also reduces the revenue earned by the manufacturer from the wholesaling to the

retailer. Increasing the wholesale price, however, cannot guarantee a profit increase

in the online channel for the manufacturer. The manufacturer needs to balance the

advantage and disadvantage in wholesale to obtain an optimal wholesale price.

By deriving the wholesale price and with Lemma 2.1, we have the following result.

max
wN

n ≥0
πN
M =

∑︂
j=I,II

(︁
wN

n − cn
)︁
djNtn +

∑︂
j=I,II

(︁
pNon − cn

)︁
djNon . (2.16)

Since
d2πN

M

dwN2
n

= − 2β+16
(4−β)2

≤ 0, πN
M is concave in wN

n . Thus, the optimal wholesale

price is obtained by setting
dπN

M

dwN
n

= 0. The optimal prices and demands are then

obtained by substituting the optimal wholesale price from Lemma 2.1.

Theorem 2.1. Under the conditions that cp ≤ 1 − β and cn ≤ cn5 = (2+6cp−β2−β)β

(1−β)(β+8)
,

the optimal prices and demands for the manufacturer and the retailer are summarized

in Table 2.4 (Strategy N):

Table 2.4: Optimal prices and demands in Case N

Prices Demands

wN
n

β2+(β+8)cn−8cp+8

2(β+8)
djNtn

(β+2)(1−cp−β)

(1−β)(β+8)

pNtn
(β+8)cn+4cp−β2−2β+12

2(β+8)
djNon

2+6cp−β2−β

2(1−β)(8+β)
− cn

2β

pNon
−β2+(cn−2cp+10)β+8cn

2(β+8)

*j = I, II

Theorem 2.1 states that the optimal results are feasible when the values of cn and

cp are not extremely huge. When cp > 1− β, the cost for selling the new product at

the retailer is extremely high, and the retailer will not operate as it is not profitable.

Similarly when cn > (2+6cp−β2−β)β

(1−β)(β+8)
, it is not profitable to sell the new product in the

manufacturer’s online channel.
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The results in Table 2.4 show that an increase in the production cost cn results

in the increase of the selling price in the retail channel without affecting the optimal

demand and profit of the retailer. This implies that although the increase of the pro-

duction cost leads to the increase of the wholesale price, which results in the increase

of the cost for the retailer, the profit for the retailer is not affected. The reason is that

when the production cost increases, the retailer ensures that the profit margin for the

new products is unchanged by increasing its selling price. However, the manufacturer

also increases the selling price for the new product sold online due to the increase of

the production cost, which causes the unchanged demand for the retailer.

Table 2.4 also shows that an increase in the retail channel cost (cp) leads to

a decrease of the manufacturer’s profit, implying that the increase of the channel

cost not only decreases the retailer’s profit, but it also has a negative effect on the

manufacturer’s profit. The reason is that the increase of the retail channel cost

(cp) leads to an increase of the selling price in the retail channel, which causes the

product sold in the retail channel to become less attractive to the customers. The

manufacturer can then expand its market share of the new product sold online to

generate more profit. However, since the selling price for the new product in the

retail channel increases, the demand in this channel decreases. The manufacturer

obtains a lower profit from wholesaling the product to the retailer, which leads to

a decrease in its total profit. This negative effect on profit overwhelms the positive

effect from expanding the market for the retailer. Therefore, the manufacturer may

help the retailer to decrease the retail channel cost, which can benefit both of them.

2.4.2 Case B: with remanufacturing

For case B, following the sequence in Figure 2.3, decisions are made in three

steps. Firstly, the manufacturer determines and discloses a wholesale price (wB
n ) that

maximize its own profit. In the second step, based on the wholesale price offered by

the manufacturer, the retailer decides and reveals its selling prices (pBtn), and mean-

while the manufacturer announces its online selling price (pBon) for the new product. In

the third step, based on the number of collected returns and the prices set in the first

two steps, the manufacturer decides the online selling price for its remanufactured
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products (pBor). Based on the game theory principles (Aumann, 2019), the problem is

solved backward.

In the third step, the manufacturer needs to decide the selling price for the reman-

ufactured product in the online channel to maximize its profit in the second period.

max
pBor≥0

πIIB
M =

(︁
wB

n − cn
)︁
dIIBtn +

(︁
pBon − cn

)︁
dIIBon + pBord

IIB
or − hδ

∑︂
k=t,o

dIIBkn , (2.17)

s.t.

δ(dIBtn + dIBon ) ≥ dIIBor . (2.18)

πIIB
M is the sum of four terms: the first term is the profit from wholesaling the new

product to the retailer; the second term is the profit from selling the new product

through the online direct channel; the third term is the profit from selling the reman-

ufactured product, and the fourth term is the collection cost for new products sold

in the second period. Constraint (2.18) ensures that the quantity of remanufactured

products does not exceed the quantity of high-quality returns collected in the first

period.

From the Karush-Kuhn-Tucker (KKT) conditions, the optimal prices and demands

in this step can be obtained and are summarized in Lemma 2.2.

Lemma 2.2. The optimal price for the remanufactured product sold online by the

manufacturer depends on the selling price of the new product in the online channel.

Specifically,

1. when pBon ≤ β − hδ+cn
2(1−α)δ

, then pBor =
(2pBon−hδ−cn)α

2
and the corresponding demand

is dIIBor = hδ+cn
2(1−α)β

;

2. when pBon > β − hδ+cn
2(1−α)δ

, then pBor = ((pBon − (1 − α)(β − pBon)δ)α and the corre-

sponding demand is dIIBor = δ(1− pBon
β
).

Lemma 2.2 shows the optimal selling price for the remanufactured product in the

manufacturer’s online channel for a given wholesale price and selling prices for the
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new products in both channels (online & retail). When the selling price for the new

product in the manufacturer’s online channel is sufficiently low, the returns in the

first period are sufficient for producing the remanufactured product, resulting in a

lower selling price for the remanufactured products. Otherwise, the manufacturer

sets a high selling price for the remanufactured product in order to maximize the

profit from selling the limited number of remanufactured products (constrained by

the number of returns in the first period).

Interestingly, Lemma 2.2 shows that when the selling price for the new product

is sufficiently low (pBon ≤ β − hδ+cn
2(1−α)δ

), the optimal demand for the remanufactured

product is not affected by the selling price of the new products in both channels.

This means that if the manufacturer can ensure that there is sufficient returns to

produce the remanufactured product (e.g. industries with high returns rate and the

manufacturer can easily collect sufficient returns for remanufacturing), it can easily

design the production line and production plan for remanufactured products well in

advance since the production will be constant.

In the second stage of the game, the manufacturer and the retailer need to decide

the optimal selling prices for the new product in both channels simultaneously to

maximize their profits over two periods.

max
pBtn≥0

πB
R =

∑︂
j=I,II

(︁
pBtn − wB

n − cp
)︁
djBtn + (cmt − ct)qδ

∑︂
k=t,o
j=I,II

djBkn (2.19)

and

max
pBon≥0

πB
M =

∑︂
j=I,II

[︂(︁
wB

n − cn
)︁
djBtn +

(︁
pBon − cn

)︁
djBon

]︂
+ pBord

IIB
or − hδ

∑︂
k=t,o
j=I,II

djBkn .

(2.20)

After substituting the optimal pB∗
or from Lemma 2.2 into (2.19) and (2.20), the

optimal prices can be derived by solving the Karush-Kuhn-Tucker (KKT) conditions.

Lemma 2.3. The optimal selling prices for the new product sold in the online and



45

the retail channels depend on the value of the wholesale price for the new product sold

to the retailer:

1. when wB
n ≤ 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
,

pBtn =
2A1 + 2wB

n + C − (2 + C − wB
n )β

4− β
and

pBon =
2C + (3wB

n + A1 − 2C)β − β2

4− β
.

2. when wB
n > 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
,

pBtn =
(Cδα− 2(A1 + wB

n )A2)(1− β) +
(︁
2C − 2wB

n + 4
)︁
β − 2C − 4 (A1 + wB

n )

(4 β − 4)A2 + 2 β − 8

pBon =
C (1− β) δ α + β2 (1 + 2A2 ) +

(︁
2C − 2A2 − A1 − 3wB

n

)︁
β − 2C

(1 + 2A2 ) β − 2A2 − 4
,

where C = hδ + cn, A1 = 1 + cp, and A2 = δ2α(1− α).

Using the prices in Lemmas 2.2 and 2.3, in the first stage of the game, the man-

ufacturer decides its optimal wholesale price to maximize its optimal profit over two

periods.

max
wB

n ≥0
πB
M =

∑︂
j=I,II

(︁
wB

n − cn
)︁
djBtn +

∑︂
j=I,II

(︁
pBon − cn

)︁
djBon + pBord

II
or − hδ

∑︂
k=t,o
j=I,II

djBkn .

(2.21)

By substituting the optimal pB∗
tn and pB∗

on from Lemma 2.3 into Equation(2.21),

as all the constraints are linear, the optimal wholesale price can be derived by the

KKT conditions. The optimal wholesale and selling prices and demands for the

remanufactured and the new products are summarized in Theorem 2.2.

Theorem 2.2. The optimal wholesale price for the new product depends on the pro-

duction cost of the new product (cn) and the retail channel cost (cp).

1. Strategy B: when cn ≤ cn1 and cp ≤ 1− β, then wB
n = β2+(C+8)β+8(C+A3)

2β+16
;
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2. Strategy BA (use all returns): when cn1 ≤ cn ≤ cn2 and cp ≤ 1 − β, then

wB
n = (2−αδ)C

4+2A2
+ 2A3(2+(1−β)A2)

8+β+4(1−β)A2
+ (1+A2)β

2+A2
;

where A3 = 1 − cp − β and values of cnx (x = 1, 2) are summarized in Table A.1 in

Appendix.

Table 2.5: Optimal decisions for the remanufactured and new products

Strategy B Strategy BA

wB∗
n

β2+(C+8)β+8(C+A3)
2(β+8)

(2−αδ)C
4+2A2

+ 2A3(2+(1−β)A2)
8+β+4(1−β)A2

+ (1+A2)β
2+A2

pB∗
tn

−β2+(C−6)β−4A3+8C+16
2(β+8)

(2−αδ)C
4+2A2

− A3(2+(1−β)A2)
8+β+4(1−β)A2

+ 2+A2−β
2+A2

pB∗
on

β2+(C+2A3+8)β+8C
2(β+8)

(2−αδ)C
4+2A2

+ A3β
8+β+4(1−β)A2

+ (1+A2)β
2+A2

pB∗
or

(10−2cp−β)αβ

2(β+8)
((2−A2+(2−3α)δ))Cα

4+2A2
+ (1+δ−δα)A3αβ

8+β+4(1−β)A2
+ (1+A2−(1−α)δ)αβ

2+A2

dIB∗
tn /dIIB∗

tn
(β+2)A3

(β+8)(1−β)
(2+β+A2−A2β)A3

(1−β)(8+β+4(1−β)A2)

dIB∗
on

8−β2−6A3−7β
2(1−β)(β+8)

− C
2β

1
2+A2

− (2−αδ)δC
2β(2+A2)

− (3+A2(1−β))A3

(1−β)(8+β+4(1−β)A2)

dIIB∗
on

8−β2−6A3−7β
2(1−β)(β+8)

− C
2(1−α)β

(3α(1−α)δ−2+(2−A2)α)C
2(1−α)(A2+2)β

− (3+(A2−αδ)(1−β))A3

(8+β+4(1−β)A2)(1−β)
+ 1−αδ

2+A2

dIIB∗
or

C
2β(1−α)

δ
2+A2

− (2−αδ)δC
2β(2+A2)

− δA3

8+β+4(1−β)A2

Results in Table 2.5 and Theorem 2.2 show that when cp is extremely high

(cp ≥ 1− β), there is no sales for the new product at the retailer. Similarly, when cn

is extremely high (cn ≥ cn2), there is no sales of any product through the manufac-

turer’s direct online channel.

Moreover, Theorem 2.2 shows that when cn is sufficiently high (cn2 ≥ cn ≥ cn1),

the manufacturer uses all returns as raw material to produce remanufacturing prod-

ucts (δ(dIBtn + dIBon ) = dIIBor ). The reason is that the increase of the production cost for

the new product leads to an increase of the selling prices in both channels, resulting in

the decrease of the demands of new products in both channels. Furthermore, it is seen

that the value of the retailer’s unit collection cost (ct) has no effect on the optimal

decisions for both the manufacturer and the retailer. The reason is that the profit

that the retailer gains from the reverse channel depends on the demands for products

in both channels instead of the demand in its own channel. The total demand for

the new product depends on the price for the new product in the online channel only.

Thus, the volume of the new product sold (a fraction of which is returned to the

retailer) depends on the price in the online channel but not on ct. Therefore, there is
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no need for the retailer to adjust its price decisions based on ct.

The increase in the selling cost at the retailer (cp) leads to the switch of the

manufacturer’s optimal production strategy from using all returns (Strategy BA) to

using a fraction of returns (Strategy B). The total demand for the new product in

the first period in two channels increases as the selling cost at the retailer increases

and more returns are collected for remanufacturing in the second period. The reason

for this trend can be seen in the sensitivity analysis below. Lemmas 2.4 and 2.5

summarize the impacts of increasing cn and cp on the optimal results in Strategy B

and BA, where dI∗ represents the total demand for the new product in the first period.

Lemma 2.4. The changes in optimal prices and demands with the increase of cn and

cp in Strategy B are summarized in Table 2.6.

Table 2.6: Impacts of the increase in cn and cp on the optimal decisions under Strategy
B

wB∗
n pB∗

tn pB∗
on pB∗

or dIB∗
tn /dIIB∗

tn dIB∗
on dIB∗ dIIB∗

on dIIB∗
or πB∗

M

cn ↑ ↑ ↑ − − ↓ ↓ ↓ ↑ ↓
cp ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ − ↓

*− for no impact; ↓ for decreasing; and ↑ for increasing

There are two interesting points in Lemma 2.4. Firstly, when the selling cost in

the retail channel (cp) increases, the manufacturer decreases the wholesale price. This

suggests that the manufacturer and the retailer are in a cooperative relationship in

the retail channel as the manufacturer achieves more revenue from its wholesaling to

the retailer. As the selling cost in the retailer’s channel (cp) increases, the retailer

needs to increase the selling price (pB∗
tn ), which decreases demand for the new product

at the retailer and causes profit losses for both manufacturer and retailer from this

channel. To maximize its profit, the manufacturer must slowdown the decrease in

demand at the retailer. For that, it needs to slowdown the increase in selling price

(pB∗
tn ) which can be achieved by reducing the wholesale price (wB∗

n ).
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Secondly, for the remanufactured product, changes of the production cost for the

new product (cn) and the selling cost at the retailer (cp) have different impacts on

the manufacturer’s optimal pricing and production strategies. The manufacturer uses

different tools when cn and cp change. Specifically, when cn changes, the manufac-

turer should keep the price for the remanufactured product unchanged and thereby

letting the demand for the remanufactured product self-adjust. When cp changes, the

manufacturer should keep the demand for the remanufactured product unchanged

by adjusting its price accordingly. The reason for the manufacturer’s different ap-

proaches to dealing with the changes of two costs is that the change of cn affects the

price competition between remanufactured and new products, while the change of cp

affects the price competition between the online and physical channels.

When cn increases, the price for the new product(pB∗
on ) is increased by the manu-

facturer and the demand for the remanufactured product increases accordingly, since

in comparison with the remanufactured product, the new product becomes less at-

tractive. The increase in the price for the remanufactured product (pB∗
or ) leads to an

increase of the profit for the new product in the online direct channel and a larger

profit loss from selling the remanufactured products. Decreasing the price for the

remanufactured product (pB∗
or ) results in an increase in the profit from the remanu-

factured product and a larger profit loss from the new product in the online direct

channel. Therefore, the manufacturer should not adjust the price of the remanufac-

tured product.

When cp increases, the retailer increases the price for selling the new product in

the physical channel. Compared to the product sold online, the new product sold at

the retailer store becomes less attractive. The manufacturer thus decreases all prices

in its online channel (pB∗
on and pB∗

or ) to capture more market share in the online channel

to maximize its profit. The increased demand is shared by the remanufactured and

new products in the online channel. In addition, since Strategy B is adopted when cn

is sufficiently low (cn ≤ cn1, Theorem 2.2), in comparison with the remanufactured

product, the new product is more profitable, all increased demand are from the new

product. Therefore, the demand for the remanufactured stays unchanged.
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Lemma 2.5. The impacts of the increase in cn and cp on optimal prices and demands

under Strategy BA are summarized in Table 2.7.

Table 2.7: Impacts of the increase in cn and cp on the optimal decisions under Strategy
BA

wBA∗
n pBA∗

tn pBA∗
on pBA∗

or dIBA∗
tn /dIIBA∗

tn dIBA∗
on dIBA∗ dIIBA∗

on dIIB∗
or πBA∗

M

cn ↑ ↑ ↑ ↑ − ↓ ↓ ↓ ↓ ↓
cp ↓ ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↑ ↓
*− for no impact; ↓ for decreasing; and ↑ for increasing

As compared to Lemma 2.4, there are two different points in the sensitivity analy-

sis in Lemma 2.5. Firstly, the manufacturer increases the price for the remanufactured

product (pBA∗
or ) due to the increase in cn. The reason is that as cn increases, both

manufacturer and retailer increase the selling prices for the new product in both chan-

nels, leading to the decrease of demands in both channels. Thus, for Strategy BA,

where all returns are used for remanufacturing, the decreasing demands result in the

decrease of the remanufactured product that the manufacturer can offer. In order to

achieve the maximal profit by selling fewer remanufactured product, the price of the

remanufactured product is increased.

Secondly, when cp increases, the total demand for the new product in the first pe-

riod increases, allowing the manufacturer to produce more remanufactured products.

Therefore, for Strategy BA, the manufacturer increases sales for the remanufactured

product.

Under both Strategy B and Strategy BA, the increase in the selling cost at the

retailer store (cp) reduces the competitiveness of the product sold in the retail chan-

nel, which motivates the manufacturer to further decrease the prices for products sold

online. The total demand for the new product in the first period increases, since more

customers can afford the new product sold online due to the lower price. Therefore,

the increase of cp leads to more returns obtained by the manufacturer from the first

period and its optimal strategy may switch from using all returns (Strategy BA) to



50

partially using the returns (Strategy B).

2.4.3 Comparison of the two cases

In this subsection, the optimal solutions of the two cases summarized in Theorems

2.1 and 2.2 are compared under the condition that cp ≤ 1−β and cn ≤ min(cn2, cn5),

where both optimal pricing strategies in Theorems 2.1 and 2.2 can be adopted by

the manufacturer. The results of the comparison are summarized in Theorem 3 and

illustrated in Figure 3 as follows.

Theorem 2.3. Under the conditions of cp ≤ 1 − β and cn ≤ min(cn2, cn5), the

optimal pricing strategy for the manufacturer depends on the production cost of the

new product (cn) and manufacturer’s unit expected collection cost for the high-quality

return (h). Specifically,

1. when the collection cost h ≤ αβ
√
4+2A2

2αδ+2A2
, the optimal pricing and production strat-

egy is

(a) N, if cn ≤ min(cn1, cn3) and cn ≤ max(cn1, cn4);

(b) B, if cn3 < cn ≤ cn1;

(c) BA, if max(cn1, cn4) < cn < min(cn2, cn5);

2. when the collection cost h > αβ
√
4+2A2

2αδ+2A2
, the optimal pricing and production strat-

egy is

(a) N, if cn ≤ max(cn1, cn4);

(b) BA, if max(cn1, cn4) < cn < min(cn2, cn5), where

values of cnx (x = 1, ..., 6) are summarized in Table A.1 in Appendix.

Theorem 2.3 shows that when the expected collection cost is sufficiently low

(h ≤ αβ
√
4+2A2

2αδ+2A2
), the optimal pricing and production strategy for the manufacturer

switches from Strategy N to Strategy B, and then to Strategy BA, as cn increases. The

intuition for this strategy switch is that when cn is sufficiently low (cn ≤ min(cn1, cn3)
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(a) Case 1: h ≤ αβ
√
4+2A2

2αδ+2A2
(b) Case 2: h > αβ

√
4+2A2

2αδ+2A2

Figure 2.4: Optimal pricing and production strategies for the manufacturer

and cn ≤ max(cn1, cn4)), as compared to the new product, the remanufactured prod-

uct is not profitable because of the small difference between the production cost and

additional collection cost. Therefore, the manufacturer should not produce the re-

manufactured product. As cn increases, the remanufactured product becomes more

profitable in the market and the manufacturer starts to engage in remanufacturing

(Strategy B and BA).

Moreover, when the manufacturer’s expected unit collection cost for high-quality

returns is sufficiently high (h > αβ
√
4+2A2

2αδ+2A2
), Strategy B never becomes an optimal

strategy for the manufacturer. This implies that the manufacturer needs to focus on

increasing the total demand for the new product sold in the first period or collection

rate when it decides to engage in the remanufacturing in such a case. Because the

profit is constrained by the quantity of remanufactured products that the manufac-

turer can offer.

The retail’s channel cost (cp) also plays an important role in the manufacturer’s re-

manufacturing decision. As cp increases, the manufacturer has a higher probability of

not selling the remanufactured product when the number of high-quality returns is not

sufficient (comparing Strategy BA to Strategy N). However, when there are enough

high-quality returns (the optimal solution suggests not using all returns: Strategy B),

the remanufacturing decision is not affected by the value of cp.

When the manufacturer adopts the different pricing strategies in the cases with
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and without remanufacturing, the optimal pricing and ordering strategy for the re-

tailer also changes, leading to changes in its profit. Theorem 4 compares the profits

of the retailer under Cases B and N (illustrated in Figure 2.5).

Theorem 2.4. Under the conditions of cp ≤ 1 − β and cn ≤ min(cn2, cn5), the

relationship of the retailer’s optimal prices, demands, and profit under Cases N and

B (Strategies B and BA) is shown as follows:

1. when cn ≤ cn1, p
B∗
tn ≥ pN∗

tn , dBj∗
tn = dNj∗

tn (j = I, II), and π∗B
R > πN∗

R (πB∗
R = πN∗

R

when q = 0);

2. when cn1 < cn ≤ cn6, p
BA∗
tn ≥ pN∗

tn , dBAj∗
tn ≤ dNj∗

tn (j = I, II), and πBA∗
R > πN∗

R ;

this case does not exist when q = 0;

3. when cn6 < cn ≤ min(cn2, cn5), pBA∗
tn ≥ pN∗

tn , dBAj∗
tn ≤ dNj∗

tn (j = I, II), and

πBA∗
R ≤ πN∗

R ;

where values of cnx (x = 1, ..., 6) are summarized in Table A.1 in Appendix.

(a) when q = 0 (b) when q > 0

Figure 2.5: Comparison of retailer’s optimal profits

When the remanufactured product is introduced into the market, the retailer

increases the selling price of the new product in its channel. The demand for the new

product in the retail channel stays unchanged, if cn is sufficiently small (cn < cn1),

and decreases if cn is sufficiently large (cn > cn1). The reason is that, when cn

is sufficiently small, the introduction of the remanufactured product decreases the

demand for the new product sold in the manufacturer’s online direct channel, which
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leads to a profit loss. To cover this loss, the manufacturer increases the wholesale

price for the new product. Under the pressure of the increased wholesale price for the

new product, the retailer also increases its selling price for the new product to ensure

that the unit profit for the new product is unchanged. Moreover, the manufacturer

increases its selling price for the new product in the online channel, which not only

helps counter the demand loss in the retail channel that would have occurred from

the increased selling price in the retail channel, but also increases the unit profit for

the new product sold online. When cn is sufficiently large, the manufacturer increases

the sales for the remanufactured product, since selling the remanufactured product

becomes more profitable as compared to selling the new product. However, due to the

limited number of high-quality returns, the manufacturer increases the price for the

remanufactured product and thus, some customers switch to buying the new product

in the online channel. The decreasing rate of the demand for the new product in the

online channel due to the introduction of the remanufactured product slows down

and the manufacturer does not need to set the selling price for the new product in

the online channel at a sufficiently high level (pBA∗
tn ≥ pB∗

tn ), which leads to a decrease

of demand in the retailer’s channel.

Changes in selling price and demand for the retailer in Cases N and B lead to

different profit values. The retailer obtains a higher profit when the manufacturer

introduces the remanufactured product due to the extra profit gained with the recov-

ery operations in the reverse SC. The profit from the forward SC stays unchanged

for the retailer (i.e., when q = 0, the profits for the retailer are the same in both

cases). However, when cn increases, the manufacturer switches from Strategy B to

Strategy BA by introducing more remanufactured products into the market, leading

to a reduction in the retailer’s profit. This profit loss increases as the value of cn

increases and when cn is sufficiently large (cn ≥ cn6), the retailer makes less profit

in Case B than in Case N. In the meantime, the amount of high-quality returns col-

lected in the first period has a significant impact on the manufacturer’s profit. A

decrease of the collection quantity leads to a decrease in the manufacturer’s profit.

To reduce the profit losses, the retailer can invest more in the collection service and

take advantage of its location (closer to customers) to help the manufacturer collect

more high-quality returns by for example, building an efficient recovery network and
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educating customers on proper product usage and maintenance. In return, the man-

ufacturer shares the profit gained from the increased number of high-quality returns

with the retailer. Otherwise, if the retailer does not help the manufacturer with the

collection, the low number of collected high-quality returns leads to a profit loss for

the manufacturer. A detailed discussion using a numerical example is provided in

Section 5.3.

2.5 Numerical experiments

In this section, numerical experiments are used to examine the impacts of the

customer’s acceptance level for the remanufactured product (α), the customer’s ac-

ceptance level for the online channel (β), and the proportion of high-quality returns

(δ), on the optimal prices, demands, and profits of the manufacturer and the retailer.

The following parameter values are selected: cn = 0.07, cp = 0.04, q = 0.6, ct = 0.007,

cm = 0.008, cmt = 0.008, α = 0.81, β = 0.85, and δ = 0.4.

2.5.1 The impact of the customer’s acceptance level for the

remanufactured product

In this subsection, the impact of the customer’s acceptance level for the reman-

ufactured product is examined from the results in Table 2.8.

Table 2.8: Impacts of increasing α on the optimal prices, demands, and profits

α w∗
n p∗tn p∗on p∗or dI∗tn/d

II∗
tn dI∗on dII∗on dII∗or π∗

M π∗
R Strategy

0.65 0.5097 0.5851 0.4706 - 0.236258 0.2102 0.2102 - 0.3761 0.016731 N

0.67 0.5097 0.5851 0.4706 - 0.236258 0.2102 0.2102 - 0.3761 0.016731 N

0.69 0.5097 0.5851 0.4706 - 0.236258 0.2102 0.2102 - 0.3761 0.016731 N

0.71 0.5117 0.5871 0.4726 0.309 0.236258 0.2079 0.1013 0.1501 0.3764 0.016919 B

0.73 0.5117 0.5871 0.4726 0.318 0.236258 0.2079 0.0902 0.1612 0.3768 0.016916 B

0.75 0.5117 0.5871 0.4726 0.327 0.236258 0.2079 0.0773 0.1741 0.3773 0.016913 B

0.77 0.5115 0.5869 0.4723 0.337 0.236105 0.2082 0.0714 0.1777 0.3778 0.016897 BA

0.79 0.5110 0.5864 0.4719 0.348 0.236106 0.2088 0.0682 0.1779 0.3784 0.016898 BA

0.81 0.5105 0.5859 0.4713 0.359 0.236107 0.2094 0.0651 0.1782 0.3790 0.016898 BA

Table 2.8 shows that in general, as α increases, the manufacturer’s optimal pro-

duction strategy switches from Strategy N to Strategy B and then to Strategy BA.
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The intuition is that the increase of α means that customers perception of reman-

ufactured products is high. As compared to the new product, the remanufactured

product has a lower production cost and therefore, the manufacturer starts to sell the

remanufactured product and attract more customers to buy remanufactured products

by adjusting the prices when α increases.

Moreover, the manufacturer’s total profit increases as α increases. Unlike the

results in Gan et al. (2017) and He et al. (2019), the profit of the retailer does not al-

ways decrease as α increases. It has a large increase when the manufacturer switches

its optimal strategy from Strategy N to Strategy B due to the existence of the profit

in the reverse SC. Then, it decreases when α increases between 0.71 and 0.75 and

has a large drop when α increases to over 0.75. Then, the retailer’s profit begins to

increase again when α ≥ 0.77. The reason for this trend is that when α increases

between 0.71 and 0.75, some customers switch from buying new products online to

buying remanufactured products online and bring more profit to the manufacturer

due to the higher marginal profit for the remanufactured product. In order to avoid

the loss in the profit gained from the new product sold in the retail channel, the

manufacturer keeps the wholesale and the online selling prices unchanged for the new

product to ensure that the demand and the price for the new product in the retail

channel are unchanged. However, in the reverse channel, since the total demand de-

creases due to the increase of α, the number of high-quality returns collected by the

retailer decreases and then the associated collection profit gained by the retailer in

the reverse channel also decreases. When α > 0.75, in order to increase the number

of returns, the manufacturer reduces the wholesale price for the new product which

results in an increase of the retailer’s profit in the forward channel. This increased

profit in the forward channel offsets its profit loss in the reverse channel and leads to

an overall higher total profit for the retailer. This result implies that when α ≤ 0.75,

the retailer is not willing to put effort into increasing the customer’s perceived value

on the remanufactured product unless the manufacturer shares the portion of the in-

crease in profit with the retailer to achieve a win-win situation. Table 2.8 shows that

this win-win situation can be achieved due to the fact that the SC profit (π∗
M + π∗

R)

increases as α increases. When α > 0.75, however, the retailer is willing to assist

the manufacturer to increase the customer’s acceptance level for the remanufactured
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product (e.g., promoting the sustainability virtues of remanufacturing) to enhance

its own profit (the retailer’s profit increases as α increases, when α > 0.75 after an

initial drop).

The wholesale price and selling prices in both channels for the new product show

the same trend as α increases. When α ≤ 0.75, the change of α has no impact on

all prices for the new product (when α changes from 0.69 to 0.71, all prices for the

new product have a jump due to the inclusion of the collection cost as the manufac-

turer changes the production strategy). When α > 0.75, the increase in α leads to a

decrease in all prices of the new product. The reason is that when α is sufficiently

small, although adjusting the price for the new product can increase the sales of the

remanufactured product and generate more profit in the second period for the man-

ufacturer as α increases, it can also cause a larger profit loss for the manufacturer in

the first period. Therefore, in order to avoid or reduce this loss in the first period,

the manufacturer should not adjust the prices for the new product. When α is suffi-

ciently large (Strategy BA is adopted), the number of remanufactured products that

can be produced is limited. Decreasing the prices for the new product cannot only

attract some customers to buy the new product instead of the remanufactured prod-

uct, but also increase the number of returns in the first period, which can be used for

producing the remanufactured product and generate more profit for the manufacturer.

Another interesting point in Table 2.8 is that when α increases to between 0.71

and 0.75 (Strategy B is adopted), some customers switch from buying the new to

buying the remanufactured product, but no new customers are attracted to buy the

product in this period (as dII∗tn and dII∗on + dII∗or stay unchanged). This implies that in

such a case, in order to maximize profit, the manufacturer will vary the selling price

for the remanufactured product in the online channel based on the demands for the

new product and the remanufactured product online. Customers, who originally are

not willing to buy any product, still do not buy any product although their perceived

values on the remanufactured product increase.



57

2.5.2 The effect of the customer’s acceptance level for the online channel

In this subsection, the effect of the customer’s acceptance level for the online

channel (β) on the optimal prices, demands and profits of the manufacturer and the

retailer is examined as illustrated in Figure 2.6.

Figure 2.6: Impacts of increasing β on the optimal decisions

Figure 2.6 shows that, in general, the manufacturer’s optimal production strategy

switches from Strategy BA to Strategy B and then to Strategy N. This implies that

the increase in β has a more positive impact on the profitability of the new product

sold online than that of the remanufactured product. As β increases, fewer customers

buy the remanufactured product and when β is sufficiently higher (β ≥ 0.88 in this

case), the demand for the remanufactured product drops to zero and the manufac-

turer should not engage in remanufacturing.

Moreover, the increase in β leads to an increase of the manufacturer’s total profit

and a profit loss for the retailer. This is because products sold in the manufacturer’s

online direct channel become more attractive to customers. However, the total SC

profit increases at a slower pace as β increases and it decreases when β ≥ 0.92, which

is unlike the result in Gan et al. (2017). The reason is that on one hand, the increase

in β can attract new customers, who originally were not considering a purchase, to
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buy the new or the remanufactured product through the online channel, as their

perceived values for these products increase (dItn + dIon and dIItn + dIIon + dIIor increase as

β increases). On the other hand, the increase in β reduces the gap of the customer’s

perceived value between the retailer’s store and the manufacturer’s online channel,

which results in intensifying the competition between both channels (especial for the

new product as the gap between the selling prices for the new products sold in both

channels becomes narrow). This causes a profit loss for the entire SC. This negative

impact becomes larger as β increases, and results in a slight decrease in the total

profit of the SC when β ≥ 0.92.

2.5.3 Impacts of the proportion of high-quality returns in Strategy BA

In this subsection, the impacts of the proportion of high-quality returns (δ) on the

optimal prices, demands, and profits of the manufacturer and the retailer in Strategy

BA are examined as illustrated in Figure 2.7.

In general, as the proportion of high-quality returns (δ) decreases, the manufac-

turer’s profit decreases. For the retailer, its profit from the forward SC increases

while its total profit decreases as δ decreases. This happens because as δ decreases,

the quantity of returns that can be used for remanufacturing (high quality) decreases,

resulting in a profit loss for the manufacturer. The manufacturer can then use two

different strategies to reduce its profit loss based on the value of δ: lowering the

wholesale price if δ ≥ 0.16 or increasing the wholesale and online prices if δ < 0.16.

� When δ ≥ 0.16, in order to reduce the profit loss, the manufacturer slows

down the decrease of the quantity of high-quality returns in the first period by

offering a lower wholesale price for the new product to the retailer. Moreover,

it also decreases the price for the new product in the online direct channel to

increase the sales such that some customers switch from buying remanufactured

to buying the new product in the second period (dItn, d
I
on, and dIIon increases,

while dIIor decreases as δ decreases). Due to the lower wholesale price for the

new product, the retailer’s profit in the forward SC also increases. However,

this increase is not sufficient to cover the losses in collection revenue due to the

decreasing number of high-quality returns.
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Figure 2.7: Impacts of the increase in δ on the optimal prices, demands, and profits
of the manufacturer and the retailer
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� When δ < 0.16, the profit generated from selling the remanufactured product

is low due to the low remanufacturing quantity. Therefore, the manufacturer

should not sacrifice the profit from selling the new product in order to produce

more returns. Then, the manufacturer’s strategy is to increase the profit from

selling the new product to offset the profit loss due to the decrease in δ. The

wholesale price for the new product and selling price for the new product in

the online direct channel are increased by the manufacturer to generate more

profit and reduce the competitiveness of the new product sold by the retailer

(δ < 0.16). In the meanwhile, the retailer increases its selling price for the new

product due to the higher acquisition cost (higher wholesale price), resulting

in a slight increase in its profit, which still cannot offset its profit loss in the

reverse SC.

In summary, the decrease in δ can result in profit losses for both the manufacturer

and the retailer, when the manufacturer adopts Strategy BA. The total profit of

the manufacturer and the retailer (πM + πR) increases as the value of δ increases.

It is possible for the retailer to contract with the manufacturer at this time for a

cooperation agreement, with which the retailer helps the manufacturer to increase

the collection of high-quality returns by engaging in activities such as educating the

customers on proper product usage and maintenance method when the product is sold

or providing some simple preventive care services to customers after the product is

sold. In return, the manufacturer should share the increased profit from the increased

quantity of high-quality returns with the retailer.

2.5.4 Managerial implications

Managerial insights obtained from the model and numerical experiments in Chap-

ter 2 are summarized below while addressing the research questions posed in the In-

troduction.

� When should the manufacturer carry out remanufacturing? Consistent with

Atasu et al. (2008) and Liu et al. (2018), the production cost difference be-

tween the new and remanufactured products (equivalent to the unit production
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for the new products in this chapter, since the unit remanufacturing cost is

normalized to 0) plays an essential role in the manufacturer’s remanufacturing

decision. When the cost difference is sufficiently high, it is profitable for the

manufacturer to engage in remanufacturing. Moreover, it is found that the

retailer’s channel cost can affect the manufacturer’s remanufacturing decision

only when there are no sufficient high-quality returns. If the number of high-

quality returns is sufficiently low, the manufacturer is more likely to engage in

remanufacturing when the retailer’s channel cost is low.

Due to the environmental benefits of remanufacturing such as alleviating the

depletion of natural resources, reduction of energy usage and greenhouse gas

emissions, government wanting to promote remanufacturing could offer subsi-

dies or financial support to (re)manufacturers. The results of this study show

that such support to the (re)manufacturers should be used to decrease the man-

ufacturing cost and enhance the remanufacturability of the product instead of

directly reducing the remanufacturing cost, if the (re)manufacturer cannot ob-

tain enough returns. Our results also indicate that increasing the customer’s

acceptance level for remanufacturing is another method for promoting reman-

ufacturing (increase the demand). Legislators and governments can invest in

educating and promoting the values of buying remanufactured products. For

example, on May 30, 2016, the French Parliament adopted decree 2016–703

mandating car dealerships and repair shops to offer both new and remanufac-

tured spare parts if available to customers seeking repairs (Hogan Lovells LLP,

2016).

� How does the manufacturer’s remanufacturing decision affect the retailer’s sell-

ing price, demand, and profit? We find that when the manufacturer starts to

produce remanufactured products, the retailer needs to increase its selling price.

However, unlike the finding in Xiong et al. (2013), the manufacturer’s reman-

ufacturing activity does not always hurt the retailer’s profit. When there are

sufficient high-quality returns for remanufacturing, whether the manufacturer

remanufactures products or not does not affect the retailer’s profit in the for-

ward SC because the manufacturer sells both the new and the remanufactured



62

products through its direct online channel. The introduction of the remanufac-

tured product in the market cannibalizes the demand for the new product sold

online instead of the demand for the new product in the retail channel. Selling

the new product online mitigates the impact of introducing the remanufactured

product by the manufacturer on the retailer. Moreover, the remanufacturing

activity from the manufacturer brings collection revenue to the retailer in the

reverse SC.

� Which factors impact the manufacturer’s and the retailer’s pricing and pro-

duction strategies? The customer’s acceptance level for the remanufactured

product (α) significantly affects the pricing and production decisions, and the

profits for both the manufacturer and the retailer. When the manufacturer en-

gages in remanufacturing, the increase of α does not affect the selling prices of

the new product in both channels and the wholesale price of the new product

if α is not sufficiently high. The manufacturer’s profit, however, increases and

the retailer’s profit decreases. When the customer’s acceptance level for the

remanufactured product is sufficiently high, all selling and the wholesale prices

for the new product decrease as α increases, and the retailer’s profit begins to

increase. This implies that to increase its own profit, the manufacturer should

increase α through actions such as advertising the greenness of the remanufac-

tured products, offering warranty coverage, and post-sales service.

The proportion of high-quality returns can affect pricing and production deci-

sions of the manufacturer and the retailer, when the manufacturer needs to use

all high-quality returns for remanufacturing. The increasing proportion of high-

quality returns increases the manufacturer’s profit while hurting the retailer’s

profit in the forward SC, and generates an extra profit for the retailer in the

reverse SC. Therefore, for the manufacturer, in order to maximize its profit,

the remanufacturability and quality of the product should be carefully evalu-

ated and implemented at the design stage to ensure more high-quality returns.

Moreover, the retailer has the advantage in collecting returns, since it is closer

to the market. The manufacturer can consider cooperating with the retailer to
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collect more high-quality returns that can be used for remanufacturing by in-

creasing the unit buyback price such that the increase in the retailer’s collection

revenue in the reverse SC can offset its profit loss in the forward SC due to the

increased proportion of high-quality products.

2.6 Conclusion

A two-period model for a CLSC with a manufacturer and a retailer to decide

the optimal pricing and production strategies for remanufactured and new products

is developed. Both competitions between the retailer’s store and the manufacturer’s

online channel, and between the remanufactured and new products in the same and

different channels are considered in the chapter. Demands for both product types

sold in the retailer’s and the manufacturer’s channels are derived based on the util-

ity theory. The production cost and the channel selling cost are both included in

the discussion. The manufacturer’s and the retailer’s optimal pricing strategies, the

manufacturer’s production strategy, and the conditions associated with these strate-

gies are identified. Numerical analysis on the impacts of the customer’s acceptance

level for the remanufactured product, the customer’s acceptance level for the online

channel, and the proportion of high-quality returns, on the optimal decisions the

manufacturer and the retailer are conducted.

Comparing the optimal profits of the manufacturer and the retailer in the cases

with and without remanufacturing, it is found that the manufacturer is willing to en-

gage in remanufacturing when the production cost for the new product is sufficiently

high and the retailer suffers a profit loss from the introduction of the remanufactured

product when all returns are used in remanufacturing. Moreover, for the remanufac-

tured product, it is found that the manufacturer can use different approaches to deal

with the changes in the production cost of the new product and the channel selling

cost of the retail channel, when sufficient returns can be collected for remanufacturing.

When the production cost of the new product increases, the manufacturer increases

the demand and keeps the price unchanged for the remanufactured product, while it

decreases the price for the remanufactured product and keeps its demand constant as
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the retail channel selling cost increases.

The impact of key parameters on the manufacturer’s and the retailer’s optimal de-

cisions is also examined in the chapter. When the customer’s acceptance level for the

remanufactured product is sufficiently low, the retailer is unwilling to assist the man-

ufacturer to improve the customer’s acceptance level for the remanufactured product,

since it does not affect the retailer’s optimal profit; it can decrease the retailer’s opti-

mal profit when the manufacturer switches its optimal pricing and production strategy

from not using all returns to using all returns for remanufacturing. Moreover, the

increase in the proportion of high-quality returns leads to an increase in the manufac-

turer’s profit and a decrease in the retailer’s profit when the manufacturer needs to

use all returns for remanufacturing. It implies that the retailer is unwilling to assist

the manufacturer to increase the proportion of high-quality returns unless the manu-

facturer provides an incentive to the retailer for its assistance in collecting the returns.

Several extensions can be made in the future. Firstly, this chapter investigates

the pricing and production strategies for remanufactured and new products in a

manufacturer-led SC. It is also interesting to explore the problem in a retailer-led

SC, since many big retailers such as Walmart can lead the SC and squeeze the profit

of their manufacturers (Giri et al., 2017). Secondly, the problem in this chapter is

considered in an existing dual-channel SC and the cases with and without remanu-

facturing are compared. An extension would be to investigate whether it is necessary

for the manufacturer to open the direct or the retail channel for selling or collecting

products. Thirdly, the chapter shows that when the manufacturer needs to use all

returns for remanufacturing, the introduction of the remanufactured product causes

a profit loss at the retailer and the retailer is not willing to collect returns for the

manufacturer, leading to a profit loss at the manufacturer. An agreement between

the manufacturer and the retailer is worth investigating to coordinate the members

in the SC to ensure a win-win situation. Fourthly, the chapter considers a two-period

time horizon setting. It is interesting to consider the problem in the multi-period

time horizon and to determine whether the optimal decisions change or not. Finally,

in this chapter, the remanufactured product is sold through the online channel by
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the (re)manufacturer. However, some r(e)manufacturers may also sell their remanu-

factured products through the retail channel. Thus, our chapter can be extended to

include the case where the remanufactured product is sold through both channels.



Chapter 3

Optimal pricing and production strategies for new and

remanufactured products under a non-renewing free

replacement warranty

3.1 Introduction

Price and customer’s perceived quality are the two most essential factors that

may affect the customer’s purchase decision (Tang et al., 2020). High customer’s per-

ceived quality and low selling price for the remanufactured product can boost demand

in the market (Abbey et al., 2015b). However, a low price may have an unintended

drawback by leading the consumer to question the quality of the product (Tang et al.,

2020). Therefore, decreasing the selling price should be done carefully.

The quality of the remanufactured product is a major concern for consumers

(Vafadarnikjoo et al., 2018). As compared to a new product, the consumers find it

difficult to assess the quality of a remanufactured product given that it uses compo-

nents/modules from returns (Liao, 2018). Therefore, the consumers are concerned

about the quality, performance and safety of the remanufactured product. Abbey

et al. (2015c) find that the perceived quality is one of the significant factors that

affects the customer’s attitude and behavior towards the remanufactured product.

Vafadarnikjoo et al. (2018) also point out that quality is the most significant con-

sideration for the customers when they ponder the purchase of the remanufactured

product.

As the warranty service signals the product’s quality, remanufacturers usually of-

fer lenient warranty policies to improve the perceived quality of the remanufactured

products (Boulding and Kirmani, 1993). Warranty as a service contract plays an

important role in business and legal transactions, especially when the quality of the

66
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product is not easily observed and valued by the customer (Esmaeili et al., 2014; Lan

et al., 2014). Warranty is a contract between the manufacturer and the customer

to ensure that the purchased products can be repaired, replaced, or as a compensa-

tion service to the customer when the product fails in a specified time period after

purchase (Shafiee and Chukova, 2013). On the customer’s side, the warranty serves

as both protection and information. With the warranty, the customer can receive a

redress when a product under proper use fails within a specific time period (Murthy

and Djamaludin, 2002). Usually the customer can have the failed product repaired or

replaced at no cost or a small cost, implying that the risk of the product’s failure has

been transferred from the customer to the manufacturer under the warranty (Murthy

and Blischke, 2000). The other role is informative. When the customer cannot assess

the quality of the product clearly, the product with a long warranty is commonly

considered to be of high quality with a higher reliability than the product with a

short warranty (Murthy and Djamaludin, 2002).

For the manufacturer, the warranty service can also be protective. In the warranty

terms, the manufacturer usually specifies the function and the proper conditions of

use of the product and the limited coverage for the product’s failure due to misuse.

Therefore, with the warranty, the manufacturer can protect itself from unreasonable

customer claims (Shafiee and Chukova, 2013). Warranty can also serve as a pro-

motional tool for the manufacturer. Since the consumer prefers the product with

a warranty service, manufacturers typically use warranty as an advertising tool to

differentiate its product from the competitor’s to attract more customers.

Many types of warranties have been offered by OEMs to meet the various needs

and requirements of their consumers. Warranty policies are typically classified into

two groups: non-renewing and renewing warranties. Under a renewing warranty, the

OEM offers a warranty identical to the original one after each legitimate claim, repair

or replacement (Murthy and Jack, 2009). The warranty length is never renewed for

the non-renewing warranty. Based on the cost incurred, the warranty policies can

be classified into three groups: free replacement warranty (FRW), pro-rata warranty

(PRW), and hybrid warranty. Under the FRW, the customer receives the repair or
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the replacement service during the warranty period without charge. Under PRW, the

customer will pay a portion of the repair or replacement cost that is proportional to

the elapsed time in the warranty period (Chien, 2010). In this chapter, we will con-

sider the non-renewing FRW for the new and remanufactured products sold by the

manufacturer and the retailer. This setting has been extensively used and explored

in the literature (see (Wu et al., 2007; Elsayed, 2014; Liu et al., 2015)).

Although warranty can be beneficial to both customer and manufacturer, a gener-

ous warranty usually leads to a high cost (Shafiee and Chukova, 2013). Depending on

the product type, the warranty usually costs between 2% to 10% of the product’s sell-

ing price. According to an industry report, the annual warranty cost in the US auto

industry reached $3.7 billion in 2016 or 3% of its revenue (Tong et al., 2017). In 2019,

General Motors’s annual warranty cost for the automobiles sold was nearly $3 billion,

accounting for almost 3% of its total revenue (Shafiee and Chukova, 2013). For the

remanufactured product, the cost may be higher because more failures might hap-

pen during the warranty period. Therefore, a trade-off should be identified between

offering warranty and being profitable (Shafiee and Chukova, 2013; Chari et al., 2013).

Since warranty is an essential factor that affects the cost and the demand of a

product, the following questions for the new and remanufactured product under a

non-renewing FRW will be addressed in this chapter:

� How should the manufacturer set prices for the new and remanufactured prod-

ucts under a given warranty length?

� How does the warranty length affect the prices, demands and profit for both

new and remanufactured products?

� Does an optimal warranty length exist and what factors influence it?

In this chapter, a two-period mathematical model is developed to investigate the

optimal pricing and production strategies for the new and remanufactured products

under a non-renewing free replacement warranty. The impacts of the sensitivity of the

customer’s utility to the warranty length for the new and remanufactured products
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on the optimal prices, demands, and profit will be analyzed. We also numerically

explore how the optimal prices, demands, and profit vary in respond to the change in

warranty length, and analyze the impacts of the unit production costs, the sensitiv-

ity of customer’s utility to the warranty length and the failure rates of the new and

remanufactured products on the optimal warranty length.

The remainder of this chapter is organized as follows. Section 2 briefly reviews

the literature and summarizes the contributions of this chapter. In Sections 3 and

4, a two-period mathematical model is developed to derive the optimal pricing and

production strategies for the new and remanufactured products. A sensitivity analysis

is presented in Section 5. Section 6 provides the conclusion and extensions for future

research. All proofs are placed in Appendix.

3.2 Literature Review

In this section, the related literature is classified in three streams: pricing strate-

gies in the CLSC, warranty strategies for remanufactured products, joint decision of

the price and warranty for the remanufactured products. Finally, we present the con-

tributions of this chapter to the literature by differentiating it from existing studies.

3.2.1 Pricing strategy in the closed SC

Pricing is one of the most important strategic-level decisions for the remanufac-

tured products since it controls the cannibalization between new and remanufactured

products Steeneck and Sarin (2013); Bulmuş et al. (2014). Several comprehensive

reviews on the pricing strategy for remanufactured products, such as Steeneck and

Sarin (2013) and Kumar and Ramachandran (2016), can be referred to. Steeneck and

Sarin (2013) provide a critical review on the studies of theoretical models for deciding

the optimal pricing strategy: standard economic models, models with product life

cycle considerations, models with variable marginal remanufacturing cost and other

pricing models. Kumar and Ramachandran (2016) classify the articles based on the

issues: product-related issues (such as the product categories and the quality of the

returns), SC-related issues (such as the inventory strategies and the market type),
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and mathematical formulation-related issues (such as the time horizons and the mod-

elling technique).

Selecting an optimal pricing strategy for the new and remanufactured products

can help the manufacturer achieve maximum profit. Choi (2017) explores the optimal

pricing and branding investment decisions for a fashion retailer. The retailer sells new

fashion products and collect the returns, which are send to a remanufacturing factory

and used as raw material for producing remanufactured products. The retailer needs

to decide the branding investment and the prices for the new and remanufactured

products. The study finds that the optimal price increases and the optimal brand in-

vestment decreases if the unit acquisition cost of the used fashion product and the unit

remanufacturing cost increase. Phantratanamongkol et al. (2018) study the relation-

ship between price and volume for the new and remanufactured smartphones through

an empirical experiment on eBay-UK and eBay-US using daily series data from Jan-

uary to November 2016. It shows a significant negative contemporaneous relationship

between price and volume for the new smartphones and a positive contemporaneous

relationship between price and volume for the remanufactured products, which indi-

cates that the remanufactured smartphones can be more profitable than the new ones.

Pricing strategy for remanufactured products is considered not only in a monopoly

situation, but also in a SC. Zhang and Ren (2016) explore the optimal retail prices

and wholesale prices for the new and remanufactured products in a SC containing

an original manufacturer, a third-party remanufacturer, a retailer in a leader-follower

game, and a joint decision-making game. The retail prices for both new and re-

manufactured products are set to be lower in a joint decision-making case than in a

leader-follower game. Gan et al. (2017) study the optimal pricing strategy for new

and remanufactured products with a separate sale channel. New products and re-

manufactured products are sold by the retailer and the manufacturer respectively.

Under the separate channel, the total SC’s profit can be improved and the price for

the remanufactured product is higher, as compared to the case in the single-channel.
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The above literature only considers the prices related factors that affect the cus-

tomer’s decision for buying the new or remanufactured products. The proposed chap-

ter will also consider the effect of the warranty in the customer’s purchasing decision.

3.2.2 Warranty strategy for the remanufactured products

Selecting the optimal warranty strategy is also important for the manufacturer,

since it can significantly affect the total profit by controlling the demand and the cost

for the new and remanufactured products.

Aksezer (2011) studies the free replacement warranty and the cost sharing war-

ranty for second-hand vehicles. Expected warranty cost has been obtained by consid-

ering the age, usage, and the maintenance data for the second-hand vehicles. Chari

et al. (2013) propose a mathematical model to decide the optimal warranty length

and the age of reconditioned products, which are used to replace the failed products

under a one-dimensional unlimited free-replacement warranty policy. Alqahtani and

Gupta (2017b) focus on the warranty policy for a washing machine with nine com-

ponents. The relevant warranty costs of the washing machine are compared in two

cases: with and without a sensor used to estimate remaining lifetime. In addition to

the base warranty, three EW types are offered by the manufacturer: free replacement

warranty, refund warranty and a combination of these two warranties. The study

shows that with the sensor, significant improvements in the total revenue and profit

can be achieved and the extended free replacement warranty has the lowest average

value of warranty costs. Alqahtani and Gupta (2018) expand the work in Alqahtani

and Gupta (2017b) by considering the impact of the non-renewing money-back guar-

antee warranty policy for the remanufactured product with an embedded sensor. In

the paper, the remanufactured product is sold with a warranty. If the product fails

during the warranty period, it can be repaired/replaced, or collected by the remanu-

factured (the customer receives a certain amount of money back) when the number

of repairs is over a certain level. In order to decrease the number of failures during

the warranty time, preventative maintenance is provided to the products as free. It

has been found that the preventative maintenance significantly reduces the total cost.



72

The above literature mainly focuses on obtaining the optimal warranty for the

remanufactured product to minimize the total cost. In this chapter, we explore the

optimal pricing for both new and remanufactured products while accounting for the

warranty length in order to maximize the total profit.

3.2.3 Joint decision of price and warranty for the remanufactured

product

The closest studies related to our study are the papers focusing on the joint de-

cision of price and warranty for the new and remanufactured products.

Liao et al. (2015) investigate the impact of the warranty on the manufacturer

and remanufacturer’s profits, demands and prices in a competitive environment. One

manufacturer produces the new product only, while the other produces the reman-

ufactured product only. Three scenarios are discussed in the paper: 1) no warranty

for both; 2) the remanufactured product has warranty, while the new product does

not; 3) both have warranty. Based on their research, the (re)manufacturer can bene-

fit by offering warranty for its own products, and its profit decreases because of the

warranty policy offered by its competitor.

Chari et al. (2016b) focus on the optimal pricing strategy for the manufacturer

by considering warranty length, age of reconditioned components, and the ratio of

new and reconditioned components to be used. If a key component in a product fails

within the warranty period, it is replaced by a spare part from a pool containing both

new and reconditioned components. They find that decreasing the ratio of new and

reconditioned components (increasing the proportion of the new components in the

pool) leads to in an increase in the optimal price for the product and in the optimal

warranty length.

San and Pujawan (2017) explore the optimal prices and warranties for the new

and remanufactured products in a SC with a manufacturer and a retailer. In addi-

tion to a basic warranty offered for both new and remanufactured products, an EW is

offered for the remanufactured products. A mathematical model is solved to obtain
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optimal prices and warranties and it is found that increasing customer demand leads

to the increase of the warranty level.

Giri et al. (2018) discuss the revenue management problem for a retailer and a

manufacturer producing and selling new and remanufactured products. The retailer

sells the new product at the start of the selling season. Failure returns during the

warranty period are replaced by new products. The returns are classified into two

groups. The group with the highest quality is refurbished and returned to the cus-

tomers. The other returns are remanufactured and sold in a secondary market. The

study shows that increasing the warranty period leads to raising the wholesale price

and the selling price. Moreover, the revenue sharing contract, in which the retailer

allocates a fraction of its profit to the manufacturer to obtain lower wholesale price,

creates a win-win situation for both the manufacturer and the retailer.

Different from the studies above, we develop a general model aiming to be more

practical in our study. First, we consider that the customer’s behavior for purchasing

new and remanufactured product depends on the prices and warranties. However,

unlike Liao et al. (2015), San and Pujawan (2017) and Giri et al. (2018), a concave

relationship is set between the warranty length and the customer’s utility for the

products since the marginal customer’s utility towards to products decreases as the

warranty length increases. Secondly, the warranty cost is related to the demand

for the products instead of being a one-time investment. Thirdly, the supply of

remanufactured products is not only limited by the sales of the new products in the

previous period but also controlled by the market (unlike Giri et al. (2018), in which

the demand for the remanufactured product only depends on the number of returns

and has no upper bound).

3.2.4 Contribution to the literature

To summarize, the study contributes to the literature in the following three ways:

� It explores the optimal pricing and production strategies for the new and re-

manufactured products with a non-renewing free replacement warranty by con-

sidering the limited supply of remanufactured products, the total warranty cost



74

depending on the demand, the concave relationship between the customer’s util-

ity and the warranty length, and change in the market size. A two-period model

is developed to obtain the optimal prices and the conditions for each production

strategy (only new, only remanufactured or both).

� The study identifies the conditions, under which the manufacturer should en-

gage in remanufacturing, depending on the ratio of the unit production costs

and the warranty length for new and remanufactured products.

� The study investigates the sensitivity of the optimal prices, demands and the

manufacturer’s profit to the warranty length. Moreover, numerical experiments

are used to explore how the unit manufacturing and remanufacturing costs,

failures rates and the sensitivity of the customer’s utility affects the optimal

warranty length.

3.3 Problem description and notation

We consider a monopolistic manufacturer who produces the new product in the

first period, and produce either the new, or the remanufactured, or both products in

the second period, in a selling season. The manufacturer collects the failed products

returned during the warranty and uses them to produce remanufactured products

that are sold in the second period.

For both new and remanufactured products, the manufacturer offers a non-renewing

free replacement warranty. During the warranty period, customers can return the

failed new (remanufactured) product to the manufacturer and obtain a replacement

of the new (remanufactured) product without any cost. The warranty lengths for

both the new and remanufactured products are not renewed with the replacement.

We assume that new and remanufactured products have the same warranty length

(w). This setting is common in the market. For example, Apple Inc. sells remanufac-

tured products with the same 1-year warranty offered on their new products (Clover,

2019). Kindle from Amazon and Lenovo also have the same warranty coverage for

new and remanufactured products (Livingston, 2019). In the numerical experiments



75

section 5.3, this restriction is relaxed and different warranty length for new and re-

manufactured products are considered.

Following studies in Ferrer and Swaminathan (2006) and Wang et al. (2018), at

the beginning of the selling season, the manufacturer needs to set the selling prices

for both new and remanufactured products under the non-renewing free replacement

warranty to maximize its profit over the selling season. The manufacturer, however,

announces its prices sequentially at the beginning of each period. Therefore, the cus-

tomers in the first period make their purchasing decisions based on their utility only

and do not consider the pricing adjustment in the second period. At the start of the

second period, the manufacturer announces the prices for new and remanufactured

products for this period.

As in Teunter (2001); Agrawal et al. (2016), it is assumed that each new product

can be only remanufactured once. That is, only the returned new product in the

first period can be used as raw material for producing remanufactured products. We

assume that only the returned new products sold in the first period can be used for

remanufacturing, as producing remanufactured products takes some time. Moreover,

after the failed new products are returned, collected, and inspected, only a propor-

tion (θ) of returns with relatively high quality is suitable to be used in producing

the remanufactured products for the second period. The returned remanufactured

products and the unused returned new products are cleanly disposed of. In addition,

as compared with the production and warranty cost, the disposal cost is sufficiently

small, which can be normalized to 0 in this chapter.

It is assumed that the market sizes are 1 and β in the first and second periods,

respectively. Specifically, β > 1 and β < 1,correspond to the market size growth and

reduction in the second period, respectively; while β = 1 suggests that the market

size remains unchanged in the second period.

The customer’s perceived value toward a new product is assumed to be z, which

is heterogeneous and uniformly distributed on [0, 1] as in He et al. (2019). In the first
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period, the customer’s utility for purchasing a new product is U I
n(z) = z−pIn+δn

√
w,

where pIn is the price for the new product sold in the first period and δn represents the

sensitivity of customer’s utility to the warranty length of the new product. Following

the study in Huang and Fang (2008), a concave relationship is assumed between the

customer’s utility and the warranty length. That is, as the warranty length increases,

the marginal customer’s utility decreases.

The customer will buy the new products only when his utility is non-negative

(U I
n ≥ 0), which leads to z ≥ zIn = pIn − δn

√
w. Therefore, the demand of the new

products in the first period (dIn) is:

dIn =

⎧⎨⎩1− pIn + δn
√
w if pIn ≤ 1 + δn

√
w

0 if pIn > 1 + δn
√
w

(3.1)

In the second period, the manufacturer may produce both new and remanufactured

products and sell them to the customers. The customer’s perceived value on the

remanufactured product is discounted as it perceives it as a low-end version of the

new product (Atasu et al., 2010). Parameter α represents the customer’s acceptance

level of the remanufactured product. Thus, the utility of the customer to buy the

new or remanufactured product is given by:

U II
n (z) = z − pIIn + δn

√
w (3.2)

U II
r (z) = αz − pIIr + δr

√
w (3.3)

Customers will buy the new product if and only if (iff) U II
n ≥ 0 and U II

n ≥ U II
r ,

leading to z = zIIn ≥ pIIn − δn
√
w and z = zIInr ≥ pII

n −pII
r −δn w+δr w
1−α

, respectively.

Similarly, the customer will buy the remanufactured product if and only if U II
r ≥ 0

and U II
r ≥ U II

n . U II
r ≥ 0 leads to z ≥ pIIr −δr

√
w

α
. So when 1 ≥ zIInr ≥ zIIr ≥ 0 (or

equivalently, 1 ≥ pII
n −pII

r −δn w+δr w
1−α

≥ pIIr −δr
√
w

α
≥ 0), the market can be segmented into

three parts as illustrated in Figure 3.1.

Clearly, when zIInr ≥ zmax = 1 + δn
√
w, customers will never buy the new product

while they will never buy the remanufactured product if zIIr ≥ zIInr. With the market

size β, the demands for the new and remanufactured products in the second period
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Figure 3.1: Purchasing decision segments based on customer valuation

are:

dIIn =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
β(1− pIIn + δn

√
w) if pII

n < αδn
√
w−δr

√
w+pII

r

α

β(1−α−pII
n +pII

r +(δn−δr)
√
w

1−α
) if (αδn−δr)

√
w+pII

r

α
≤ pIIn ≤ 1− α + pIIr + (δn − δr)

√
w

0 if pIIn > 1− α + pIIr + δn
√
w − δr

√
w

(3.4)

dIIr =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0 if pII

n < αδn
√
w−δr

√
w+pII

r

α

β(αp
II
n −pII

r −(αδn−δr)
√
w

(1−α)α
) if (αδn−δr)

√
w+pII

r

α
≤ pIIn ≤ 1− α + pIIr + (δn − δr)

√
w

β(1− pIIr −δr
√
w

α
) if pIIn > 1− α + pIIr + δn

√
w − δr

√
w

(3.5)

The manufacturer incurs a unit cost cr (cn) to produce a remanufactured (new)

product. When a new (remanufactured) product fails and is returned to the manufac-

turer, a working equivalent new (remanufactured) product is given to the customer

as a compensation, which costs the manufacturer cn (cr). It is assumed that the fail-

ure times for new and remanufactured products follow the exponential distribution

(Yedida and Sekar, 2017; Darghouth et al., 2017) with a constant rate λn and λr, re-

spectively. This assumption is reasonable for electronic products (Wang et al., 2015).

Based on the renewal theory (Blischke, 1995), the expected numbers of replacements
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for the new and remanufactured products that occur in the warranty period [0, w)

are:

Mn(w) = λnw (3.6)

Mr(w) = λrw (3.7)

Therefore, the average warranty costs for the new and remanufactured product

are cnλnw and crλrw respectively. It is common practice, for the manufacturers to set

reserved funds aside to cover the warranty costs at the time of sale (Kim et al., 2018).

Therefore, the manufacturer incurs the warranty costs once the product is sold. The

notation that will be used in this chapter is summarized in Table 3.1 as follows.

Table 3.1: Table of notation

Indices
i Index for product type (subscript): i = n for new, and i = r for remanufactured.
j Index for the planning period (superscript): j = I, II.
Parameters
ci Unit manufacturing cost for product type i.
λi Failure rate of product type i.
δi Customer’s sensitivity to the warranty length for product type i.
α Customer’s acceptance level for the remanufactured products.
β Market size in the second period.
θ Fraction of returns that can be used for remanufacturing.
w Warranty length.
z Customer’s perceived value on the new products, a uniform distribution with

supporting range [0, 1].

dji Demand of product type i in period j, where dIr = 0.
Π Total profit for both new and remanufactured products over the two periods.
Decision Variables

pji Selling price for product type i in period j, where pIr does not exist.

3.4 Two-period mathematical model

In the first period, the manufacturer produces the new product only, while in

the second period, it may produce both new and remanufactured products for the

customer. The manufacturer decides the optimal prices for the products at the start
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of the selling season in order to maximize its profit over the two periods. The optimal

prices can be derived by solving the following model:

Max Π
(︁
pIn, p

II
n , pIIr

)︁
=

∑︂
i=n,r
j=I,II

(︁
pji − ci − ciλiw

)︁
dji (3.8)

Subject to:

θλnwd
I
n ≥ (λrw + 1)dIIr (3.9)

pIn, p
II
n , pIIr ≥ 0, (3.10)

where the objective function (3.8) represents the total profit for the new and

remanufactured products over the two periods. Constraint (3.9) ensures that the

quantity of remanufacturable products returned in the first period is more than the

number of remanufactured products sold and their warranty replacements needed in

the second period (i.e., each remanufactured product sold will require on average λrw

replacements). Constraint (3.10) requires all prices to be non-negative.

Lemma 3.1. The objective function (3.8) is concave in pji , where i = n, r and j =

I, II.

We define Cn = cn(1 + λnw) and Cr = cr(1 + λrw) as the total unit costs for

the new and the remanufactured products, respectively. With Lemma 3.1 and since

both constraints (3.9) and (3.10) are linear in terms of the prices in both periods,

there exist optimal prices for new and remanufactured products in both periods,

which are summarized in Table 3.2. Let Cr1 = α + δr
√
w − A3α, Cr2 = α + δr

√
w −

A3α(βNr+(1−α)θλnw)
βNr

, Cr3 = α + δr
√
w − A3, Cr4 = α + δr

√
w − A3(1 +

βN2
r+θλnwαNr

θ2λ2
nw

2α
),

and Cr5 = α + δr
√
w − A3θλnwα

βNr
. Developing and solving the Karush-Kuhn-Tucker

conditions yields the manufacturer’s optimal pricing and production strategies in

Theorem 3.1 (illustrated in Figure 3.2).

Theorem 3.1. The manufacturer’s optimal production and pricing strategy in the

second period is

� Strategy N: produce new products only iff Cr≥ Cr1 (Region I);
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� Strategy B: produce both new and remanufactured products iff max(Cr2, Cr3) ≤
Cr < Cr1 (partial use of returned products, Region II), and Cr4 < Cr < Cr2 and

β > θλnwα
Nr

(full use of returned products, Region III);

� Strategy R: produce remanufactured products only iff Cr5 < Cr < Cr3 and β ≤
θλnwα
Nr

(partial use of returned products, Region IV ) and Cr ≤ min(Cr4, Cr5)

(full use of returned products, Region V).

where Crk(k = 1..5) are linear functions of Cn.

For either new or remanufactured products to be profitable, the total unit cost of

each product type should be lower than its price. Setting the demand functions in

(3.4) and (3.5) to zero yields the upper bounds of the total unit cost of each prod-

uct, which are Cnmax = 1+δn
√
w and Crmax = α+δr

√
w as represented on Figure 3.2.

Theorem 3.1 and Figure 3.2 demonstrate that in general for the second period, as

the total unit cost for the new product increases or the total unit cost for the reman-

ufactured product decreases, the optimal production strategy for the manufacturer

changes from producing new products only to producing both new and remanufac-

tured products, and then to producing the remanufactured products only. This is

due to the fact that compared with producing new products, producing remanufac-

tured products becomes more profitable with the widening gap in the costs. The

manufacturer can set lower prices for the remanufactured products and attract more

customers to obtain a higher profit. Moreover, when the remanufactured products

become more profitable, the number of returns from the new products sold in the first

period becomes a key restricting factor for the demand (and production quantity) of

remanufactured products in the second period.

The market size (β) in the second period also affects the manufacturer’s selection

of optimal production and pricing strategies. When the market size in the second

period is sufficiently large (β > θλnwα
Nr

), to be more profitable, the manufacturer

may use all useable returns of new products in the first period for remanufacturing,

when it chooses to produce both new and remanufactured products or produce the

remanufactured products only in the second period. In the other case (β ≤ θλnwα
Nr

),
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(a) Case 1: β > θλnwα
Nr

(b) Case 2: β ≤ θλnwα
Nr

Figure 3.2: Optimal pricing and production strategies for the manufacturer
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all useable returns are used only when producing only the remanufactured products

in the second period (Region V). When market size in the second period increases,

demand for remanufactured products also increase leading to the behavior observed

above.

With the analysis above, we can derive the following result.

Lemma 3.2. The price for the new product in the second period is independent of

the remanufacturing decisions and is not lower than the price for the new product in

the first period.

Based on the results in Table 3.2, it is obvious that for Strategy N and B (in both

Regions II and III), in which the manufacturer decides to produce the new prod-

ucts in the second period, the optimal price for the new products stays unchanged

(1+δn
√
w+Cn

2
) regardless of the decision to remanufacture or not in the second period,

and this price only depends on its own factors (the total unit production cost, the

warranty length, and the customer’s sensitivity to the warranty length for the new

products). Moreover, the price of the new product is not lower in the second period

than in the first period. The reason is that when producing the remanufactured prod-

uct is sufficiently profitable (Strategy B in Region 3 and R), in order to have more

raw material from returns for producing the remanufactured product to increase the

total profit, the manufacturer sacrifices the profit in the first period by lowering the

selling price to increase the demand of the new product.

Further analysis shows that whether or not the manufacturer engages in re-

manufacturing in the second period depends on the warranty length and the ra-

tio of the unit production costs of the remanufactured and to new products (ρ =

cr
cn
). Let w1,2 =

αδn−δr±
√

(δr−αδn)2−4c2n(ρ−α)(ρλr−αλn)

2(αcnλn−crλr)
, ρ1 = αλn

λr
, ρ2 = α, and ρ3 =

α(λn+λr)+
√

α2(λr−λn)2+(αδn−δr)2λr/cn

2λr
. We have the following results in Lemma 3.3 and

Figure 3.3.

Lemma 3.3.

� when ρ ≤ ρ1, the manufacturer should always produce remanufactured products.
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� when ρ1 < ρ ≤ ρ2, the manufacturer should produce remanufactured products

only if 0 ≤ w ≤ w2.

� when ρ2 < ρ ≤ ρ3, the manufacturer should produce remanufactured products

only if w1 ≤ w ≤ w2.

� When ρ > ρ3, the manufacturer should never produce remanufactured products.

Figure 3.3: Remanufacturing decision segments based on ρ

Although a longer warranty length leads to higher warranty costs for the manufac-

turer, it also increases the attractiveness of the products to the customers. When the

ratio of the unit production costs of the remanufactured to the new products ρ is ex-

tremely small (ρ ≤ ρ1), remanufacturing is always a good choice for the manufacturer

to increase its profit. The intuition is that the warranty cost for the remanufactured

product tends to be sufficiently lower than the warranty cost of an equivalent new

product with the same warranty length, even though the remanufactured product

fails more frequently during the warranty period.

When the ratio ρ is moderate (ρ1 < ρ ≤ ρ2), the manufacturer should produce

remanufactured products when the warranty length is sufficiently short (w ≤ w2).

In this case, producing remanufactured products is more profitable than producing

new products when warranty length is short. Although the remanufactured product

has a relatively higher warranty cost in this case, compared with the new product,

the positive effect of warranty length significantly increases the demand for remanu-

factured products. The negative marginal effect of warranty length on the demand,

however, decreases as the warranty increases. Therefore, when the warranty length is

sufficiently short (w ≤ w2), producing the remanufactured product is better for the
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manufacturer; when the warranty length is sufficiently long, producing the reman-

ufactured product becomes less profitable, as compared to that of the new product

due to the increase of warranty cost.

When the ratio ρ is large (ρ2 < ρ ≤ ρ3), the manufacturer should not engage in

remanufacturing when the warranty length is extremely small (w < w1). When the

warranty length is extremely small, even though the marginal effect of the warranty

length on the demand is large for the remanufactured products, the gap between the

positive effects of the warranty length on the profit (increasing the demands) for the

new and remanufactured products cannot cover the negative effect from the gap of

their production costs. Therefore, producing remanufactured products is less prof-

itable at this time.

When the ratio ρ is extremely large (ρ > ρ3), compared with the new product, the

remanufactured product has a extremely higher production cost and warranty cost.

The gap between the positive effect of warranty length on the profit (increasing de-

mands) for the new and remanufactured products is insufficient to cover the negative

effect from the gap of their costs regardless of the warranty length. Therefore, the

manufacturer should never engage in remanufacturing.

Moreover, it is found that when the customer’s acceptance level for the reman-

ufactured products (α) increases, the threshold ρ1, ρ2, and ρ3 also increases. This

implies that the manufacturer is more likely to engage in remanufacturing when the

customer highly value the remanufactured products.

Lemma 3.4 and Table 3.2 depict the impacts (increase, decrease, null) that in-

creases of δn and δr have on the optimal prices and demands for the new and reman-

ufactured products in both periods.

Lemma 3.4. Impacts of the increase of δn and δr on the optimal prices and demands

are presented in Table 3.3:

In general, when the customer’s sensitivity to warranty length for new products in-

creases, the price for new products also increases. When the customer’s sensitivity to
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Table 3.3: Impacts of increases in δn and δr on the optimal prices and demands

Strategy N Strategy B Strategy B Strategy R Strategy R
(in Region I) (in Region II) (in Region III) (in Region IV) (in Region V)
pIn pIIn pIn pIIn pIIr pIn pIIn pIIr pIn pIIr pIn pIIr

δn ↑ ↑ ↑ ↑ – ↑ ↑ ↓ ↑ – ↑ ↓
δr – – – – ↑ ↓ – ↑ – ↑ ↓ ↑

dIn dIIn dIn dIIn dIIr dIn dIIn dIIr dIn dIIr dIn dIIr
δn ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑ ↑ – ↑ ↑
δr – – – ↓ ↑ ↑ ↓ ↑ – ↑ ↑ ↑
*− for no impact; ↓ for decreasing; and ↑ for increasing

warranty length for remanufactured products increases, the price for the new product

in the first period decreases if the manufacturer uses all returns for remanufacturing.

Otherwise, the prices for the new product stay unchanged. Similar results apply for

the remanufactured products. With the same warranty length, increasing the cus-

tomer’s sensitivity to warranty length for new products leads to the increase in the

demand for new products. This is because the manufacturer increases the price for

new products to obtain maximum profit. When the customer’s sensitivity to warranty

length for remanufactured products increases, the price for the new product in the

second period stays unchanged since it is not affected by the manufacturer’s decision

to produce remanufactured products or not (Lemma 3.2). When the remanufactured

products are not sufficiently profitable (Strategy N, B in Region II and R in Region

IV: using partial returns), the pricing strategies in the two periods are independent

and the price for the new product in the first period is not affected by the customer’s

sensitivity to warranty length for the remanufactured product. The reason is that the

manufacturer does not sacrifice its profit in the first period to obtain more returns.

When the remanufactured products are sufficiently profitable (Strategy B in Region

III and R in Region V: using all returns), in order to maximize its profit over two

periods, the price (demand) for the new product in the first period has the same trend

as the price (demand) for the remanufactured product in the second period: increases

as the customer’s sensitivity to warranty length for the remanufactured product in-

creases. The most essential factor for the pricing decision in the first period is to

guarantee enough returns for producing the remanufactured product in the second
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period.

As the customer’s sensitivity to warranty length for the new products increases,

the demands for new products in both periods increase. This is due to the fact

that, with the same warranty length, increasing the customer’s sensitivity to war-

ranty length for the new product can attract more customers to buy new products.

In the meantime, the demand for remanufactured products decreases in Strategy B

in Region II, increases in Strategy B in Region III and R in Region V, and remains

unchanged in Strategy R in Region IV. The reason is that in Strategy B in Region

II, increasing the customer’s sensitivity to warranty length for the new product stim-

ulates more customers to buy the new product, some of these customers originally

planned to buy remanufactured products. Therefore, the demand for the remanu-

factured product decreases. In Strategy R in Region IV, however, all customers buy

remanufactured products. Therefore, the demand for the remanufactured product

is not affected. For Strategy B and R in Region III and V, in order to maximize

the profit, all returns are used remanufacturing. When the customer’s sensitivity to

warranty length for new products increases, the demand for new products in the first

period increases and more returns are collected. To use all returns, the demand of

remanufactured products must increase.

The customer’s sensitivity to warranty length for the remanufactured products

has a positive effect on the demand for the remanufactured product and a negative

effect on the demand for the new product in the second period. With the increase of

the customer’s sensitivity to warranty length for the remanufactured product, some

customers who originally would have bought new products switch to remanufactured

products. This positively affects the demand for the new product in the first period

when Strategy B or R in Region III and V is adopted. The reason is that in these

two strategies, the manufacturer needs to increase the demand for new products in

the first period to obtain enough returns for producing the remanufactured products

in the second period. Since increasing the customer’s sensitivity to warranty length

for remanufactured products leads to the increase in demand for the remanufactured

product, the demand for the new product in the first period also increases.
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3.5 Numerical studies

In this section, numerical studies are used to illustrate the major results discussed

in this chapter. First, the effect of varying the warranty length (w) on the optimal

prices, demands, and profit is analyzed. Then the factors that can affect the optimal

warranty length are explored. Lastly, the effect of varying warranty length for the

new and remanufactured products individually on the optimal solutions is investi-

gated. The parameter values used in this section are adapted from a dataset from

the Canadian aerospace remanufacturing company studied in Chari et al. (2016a).

For confidentiality reasons, the data has been anonymized but proportions have been

kept when possible.

3.5.1 The impact of the warranty length

In this subsection, the following parameter values are used: cn = 0.3, cr = 0.2,

λn = 0.3, λr = 0.9, δn = 0.1, δr = 0.15, α = 0.9, β = 1.2 and θ = 0.9. Figure 3.4

depicts the effect of warranty length w on optimal prices, demands, and total profit.

Figure 3.4: Influence of warranty length w on optimal prices, demands and profit
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Figure 3.4 shows that, in general, increasing the warranty length leads to the in-

crease of all prices for the new and remanufactured products in both periods. This

implies that the increase of the warranty length increases the warranty cost for both

new and remanufactured products, which forces the manufacturer to increase the

prices. The result suggests that providing good post-sales service allows the manu-

facturer to charge a high price.

It is interesting to see that the warranty length impact demands of the new and

remanufactured products differently. Specifically, when the warranty length increases,

the demand for the new product in the first period and for the remanufactured product

start by increasing and then decrease. The demand for the new product in the second

period increases to its peak (when w = 0.05), then decreases to its lowest point (when

w = 1.3). After that, it increases again and then decreases when w ≥ 1.45. The

intuition for these changes is that on one hand, the increase of warranty length can

increase the warranty costs for both the new and remanufactured product, resulting

in a lower profit (negative warranty cost effect). Due to the difference in failure rates

of the new and the remanufactured products (λn ≤ λr), the warranty cost of the

remanufactured product increases more rapidly than that of the new product. On

the other hand, the increase of the warranty length leads to the increase of demands

(positive demand effect), when the prices stay unchanged. These increases in demand

start to decrease when the warranty length increases. Changes in the demands for the

new and remanufactured products over the two periods in Figure 3.4 can be divided

into five ranges:

� Range 1 (w < 0.05): the positive demand effect of the increasing warranty

length outweighs its negative warranty cost effect on the profit for both the new

and the remanufactured products in both periods. Therefore, the manufacturer

stimulates the increase in demand for both new and remanufactured products,

resulting in a rapid increase in the profit.

� Range 2 (0.05 ≤ w < 0.35): the positive demand effect of the increasing war-

ranty length can only offset its negative warranty cost effect on the profit for the

remanufactured product. For the new product, the increased warranty length
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leads to a lower profit. The manufacturer thus decreases the demand for the

new product and enhances the demand for the remanufactured product in the

second period by adjusting its pricing strategy. Therefore the total profit still

increases in this warranty length range. However, as compared to the results

in Range 1, the profit increases less rapidly. The demand for the new product

in the first period increases to meet the need of more returns for producing the

remanufactured product in the second period.

� Range 3 (0.35 ≤ w < 1.3): the positive demand effect of the increasing warranty

length cannot offset its negative warranty cost effect on the profit for both

the new and remanufactured products. When the warranty length increases,

the profit begins to decreases. Since the customers are more sensitive to the

warranty length of the remanufactured product than that of the new product

(δn ≤ δr), the increase of warranty length results in less negative effect for the

remanufactured product than for the new product. Therefore, the demand for

the new product decreases while it increases slightly for the remanufactured

product. Moreover, even though more returns are needed for producing the

remanufactured products, the demand for the new product in the first period

still decreases. The reason are: 1) from the analysis above, when the warranty

length increases, producing the new product becomes less profitable, and thus

the manufacturer decreases its production; 2) since the increase of the demand

for the remanufactured product slows down, the need for returns also decreases;

3) with the increase of the warranty length, for each new product sold in the first

period, more failures occur during the warranty period and the manufacturer

receives more returns. Therefore, there is no need to increase the production

for the new product in the first period to receive more returns.

� Range 4 (1.3 ≤ w < 1.45): producing the remanufactured product is less prof-

itable than producing the new product. The reason is that even though the

customers are more sensitive about the warranty length on the remanufactured

product than that on the new product (δn ≤ δr), the marginal customer’s utility

on the product decreases as the warranty length increases. Moreover, since the
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new product’s quality is higher (λn ≤ λr), the warranty cost of the remanu-

factured product increases more rapidly than that of the new product with the

increase of the warranty length. The manufacturer decreases the production

for the remanufactured product by adjusting the prices and due to the switch

of some customers who originally would buy the remanufactured product to

buy the new product. The demand of the new product in the second period

increases. However, producing the new product still becomes less profitable

when the warranty length increases, the demand for the new product in the

first period keeps decreasing.

� Range 5 (w ≥ 1.45): there is no demand for the remanufactured product on

the market (i.e., the black dotted line stays constantly at zero). When the

warranty length increases, there are no switchers from remanufactured products

to new. Therefore, the demand for the new product in the second period starts

to decrease.

3.5.2 Sensitivity analysis for the optimal warranty length

Figure 3.4 shows that there exists an optimal warranty length (w = 0.35) for

the manufacturer. In this subsection, changes in the optimal warranty length are

analyzed by varying the unit (re)manufacturing costs (cn and cr), failure rates (λn,

and λr) and the customer’s sensitivity to warranty length (δn, and δr). The results

are summarized in Table 3.4.

From Table 3.4, it is obvious that when the unit manufacturing cost for the new or

the remanufactured product increases, the optimal warranty length decreases. The

same conclusion holds between the failure rate for the new or the remanufactured

product and the optimal warranty length. When the unit manufacturing cost or the

failure rate increases, the warranty cost also increases. In order to reduce this nega-

tive impact, the manufacturer decreases the warranty cost by reducing the warranty

length. Moreover, it also found that the decreasing rate of the optimal warranty

length becomes smaller as the unit manufacturing cost or the failure rate for either

new or remanufactured product increases. The intuition is that the decrease in the

optimal warranty length leads to a negative effect on the demand, which results in

a reduction in the manufacturer’s profit. This negative effect becomes larger when
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Table 3.4: Impacts of cn, cr, λn, λr,δn and δr on the optimal warranty length w

No. cn cr λn λr δn δr w∗

1 0.3 0.20 0.30 0.90 0.10 0.15 0.35
2 0.5 0.20 0.30 0.90 0.10 0.15 0.15
3 0.7 0.20 0.30 0.90 0.10 0.15 0.10
4 0.30 0.10 0.30 0.90 0.10 0.15 0.45
5 0.30 0.20 0.30 0.90 0.10 0.15 0.35
6 0.30 0.30 0.30 0.90 0.10 0.15 0.30
7 0.30 0.20 0.30 0.90 0.10 0.15 0.35
8 0.30 0.20 0.40 0.90 0.10 0.15 0.20
9 0.30 0.20 0.50 0.90 0.10 0.15 0.15
10 0.30 0.20 0.30 0.40 0.10 0.15 0.40
11 0.30 0.20 0.30 0.70 0.10 0.15 0.35
12 0.30 0.20 0.30 1.20 0.10 0.15 0.30
13 0.30 0.20 0.30 0.90 0.02 0.15 0.05
14 0.30 0.20 0.30 0.90 0.05 0.15 0.10
15 0.30 0.20 0.30 0.90 0.08 0.15 0.25
16 0.30 0.20 0.30 0.90 0.10 0.15 0.35
17 0.30 0.20 0.30 0.90 0.10 0.30 0.40
18 0.30 0.20 0.30 0.90 0.10 0.45 0.55

the warranty length becomes smaller. To decrease this negative effect, the optimal

warranty length decreases slowly when the unit manufacturing cost or the failure rate

increase.

Furthermore, the optimal warranty length increases with the increase of the cus-

tomer’s sensitivity to warranty length for either the new or the remanufactured prod-

uct. This happens because when the customer’s sensitivity to warranty length for

either of the products increases, increasing warranty length can attract more cus-

tomers and have a more positive effect on the profit. Therefore, the manufacturer

increases the warranty length.

3.5.3 Sensitivity analysis on the individual warranty length

In this section, the assumption in Section 3 that the new and remanufactured

products have the same warranty length is relaxed. Now, it is assumed that they

have different warranty lengths (wn and wr) and changes in optimal prices, demands
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and profit for the new and remanufactured products are analyzed by varying wn or

wr individually. Based on Equations (3.4), (3.5) and (3.8), the simultaneous change

of failure rate (λn or λr) and the customer’s sensitivity to warranty length (δn or

δr) is the same as changing the corresponding warranty length. For example, if the

failure rate is changed from λn to 2λn and δn to
√
2δn simultaneously, it is the same

as changing wn to 2wn.

Figure 3.5 shows the changes in the optimal prices, demands, profit when the

warranty length for the new products (wn) varies between 0.8wn to 2.2wn for wn = 1.

Figure 3.5: Influence of warranty length wn on the optimal prices, demands and profit

It is observed that when the warranty length for new products (wn) increases, the

prices for the new and the remanufactured product in both periods increase. The

gap between the prices for the new product and the remanufactured product in the

second period increases with the increasing warranty length for the new product.

The reason is that with the increase in the warranty length for the new product,

producing the new product becomes less profitable as compared to producing the
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remanufactured product. Therefore, the manufacturer increases the gap for the prices

between the new and the remanufactured product to push more customers towards

the remanufactured product instead of the new product. This trend can be seen in

Figure 3.5. With the increase in the warranty length for the new product, the demand

for the remanufactured product increases, while the demands for the new products

in both periods decrease. The intuition is that when the warranty length for the new

product increases, more returns can be obtained for each new product sold in the

first period. The manufacturer does not need to sacrifice the profit in the first period

by increasing the production to receive more returns. Furthermore, the increase in

warranty length for the new product results in a lower profit, implying that the total

profit decreases as the wn increases.

Figure 3.6: Influence of warranty length wr on the optimal prices, demands and profit

Figure 3.6 shows the changes in the optimal prices, demands, profit when the

warranty length for the remanufactured products (wr) varies from 0.8wr to 1.6wr for

wr = 1. In general, when the warranty length for the remanufactured product in-

creases, the price for the remanufactured product increases while the price for the new

product in the second period remains unchanged. The price for the new products in
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the first period increases in the beginning and then stays unchanged. The intuition is

that when the warranty length for the remanufactured product increases, producing

remanufactured products becomes less profitable compared with producing new prod-

ucts. Thus, the manufacturer adjusts the prices to attract more customers to buy the

new products (the demand for the new product in the second period increases, while

the demand for the remanufactured product decreases until zero). Moreover, with

the increased warranty length for the remanufactured product, the profit decreases

in the beginning and remains unchanged after the demand for the remanufactured

product drops to zero.
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3.6 Conclusion

We developed a two-period model for a monopolist, who can produce remanu-

factured products from the failed products under warranty that are returned in the

first period. Demands for both the new and remanufactured products are obtained

based on the utility theory. Specifically, the customer’s utility has a negative rela-

tionship with the price and a positive concave relationship with the warranty length.

The non-renewing free replacement warranty is offered for the new and the reman-

ufactured products by the manufacturer. We identified the manufacturer’s optimal

pricing and production strategies. We further numerically examined the impact of

the warranty length on the optimal prices, demands, and profits. The effects of the

unit production costs, failures rates, and customer’s sensitivity to warranty length on

the optimal warranty length have also been numerically investigated and discussed.

We demonstrated under which conditions the manufacturer should engage in re-

manufacturing. We showed that the manufacturer’s decision to engage in remanufac-

turing or not depends on the warranty length and the ratio of the production costs

( cr
cn
). When the ratio of the production costs increases, the manufacturer reduces

the warranty length if it wants to engage in remanufacturing. Moreover, when the

customer’s acceptance of the remanufactured product increases, the manufacturer in-

creases the warranty length for its remanufactured product. This result implies that

if the customer perceives the remanufactured products highly, it is more likely for the

remanufacturer to engage in the remanufacturing operations.

We also numerically showed that there exists an optimal warranty length for the

manufacturer, which is affected by the unit production costs, failures rates, and sen-

sitivity of the customer’s utility to the warranties for the new and remanufactured

products. When the unit production costs and failure rates for either the new or the

remanufactured products are high, the manufacturer should choose a short warranty

length. When the customer highly values the warranty length in buying the product,

the manufacturer should choose a long warranty length.

There are several extensions to our study. First, our model only investigated the
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effect of the non-renewing free replacement warranty on the pricing and production

strategies for a manufacturer in the presence of the opportunity to engage in reman-

ufacturing. Other warranty types, such as the pro-rata and refund warranties, can

also be investigated. Second, our study only considers the problem in a monopoly

with one manufacturer. It is interesting to explore the problem in a competitive mar-

ket with competition among the manufacturers and identify the optimal pricing and

production strategies for them. Third, in this chapter, the returns come only from

warranted failed products in the first period. A possible extension can investigate how

the optimal prices, demands, and profit change when the returns come from several

other channels such as the collection of end-of-life products.



Chapter 4

Extended warranties competition in closed-loop supply

chains with remanufacturing

4.1 Introduction

Two types of warranty are widely used in practice: the base warranty and the

extended warranty (EW). The base warranty, which was discussed in Chapter 3, is

usually sold bundled with products and is required by government regulations and

industry norms. The EW, an extension to the base warranty, is a prepaid service that

provides repair or maintenance service on the product for an additional time period

after the base warranty expires (Rahman and Chattopadhyay, 2015). For example,

on top of a one-year base warranty, Apple Inc. sells a two-year EW (AppleCare+)

for all its iPad models (Tian et al., 2019). According to Ishida et al. (2019), the

sales of the EW have generated nearly $16 billion worldwide with a 6.5% growth

rate in 2018. The EW service is credited for a profit margin of 50-60%, nearly 18

times the margin on the product sales. For example, in 2014, the sales of the EW ser-

vice by Best Buy Co., Inc., generated around half of its operating profit (Heese, 2012).

Unlike the base warranty, the EW is not free to the customer. The consumer must

decide whether or not to buy the EW after purchasing the product. It is usually a

difficult decision because the consumer cannot evaluate with certainty if the price

paid for the EW can be offset by not paying the repair/replacement cost at a pos-

sible but uncertain product failure (Bouguerra et al., 2012). For the manufacturer,

although providing EW can stimulate the demand, it may also incurs a high cost.

The manufacturer needs to carefully decide the pricing strategy for the EW service

to ensure that this service can be profitable (Su and Shen, 2012).

The base warranty in the CLSC has been investigated in recent years (Cao and

98
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He, 2018; Giri et al., 2018; Liu et al., 2018; Alqahtani et al., 2019), but the EW has

not been fully investigated in the remanufacturing industry. The EW is important

in remanufacturing, since the warranty cost of the remanufactured product is usually

higher than the warranty cost of a new product due to the lower quality and non-zero

age of the remanufactured systems. The EW, however, can make the customer share

a portion of the cost to reduce the firm’s financial burden. Most studies only consider

the single EW in the market instead of the multiple extended warranties offered by

competing providers. For example, Kuik et al. (2015) explore the EW length in

different warranty policies. Zhu et al. (2018) investigate the impact of the EW in the

SC in the centralized and decentralized. Dan et al. (2019) study the relationship of

the EW provider and the reverse channel selection. However, both manufacturer and

retailer may be interested in selling their own EW. For example, many manufacturers,

such as Ford, JVC, and Apple sell extended warranties directly to the customer, while

retailers such Sears and Suning Commerce Group Co., Ltd. are willing to sell their

own extended warranties rather than selling the manufacturer’s EW (Zheng and Ai,

2017). To fill this gap, our study investigates the impact of both manufacturer and

retailer extended warranties on the optimal pricing strategy for the manufacturer and

the retailer and the optimal production strategy for the manufacturer. The following

research question are discussed in the chapter.

� How should the manufacturer price its EW service?

� What is the impact of the introduction of the retailer’s EW on the manufac-

turer’s decisions?

� How does the warranty length affect the manufacturer and retailer optimal

decisions?

The contributions of the chapter are: firstly, we explore the optimal pricing strate-

gies of the extended warranties when they are offered by the manufacturer and the

retailer. To the best of our knowledge, no previous studies have explored the com-

petition of the extended warranties from different agents in the CLSC. Secondly, our

study investigates the conditions under which the introduction of the retailer’s EW

may hurt the manufacturer’s profit, which has not been explored in the literature.

Thirdly, we examine the impact of the unit warranty replacement cost for the retailer
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and the retailer’s EW length on decisions of the manufacturer and the retailer in the

SC.

The remainder of this chapter is organized as follows. Section 2 presents a liter-

ature review on warranty in the SC. In Sections 3 and 4, the models are developed

to derive the optimal pricing strategies for the manufacturer and the retailer. The

sensitivity analysis to test the impact of the EW length on the optimal results are

presented in Section 5. Section 6 and 7 provide the managerial implications, conclu-

sion and extensions for the future research respectively. The proofs of all Lemmas

and Theorems are in Appendix.

4.2 Literature review

In the section, the literature related to warranty policies and remanufactured

products is reviewed. A comprehensive review can be found in Diallo et al. (2017),

in which different warranty models in the literature from 2001 to 2016 are described.

The paper shows that future extensions should focus on giving the customer the flex-

ibility to choose the warranty policy. This paper answers this call by proposing a

model where the customer is allowed to choose to buy the EW for their new products

from either the manufacturer or the retailer.

Aksezer (2011) estimates the cost for the EW offered in the used car industry by

considering the age, the usage, and the maintenance data. Two warranty policies are

discussed: 1) free repair warranty (the cost is undertaken by the manufacturer only)

and 2) cost-sharing warranty (the customer and the manufacturer share the warranty

cost). Alqahtani and Gupta (2017b) focus on the calculation of the EW cost for a

sensor-embedded washer, which guides the manufacturer in setting the price for the

EW. Three extended warranties are considered: 1) extended free replacement war-

ranty policy (FRW); 2) extended pro-rata warranty policy (PRW) and 3) FRW-PRW

combined policy. They find that with the embedded sensor, the extended free replace-

ment warranty policy has the lowest average warranty cost and number of warranty

claims. Alqahtani et al. (2019) extend Alqahtani and Gupta (2017b) by considering

the internet of things (IoT) with the warranty policies. IoT can significantly affect
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the manufacturer’s warranty decisions, since it reduces the ambiguity of the condi-

tion and improves the estimates of the remaining life of an End-of-Use or End-of-Life

product. The warranty costs are estimated under different warranty policies: the one-

dimensional (renewable or non-renewable) free replacement warranty, (renewable or

non-renewable) pro-rata warranty, cost sharing warranty, cost limit warranty, money

back guaranty, and the combinations of above warranties. Different from the papers

mentioned above, which focus on the estimation of the warranty cost for different

policies, our study focuses on maximizing the profit of the SC members. Moreover

the above papers do not consider the competition between providers of the extended

warranties. The proposed model will include such a competition.

Warranty plays a critical role in the SC, since it affects both the cost and the cus-

tomer’s preference for the product. Several papers focus on the impact of warranty

on the SC. Giri et al. (2018) integrate the warranty period and the concept of green

innovation in the CLSC and find the optimal prices and warranty length for both

the manufacturer and the retailer. Two models are considered in the paper (with or

without green innovation). It is found that by considering the green innovation, both

manufacturer and retailer can obtain a higher profit under the centralized and decen-

tralized systems, and under a revenue sharing contract. Cao and He (2018) investigate

the price and warranty competition problem in a SC with one retailer and two man-

ufacturers. Four SC structures are discussed and the optimal prices and warranty

periods are compared in each case: centralized, Nash game, manufacturer-leading,

and retailer-leading SC. The results show that the manufacturer with high-quality

product should set a higher wholesale price and a longer warranty length. Cao et al.

(2020c) explore the optimal profit for the manufacturer, who sells both new and

remanufactured products with different warranty lengths by considering a trade-in

subsidy from the government and a carbon tax. The manufacturer needs to decide

whether to offer a trade-in service for the remanufactured product or to both new and

remanufactured products. They find that the optimal warranty periods are the same

for both cases. Taleizadeh and Mokhtarzadeh (2020) investigate the optimal pricing

problem for multiple products with two-dimensional non-renewing free replacement

warranty sold through both the offline and online channels. The warranty claims and
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costs follow the non-homogeneous Poisson process (NHPP) and log-normal distribu-

tion respectively. The model in the problem is solved by the value at risk approach.

The paper finds that the increasing warranty length and usage could affect the man-

ufacturer’s profit positively and negatively. Tang et al. (2020) focus on solving two

problems: 1) whether the manufacturer should offer warranty to the new products

only, or to both new and remanufactured products; 2) whether the manufacturer or

the retailer should offer the warranty. They find that the warranty length impacts

the prices of the new product in the first period and the remanufactured product in

the second period, but it does not impact the price of the new product in the second

period.

The above studies explore the base warranty only in the SC, which comes auto-

matically with the product. Our study investigates the impact of the EW on the SC,

which is a significant source of profit for the warranty provider.

Kuik et al. (2015) explore the optimal EW length for the remanufactured product

with different warranty policies. Two warranty policies are discussed in the paper: 1)

the manufacturer is responsible for repairing the product within a limited time period

(Type-I); and 2) the manufacturer is responsible for repairing the product for limited

failures (Type-II). It is found that the Type-I warranty is better than the Type-II

warranty for the manufacturer. Zhu et al. (2016) study the adoption of innovation

service modes for the remanufacturer: the EW and the free replacement. The data in

the paper are from a leading heavy truck company in China. The empirical analysis

shows that a longer EW or replacement service cannot always guarantee a higher

profit for the manufacturer. Zhu et al. (2018) analyze the warranty problem for the

remanufactured product in a CLSC, where the retailer sells the EW to the customer

under three SC structures. They find that the increased customer’s preference for the

remanufactured product leads to an increased demand for the EW and the profits

of each member in the SC. Dan et al. (2019) investigate the impact of the EW ser-

vice and the warranty provider (manufacturer, retailer, or the third-party company)

on the reverse channel selection. They find that the selection of the EW providers

does not affect the manufacturer’s reverse channel choice: collecting returns by the
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retailer is always the best choice. Afsahi and Shafiee (2020) explore the optimal

length for the extended warranties and optimal price for the EW with the uncertain

repairing quality for the failed returns. The failed product can experience perfect

repair, imperfect repair, or minimal repair with a certain probability. The problem

is solved by a meta-heuristic Monte-Carlo simulation algorithm integrated within a

dynamic programming model. Jin and Zhou (2020) focus on the optimal warranty

policy for the remanufactured product in a decentralized CLSC with one supplier and

one manufacturer. The manufacturer can decide whether or not to sell an EW for

the remanufactured product or to the customers. They find that not offering EW for

the remanufactured product always hurts the supplier and the manufacturer.

Although these papers are related to the EW in the CLSC, they focus on the

impact of EW on one product (either the new or the remanufactured), except for

Dan et al. (2019). Secondly, the warranty provider in these paper is either the man-

ufacturer or the retailer, which fails to reflect the common marketplace reality where

both manufacturer and retailer are interested in selling the extended warranties. For

example, both Apple Inc. and its retailer (Jingdong in China) offer their EW services

to their iPhone customers (Zheng and Ai, 2017; Wang et al., 2020b). The compe-

tition of the warranty can significantly impact the manufacturer’s and the retailer’s

pricing decisions. Differing from these papers, our study considers the problem with

one manufacturer and one retailer in a CLSC, in which the manufacturer sells the

EW for both new and remanufactured products and the retailer sells the EW for the

new product only. Table 4.1 summarizes the main differences between our study and

studies in the literature mentioned in this section.
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4.3 Problem Description

All the notation mentioned in this chapter are summarized in Table 4.2.

Table 4.2: Notation Table

Indices
i Product type index (subscript): new product (i = n) and remanufactured

product (i = r).
j SC member index (subscript): manufacturer (j = m) and

retailer (j = t).
k Time period index (superscript): first period (k = I) and second

period (k = II).
l Case Index (superscript): both members offer EW (l = B) and

only the manufacturer offers EW (l = M).
Parameters
w Length of the EW period.
ci Unit replacement cost by the manufacturer for product type i.
cc Unit trade-in cost for the retailer.
β Customer’s acceptance level of the EW offered by the retailer.
zi Customer’s willingness to pay for product type i.
dki Demand for product type i in period k.
δi Customer’s sensitivity to the EW price for product type i.
λi Failure rate for product type i.
Dkl

ij Demand for EW of product type i in period k provided by member
j under case l.

Πl
j Profit for SC member j under case l.

Decision Variables
plij Price for product type i’s EW provided by member j under case l.

The EW problem in a CLSC with one retailer (t) and one (re)manufacturer (m) is

considered. The EW is offered either by the manufacturer only (Case M) or by both

retailer and manufacturer (Case B). The sales horizon is divided into two periods.

The manufacturer produces the new product for both periods and uses returns from

Period 1 to produce the remanufactured product for Period 2. Therefore, for case

l = {M,B}, the manufacturer offers the EW for the new product to the customer

with price plnm in both periods and offers the EW for the remanufactured product

with price plrm in Period 2 only. The retailer offers the EW for the new product with

price pBnr in both periods in Case B.
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The extended warranties discussed in this chapter are assumed to be the non-

renewing free-replacement warranties, which are common in practice and in the liter-

ature (Zhu et al., 2016; Alqahtani and Gupta, 2018). When a product fails during the

EW period, the customer returns the failed product and receives a free replacement

(identical product) from the agent, from whom the EW was bought. For both cases,

if the manufacturer receives a failed new or remanufactured product from the cus-

tomer within the EW period, it incurs a costs cn (cr) to offer a new (remanufactured)

replacement to the customer. For Case B, if the retailer receives a failed new product

from the customer, it can trade-in with the manufacturer for a new replacement at a

cost cc. In both cases, the failed products collected by the manufacturer from either

the customer or the retailer by the end of the first period can be used to produce the

remanufactured products for Period 2. It is assumed that the returned remanufac-

tured product can not be remanufactured again due to quality issues (Debo et al.,

2005; Van Loon and Van Wassenhove, 2018) and the returned new product in Period

2 arrives too late to be remanufactured (Yenipazarli, 2016; Liu et al., 2018). The

return is recycled by the manufacturer and the unit recycling cost is covered by the

unit salvage value. The configuration of the two cases is shown in Figure 4.1.

Figure 4.1: Configuration of cases B and M

The warranty length (w) is not renewed and is the same for the EW service sold

by either the manufacturer or the retailer. This is also common in practice. Apple
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Inc. offers a 2-year AppleCare+ service (EW) for each iPhone sold 1, while JingDong

(a retailer of the iPhone in China) offers the EW option with the same length 2. This

assumption will be relaxed in the extension in subsection 4.5.2.

Following the studies by Hong et al. (2016) and Chen and Akmalul’Ulya (2019),

we assume that the manufacturer is the Stackelberg leader in the SC, who has the

advantage of the first move. At the beginning of the first period, the manufacturer

decides and announces the price for the manufacturer’s EW for the new product.

Then the retailer decides and announces the price for the retailer’s EW for the new

product, if it offers the EW service (Case B). In the second period, the manufacturer

decides and announces the price for the manufacturer’s EW for the remanufactured

product.

The customer has two decisions. Firstly, it decides whether or not to buy the

product, and secondly, whether or not to buy the EW and from whom to buy the

EW. We assume that the first decision is not affected by the second decision since it

is not necessary for the customer to decide the purchase of the EW when buying the

product. For example, Apple allows its customers to buy the EW (AppleCare+) up

to 60 days after the purchase of the product (Zheng et al., 2018). A similar setting

can also be found in Zhu et al. (2018). Our study focuses on the competition of the

extended warranties offered by the manufacturer and the retailer. Let dki (i = n, r

and k = I, II) denote the demand for the new and remanufactured products in the

first and second periods.

Let zn be the customer’s willingness to pay for the EW sold by the manufacturer

for the new product, which is uniformly distributed between 0 and 1 in Case M. For

both periods, a customer buys the EW of the new product from the manufacturer

with the utility UM
nm = zn − pMnm + δn

√
w. This utility decreases as its selling price

(pMnm) increases or as the EW length (w) decreases. Moreover, the marginal effect of

the warranty length on the utility decreases as its value increases. δn represents the

customer’s sensitivity to the new product’s EW. When the utility is non-negative,

1https://www.apple.com/ca/legal/sales-support/
2https://fuwu.jd.com/

https://www.apple.com/ca/legal/sales-support/
https://fuwu.jd.com/
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that is zn ≥ pMnm − δn
√
w, the customer will buy the EW service from the manu-

facturer. Since the demands for the new product in the first and second periods

are dIn and dIIn , the demands for purchasing the EW of the new product from the

manufacturer in the first and second periods are DIM
nm = dIn(1 − pMnm + δn

√
w) and

DIIM
nm = dIIn (1 − pMnm + δn

√
w), respectively. Ensuring that the demand for the EW

offered by the manufacturer is non-negative requires pMnm ≤ 1 + δn
√
w.

Let zr be the customer’s willingness to pay for the EW of the remanufactured prod-

uct, which is also between 0 and 1 for the remanufactured product. In the second

period, a customer buys the EW of the remanufactured product from the manufac-

turer only when its utility UM
rm = zr − pMrm+ δr

√
w ≥ 0, which gives zr ≥ pMrm− δr

√
w,

where δr represents the customer’s sensitivity to the remanufactured product’s EW.

As compared to the new product, the customer is more sensitive to the warranty

offered on remanufactured products (δr ≥ δn), since the customer knows less about

the remanufactured product’s usage history and worries more about its quality (Mat-

sumoto et al., 2017). The demand for the remanufactured product is dIIr and then the

demand for the EW of the remanufactured product is DIIM
rm = dIIr (1− pMrm + δr

√
w).

Ensuring the non-negativity of the demand for the EW of the remanufactured prod-

uct offered by the manufacturer requires pMrm ≤ 1 + δr
√
w.

For Case B, β represents the acceptance level of the customer for the EW sold by

the retailer, which is assumed to be between 0 and 1. β = 1 means that the customer

sees no difference between the extended warranties offered by the manufacturer and

the retailer, while β = 0 implies that the customer never chooses to buy the EW from

the retailer. The utilities for the customer to buy the EW of the new product from

the manufacturer and the retailer in both periods are UB
nm = zn − pBnm + δn

√
w and

UB
nt = βzn−pBnt+δn

√
w, respectively. The customer buys the EW of the new product

from the manufacturer only when UB
nm ≥ UB

nt and UB
nm ≥ 0, which gives zn ≥ pBnm−pBnt

1−β
.

The customer buys the EW of the new product from the retailer only when UB
nm ≤ UB

nt

and UB
nt ≥ 0, which gives

pBnm−pBnt

1−β
≥ z ≥ pBnt−δn

√
w

β
. To ensure that the demand for the

extended warranties of the new product offered by the manufacturer and the retailer

are both positive, it is assumed that 1 ≥ pBnm−pBnt

1−β
≥ pBnt−δn

√
w

β
. Since the demands
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for the new product in the first and second periods are dIn and dIIn , the demands for

purchasing the EW of the new product from the manufacturer in the first and second

periods are DIB
nm = dIn(1−

pBnm−pBnt

1−β
) and DIIB

nm = dIIn (1− pBnm−pBnt

1−β
), respectively. The de-

mands for purchasing the EW of the new product from the retailer in the first and sec-

ond periods are DIB
nr = dIn(

βpBnm−pBnt+(1−β)δn
√
w

(1−β)β
) and DIIB

nt = dIIn (
βpBnm−pBnt+(1−β)δn

√
w

(1−β)β
),

respectively.

For the remanufactured product, the demand function for the EW sold by the

manufacturer is similar to that in Case M, which can is written as DIIB
rm = dIIr (1 −

pBrm + δr
√
w).

The unit cost for replacing a failed new and a failed remanufactured product by

the manufacturer is cn and cr, respectively. For the customer who buys the retailer’s

EW, each return costs the retailer cc and earns the manufacturer a revenue (cc − cn).

cc ≥ cn since the manufacturer does not agree to trade in returns with the retailer,

unless it can be profitable. The lifetimes of the new and remanufactured products are

exponentially distributed with parameters λn and λr respectively. According to the

renewal theory (Ross, 2014), λnw and λrw represent the expected number of failed

new and remanufactured products during the EW period w.

4.4 Model

4.4.1 Case M: no retailer’s extended warranty

In this case, the customer can buy the EW from the manufacturer only. The

manufacturer firstly needs to decide the optimal price for the EW of the new product

and then decides the optimal price of the EW for the remanufactured product. The

problem is solved backward.

max
pMrm≥0

∑︂
i=n,r

(pMim − ciλiw)D
IIM
im (4.1)
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s.t.

DIM
nmλnw ≥ dIIr +DIIM

rm λrw (4.2)

The objective function (4.1) represents the profit obtained by the manufacturer

for selling the EW for the new and remanufactured products in the second period.

Constraint (4.2) implies that the number of returns collected in the first period is

more than the required number of remanufactured products in the second period.

With equations (4.1) and (4.2), we have the following result in Lemma 1.

Lemma 4.1. The optimal price and demand for the EW of the remanufactured prod-

uct offered by the manufacturer (pMrm and DIIM
rm ) depend on the price of the EW for

the new product (pMnm). Specifically,

� when pMnm ≤ 1+ δn
√
w− (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
, then pM∗

rm = 1+crλrw+δr
√
w

2
and

DIIM∗
rm = dIIr (1−crλrw+δr

√
w)

2
;

� when pMnm ≥ 1 + δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
, then pM∗

rm = δrλrw1.5+λrw+1
λrw

−
(1−pMnm+δn

√
w)λndIn

dIIr λr
and DIIM∗

rm = (1−pMnm+δn
√
w)λndInw−dIIr

λrw
.

When the price of the EW for the new product is sufficiently low (pMnm ≤ 1 +

δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
), the demand for the EW for the new product is

high and the manufacturer can receive enough returns in the first period to allow

for remanufacturing to take place. When the price of the EW for the new product is

sufficiently high (pMnm ≥ 1+δn
√
w− (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
), the manufacturer cannot

receive enough returns for remanufacturing as few customers return the products,

which leads to the increase in the price and the decrease in the demand for the EW

of the remanufactured product.

Lemma 4.2. When pMnm ≤ 1 + δn
√
w− (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
, increasing the war-

ranty length w leads to an increased price (pM∗
rm ), and the optimal demand (DIIM∗

rm )

achieves its maximum at w = ( δr
2λrcr

)2.

Lemma 4.2 implies that when the price for the new product’s extended warranty

from the manufacturer is sufficiently low, increasing in the warranty length leads to

an increase in the manufacturer’s price for the EW, while demand increases at first
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and then decreases until the profit is maximized in the second period. The reason

is that the increased warranty length leads to a higher warranty cost for the reman-

ufactured product, which pushes the manufacturer to increase the price. Moreover,

the increased warranty length leads to a higher customer’s perceived value to the

EW of the new product and then the manufacturer can set a higher price. For the

optimal demand, the increased warranty length attracts more customers to buy the

EW of the new product due to the higher perceived value. However, this increase rate

decreases as the warranty length increases due to the concave relationship between

customer utility and warranty length. Moreover, the higher price negatively impacts

the demand and the demand starts to decrease, when w ≥ ( δr
2λrcr

)2.

After deciding the warranty price for Period 1, the manufacturer decides the op-

timal price for the EW of the new product (pMnm) to maximize the two-period profit.

max
pMnm≥0

(pMnm − cnλnw)D
IM
nm +

∑︂
i=n,r

(pMim − ciλiw)D
IIM
im (4.3)

Let A1 = 1 + δn
√
w − cnλnw, A2 = 1 + δr

√
w − crλrw, and D1 = (dIn + dIIn )dIIr λ2

r.

Solving (4.3), yield the results that are summarized as follows.

Theorem 4.1. Under the condition that cr ≤ cr1, the optimal prices (pM∗
nm , pM∗

rm )

depend on the unit replacement cost for the new product (cn).

� When cn ≤ cn1,

pM∗
nm =

1 + δn
√
w + cnλnw

2
, and (4.4)

pM∗
rm =

1 + crλrw + δr
√
w

2
, (4.5)

� when cn1 < cn ≤ cn2,

pM∗
nm = δn

√
w − 0.5A2 + 1 +

(A2d
I
nλnw − dIIr (A1λrw + 2))dInλn

2(D1 + λ2
nd

I2
n )w

, and (4.6)

pM∗
rm =

δrλrw
1.5 + λrw + 1

λrw
− (A2D1w/d

II
r + dInλn(A1λrw + 2))dInλn

2(D1 + λ2
nd

I2
n )wλr

, (4.7)
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where cn1, cn2, and cr1 can be found in Table C.4 in the Appendix.

With the optimal prices in Theorem 1, demands for the new products in the first

and second periods and demand for the remanufactured product in the second period

are DkM∗
nm = dkn(1+δn

√
w−cnλnw)
2

(k = I, II) and DIIM∗
rm = dIIr (1−crλrw+δr

√
w)

2
, when cn ≤

cn1. When cn1 < cn ≤ cn2, the optimal demands areDkM∗
nm = (A2D1w+dIIr dInλn(A1λrw+2))dkn

2(D1+λ2
nd

I2
n )w

(k = I, II) and DIIM∗
rm = (A2D1w+dIIr dInλn(A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )wλr

− dIIr
λrw

.

When the unit replacement cost for the new product is sufficiently low (cn ≤ cn1),

the manufacturer does not need to use all returns for remanufacturing. As cn in-

creases, the manufacturer increases the price for the new product to cover the in-

creased warranty cost. Thus, the demand for the EW of the new product decreases

and the supply for the remanufactured product and its replacement (the warranty

returns in the first period) decreases. When the unit replacement cost for the new

product is extremely high (cn ≥ cn2), to provide enough returns for remanufacturing

in the second period, the manufacturer should sacrifice its profit in the first period

by decreasing the price of the EW for the new product to attract more demand. The

increased unit replacement cost leads to a larger profit loss. When the unit replace-

ment cost for the new product is extremely high (cn ≥ cn2), it is not profitable for

the manufacturer to sell the EW for the remanufactured product. The implication

of this result is that for a firm with high production or warranty replacement costs,

it is beneficial to collect warranty returns, and it is even better to build an efficient

reverse network to collect end-of-use or end-of-life products.

The sensitivity of the warranty length on the threshold cn1 is summarized in

Lemma 4.3.

Lemma 4.3. The warranty length (w) negatively impacts the threshold cn1, if the

ratio of the demand for the new product in the first period to the demand for the

remanufactured product is sufficiently high ( dIn
dIIr

≥ w3/2δrλr+2λrw+8)
λnw(δn

√
w+2)

).

cn1 is the threshold for the manufacturer to decide whether to use all the returns

for remanufacturing or not. According to Lemma 4.3, this threshold increases as the

warranty length (w) increases when the ratio ( dIn
dIIr

) is sufficiently low . The reason is
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that the warranty length can impact both the requirement and supply for the reman-

ufactured product and its warranty replacement. The increased warranty length leads

to more replacements of the remanufactured products required in the second period

(increased requirement) and more warranty returns from the failed new products in

the first period (increased supply). Moreover, when the warranty length increases, the

customer’s utility for buying the warranty for the new and remanufactured products

increases, resulting in an increase in the demand for the extended warranties for both

new (increased supply) and remanufactured product (increased requirement). How-

ever, as the warranty length increases, the warranty costs for both products increase,

which leads the manufacturer to hike the price for the new and remanufactured prod-

uct and thus the demands both decrease (supply and requirement decrease).

When cn < cn1, the manufacturer will not use all returns. As cn increases, the gap

between the supply and requirement for the remanufactured product and its warranty

replacement decrease and the manufacturer needs to use all returns for remanufac-

turing at cn = cn1. When the ratio dIn
dIIr

is sufficiently small ( dIn
dIIr

≤ w3/2δrλr+2λrw+8)
λnw(δn

√
w+2)

),

increasing the warranty length results in a growing gap between the supply and re-

quirement for the remanufactured product and its warranty replacement. Thus, the

threshold cn1 decreases. When this ratio is sufficiently large ( dIn
dIIr

≥ w3/2δrλr+2λrw+8)
λnw(δn

√
w+2)

),

increasing the warranty length results in an imbalance between the supply and require-

ment for the remanufactured product and its warranty replacement (more supplies

are required) when cn = cn1. Therefore, the threshold cn1 increases to achieve a new

balance.

4.4.2 Case B: with retailer’s extended warranty

In this case, the customer can buy the EW (EW) for the new product from

either the manufacturer or the retailer. The decision sequence for the manufacturer

and the retailer can be divided into three steps. In the first step, the manufacturer

decides the optimal price for its EW for the new product. Then the retailer decides

the optimal price for the EW of the new product in the retail’s channel and finally

the manufacturer determines the optimal price for the EW of the remanufactured

product in the second period. The problem is solved backward.
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In step 3,

max
pBrm≥0

∑︂
i=n,r

(pBim − ciλiw)D
IIB
im + (cc − cn)λnwD

IIB
nr (4.8)

s.t.

(DIB
nm +DIB

nr )λnw ≥ dIIr +DIIB
rm λrw (4.9)

The first term,
∑︁

i=n,r(p
B
im−ciλiw)D

IIB
im , of the objective function (4.8) represents

the profit obtained by the manufacturer from selling the EW for the remanufactured

and new products in the second period. The second term, (cc − cn)λnwD
IIB
nr , is the

trade-in profit from the sales of the retailer’s EW. Constraint (4.9) ensures that the

quantity of remanufactured products and their warranty replacements in the second

period does not exceed the number of returns collected in the first period.

Lemma 4.4. The optimal price and demand (pBrm and DIIB
rm ) depends on the price of

the EW for the new product in the retail channel (pBnt). Specifically,

� When pBnt ≤ β+δn
√
w− βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
, then pB∗

rm = 1+δr
√
w+λrwcr
2

and

DIIB∗
rm = dIIr (1+δr

√
w−λrwcr)
2

;

� When pMnt > β+δn
√
w− βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
, then pB∗

rm = 1+δr
√
w+ 1

λrw
+

dInλn(pBnt−λn
√
w−β)

βdIIr λr
and DIIB∗

rm =
δndInλnw1.5−wdIn(p

B
nt−β)λn−βdIIr

λrβw
.

Lemma 4.4 shows that when the price of the EW for the new product from the

retailer is sufficiently high (pMnt > β+δn
√
w− βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
), the manufac-

turer will not receive enough returned new products for remanufacturing. Therefore,

it increases the price of the EW for the remanufactured product to mitigate a negative

effect on its profit.

In step 2, the retailer decides the optimal price of its EW for the new product

(pBnt) to maximize its total profit over two periods.

max
pBnt≥0

∑︂
k=I,II

(pBnt − ccλnw)D
kB
nt . (4.10)
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The optimal price and demands for the retailer’s EW in two periods obtained by

solving Equation (4.10) are summarized in Lemma 4.5.

Lemma 4.5. The optimal price pBnt and demand DkB
nt for the retailer’s EW for the new

product are ccλnw+βpBnm+(1−β)δn
√
w

2
and dkn(βp

B
nm−ccλnw+(1−β)δn

√
w)

2(1−β)β
respectively (k = I, II).

When the price of the EW for the new product offered by the manufacturer in-

creases, both the demands and price for the retailer’s EW increase. Moreover, under

condition that the price for the new product’s EW is known, the optimal price for

the retailer’s EW increases as the warranty length increases, while the trend of the

optimal demand depends on the value of the unit trade-in cost (cc). When cc is suf-

ficiently low (cc ≤ δn(1−β)
2λn

√
w
), the increased warranty length leads to a decrease of the

optimal demand for the retailer’s EW in either the first or second period.

In step 1, the manufacturer decides the optimal price of the EW for the new

product (pBnm) to maximize its profit over two periods.

max
pBnm≥0

(pBnm − cnλnw)D
IB
nm +

∑︂
i=n,r

(pBim − ciλiw)D
IIB
im +

∑︂
k=I,II

(cc − cn)λnwD
kB
nt .

(4.11)

The optimal pricing strategies for Case B obtained by solving Equation (4.11) are

summarized in Theorem 4.2 and illustrated in Figure 4.2.

Theorem 4.2. Under the condition that cn ≤ cn3 and cr ≤ cr1, the optimal prices of

the EW for the new and remanufactured products are summarized in Table 4.3.

Table 4.3: Optimal prices and demands for the EW of the new and remanufactured
products in Case B.

cc ≤ min(cc1, cc2) cc1 < cc ≤ min(cc3, cc4)

pB∗
nm p1 p4
pB∗
nt p2 p5

pB∗
rm p3 p6

*px, cn3, cr1, and ccx are given in Table C.4 and Table C.3 in Appendix, x=1,2,..6.
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Figure 4.2: Optimal strategies for Case B

The prices in Theorem 4.2 are used to obtain the optimal demands for the new

product’s EW sold by the manufacturer and the retailer in both periods and for the

remanufactured product’s EW sold in the second period. These demands are dknd1,

dknd2 and d3 (k = I, II), when cc ≤ min(cc1, cc2). When cc1 < cc ≤ min(cc3, cc4), the

demands are DkB∗
nm = dknd4, D

kB∗
nt = dknd5, and DIIB∗

rm = d6 (k = I, II). The value of

dx (x = 1..6) can be found in Table C.3 in the Appendix.

Theorem 4.2 shows that when the unit replacement cost for the new (remanufac-

tured) product is sufficiently high (cn > cn3 and cr > cr1), the manufacturer is not

profitable selling the EW for the new (remanufactured) product. Moreover, when the

unit trade-in cost is sufficiently high (cc > min(cc2, cc3)), the retailer will not sell the

EW.

In general, increasing the unit trade-in cost (cc) results in the manufacturer’s op-

timal strategy switching from using partial returns to using all returns. The reason

is that when cc increases, the retailer needs to increase the price for the EW to cover

the increased cost, resulting in a decrease in the demand for both periods. Therefore,

the amount of returns in the first period decreases, which leads to a shortage of the

raw materials for producing the remanufactured product and its replacement in the

second period. For the retailer, increasing cc leads to a high EW cost. Therefore,
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when cc is extremely high (cc ≥ max(cc2 and cc3)), the retailer quits the EW market.

Moreover, as cn decreases the retailer is more likely to quit the market. This is due

to the fact that, when cn is at a low level, the manufacturer sets a low price for its

EW to attract more customers. In order to compete with the manufacturer’s EW,

the retailer also needs to set a low price for its EW. Therefore, a little increase in cc

makes the retailer’s EW unprofitable and forces the retailer to quit the market.

Lemma 4.6. The impacts of increasing cc on the optimal prices and demands are

summarized in Table 4.4, where k = I, II.

Table 4.4: Impacts of increasing cc on the optimal prices and demands

cc ≤ min(cc1, cc2) cc1 < cc ≤ min(cc3, cc4)

pB∗
nm ↑ ↑/↓
pB∗
nt ↑ ↑

pB∗
rm – ↑

DkB∗
nm – ↑

DkB∗
nt ↓ ↓

DIIB∗
rm – ↓

*− for no impact; ↓ for decreasing; and ↑ for increasing

When the returns are sufficient, increasing the unit trade-in cost leads to an in-

crease in the price for the new product’s EWy sold by either the manufacturer or the

retailer and a decrease in the demand for the new product’s EW sold by the manufac-

turer, if cc ≤ min(cc1, cc2). This trend is due to the fact that the increasing trade-in

cost leads to a higher replacement cost for the retailer and the profit gained by the

manufacturer from the EW sold by the retailer. Therefore, the retailer increases the

price of its EW and the manufacturer also increases the price of its new product’s

warranty to ensure that the demand for the manufacturer’s EW does not change and

slows down the decrease in the retailer’s EW.

When the returns are not sufficient, the price for the new product’s EW sold by

the retailer and the price for the remanufactured product’s EW sold by the manufac-

turer increase as the unit trade-in cost increases, if cc1 < cc ≤ min(cc3, cc4). In the

meantime, the price for the new product’s EW increases only when dIIr ≥ λ2
nd

I2
n (1−β)

2βλ2
r(d

I
n+dIIn )

.
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This implies that the manufacturer takes two strategies to deal with the profit loss

from the increasing trade-in cost. When the returns are not sufficient, the demand

for the remanufactured product’s EW is limited by the number of EW sold in the

first period. The increasing trade-in cost leads to the a higher replacement cost for

the retailer, which forces the retailer to increase the price that leads to the decrease

in demand. Therefore, the number of returns decreases. To reduce this decrease

in returns, the manufacturer increases its demand for the EW of the new product

by decreasing the price (pBnm), if d
II
r ≤ λ2

nd
I2
n (1−β)

2βλ2
r(d

I
n+dIIn )

, while slowing down the decrease

of the retailer’s demand for the new product’s EW by increasing the price (pBnm),

if dIIr ≥ λ2
nd

I2
n (1−β)

2βλ2
r(d

I
n+dIIn )

. The reason is that when dIIr is sufficiently high, the number

of returns is also high. Therefore, the increased unit trade-in cost leads to an ac-

celerating cost for the retailer and then the price for the retailer’s EW is adjusted

to a higher level. The manufacturer can also significantly increase its price for the

new product’s EW to generate more profit in order to offset the profit loss from the

trade-in service with the retailer and the sales of the remanufactured product’s EW.

When dIIr ≤ λ2
nd

I2
n (1−β)

2βλ2
r(d

I
n+dIIn )

, the manufacturer cannot significantly increase the price for

the new product’s EW to generate sufficient profit to cover the loss. Therefore, it

should decrease the price to attract more customers, who originally buy the EW from

the retailer, and obtain the extra profit.

4.4.3 Comparison of the two cases

In this subsection, the optimal profits from Case M and Case B are compared

and results are summarized in Theorem 4.3.

Theorem 4.3. When the failed returns are sufficient in the first period (if cc ≤
min(cc1, cc2) and cn ≤ cn1), then

� ΠM∗
m ≥ ΠB∗

m , if cc ≤ cc5 or cc ≥ cc6.

� ΠM∗
m ≤ ΠB∗

m , if cc5 ≤ cc ≤ cc6,

where cn1,and ccx (where x=1,2,..6) are given in Table C.4 in Appendix.

When the returns in the first period are sufficient for producing the remanufac-

tured product and its warranty replacement in the second period, the introduction
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of the retailer’s EW hurts the sales of the manufacturer’s EW for the new prod-

uct. However, it generates profit for the manufacturer through the trade-in service.

Therefore, the impact of introducing the retailer’s warranty depends on whether or

not the manufacturer’s profit gained by the trade-in service can offset its profit loss.

According to Theorem 4.3, when the unit trade-in cost is either sufficiently small or

high, the manufacturer can obtain a higher profit in Case M. It is because when the

unit trade-in cost is sufficiently small, the profit gained by the manufacturer from

each retailer’s return is sufficiently low. When the unit trade-in cost is sufficiently

high, the retailer needs to set a high selling price for the new product’s EW to cover

the cost, which results in a low demand. Therefore, the manufacturer is unable to

obtain enough profit from the trade-in service to cover its loss.

Moreover, if the trade-in cost is an endogenous variable for the manufacturer,

when cc = wcnλn+β+δn
√
w

2λnw
, the manufacturer can obtain its maximal profit based on

Theorem 4.3. It implies that the manufacturer should encourage the retailer to sell

the new product’s EW by setting a reasonable trade-in cost. Then, the manufacturer

can gain a higher profit, as compared to the case in which only the manufacturer sells

the EW; the retailer also gains some profit from the sales of the EW, which achieves

a win-win situation for both manufacturer and retailer in the SC.

Lemma 4.7. When the failed product returns in the first period are sufficient (if

cc ≤ min(cc1, cc2) and cn ≤ cn1), then

� pM∗
nm ≥ pB∗

nm, if w ≤
(︃

δn+
√

8β(cc−0.5cn)λn+δ2n
2(2cc−cn)λn

)︃2

;

� pM∗
nm < pB∗

nm, otherwise.

When there are sufficient returns for remanufacturing, the introduction of the

retailer’s EW pushes the manufacturer to decrease the price of its EW when the

warranty length is sufficiently low (w <

(︃
δn+

√
8β(cc−0.5cn)λn+δ2n
2(2cc−cn)λn

)︃2

). The reason is

that the manufacturer needs to balance the profits from both the sales of the new

product’s EW and the trade-in service. The increased warranty length leads to an

increase of the unit replacement cost for the manufacturer that decreases its profit.
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However, this also results in a higher trade-in fee, that benefits the manufacturer.

Therefore, when the warranty length is sufficiently high, as compared to the trade-in

service, the sales of the new product’s EW is less profitable for the manufacturer and

then the manufacturer increases the price for the new product’s EW so that more

customers will buy the retailer’s EW. Thus, the manufacturer can generate more

profit from the trade-in service. When w ≤
(︃

δn+
√

8β(cc−0.5cn)λn+δ2n
2(2cc−cn)λn

)︃2

, both the total

trade-in fee for the EW sold by the retailer and the replacement cost for the EW sold

by the manufacturer are low, as compared to the trade-in service, the sales of the new

product’s EW is more profitable for the manufacturer. The manufacturer decreases

the price for the new product’s EW to attract more customers.

Theorem 4.4. When failed product returns in the first period are insufficient (if

cc1 < cc ≤ min(cc3, cc4) and cn1 ≤ cn ≤ cn2), then

� ΠM∗
m ≥ ΠB∗

m , if cc ≤ cc7 or cc ≥ cc8.

� ΠM∗
m < ΠB∗

m , otherwise,

where cn1, cn2, and ccx (where x=1,2,..8) are given in Table C.4 in Appendix.

In general, when there are insufficient returns, the introduction of the retailer’s

EW hurts the manufacturer’s profit when the unit trade-in price is sufficiently low

(cc ≤ cc7) or sufficiently high (cc ≥ cc8). Similar to the case with sufficient returns,

when returns are insufficient, an optimal value of unit trade-in cost (cc9) exists, which

is between cc7 and cc8, for the manufacturer to obtain the maximal profit. This implies

that when the returns are insufficient, the manufacturer should set a moderate unit

trade-in cost to entice the retailer to enter the EW market. Moreover, when cn

increases, the manufacturer has a higher probability to generate more profit in Case

B than in Case M (the value interval of cc: cc8 − cc7, in which Case B generates a

higher profit, decreases as cn increases). The reason is that when cn increases, the

manufacturer has to set a higher price for the new product’s EW and then the new

product’s EW becomes unattractive to the customers. When the retailer starts selling

the new product’s EW, more customers switch from buying the manufacturer’ EW to

buying the retailer’s EW. Thus, the manufacturer suffers a huge profit loss, which can

not be covered by the profit generated from the trade-in service. The implication of
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this result is that for industries with the high production cost (i.e., high new product’s

replacement cost), the unit trade-in cost will be pushed to a high level (cc ≥ cc8). In

this case, the manufacturer is better off by increasing the unit trade-in cost to over

cc3 (see Theorem 2), such that the retailer will not have an incentive to sell the EW.

4.5 Numerical studies

In this section, the impact of the EW length (w) on the optimal prices, demands,

and profits are examined. Moreover, the assumption that the manufacturer and the

retailer sell the EW with the same length is relaxed. The impacts of different EW

lengths on the optimal prices, demands, and profits will be examined.

4.5.1 The impact of the EW length (w) on the optimal prices, demands

and the profit

In this subsection, we examine the impact of increasing the EW length on the

manufacturer’s and retailer’s optimal decisions. The results are illustrated in Fig-

ure 4.3. The values of the parameters used in the following experiments are set as

cn = 0.4, cr = 0.2, dIn = 0.7, dIIn = 0.5, dIIr = 0.3, λn = 0.65, λr = 0.7, δn = 0.7,

δr = 1, β = 0.8, and cc = 0.7. In Figure 4.3, MA refers the EW offered by the

manufacturer only when all returns are used; BP refers the EW offered by both the

manufacturer and the retailer when partial returns are used; and BA refers the EW

offered by both the retailer and manufacturer when all returns are used.

In general, when the EW length increases, the optimal strategy for the manufac-

turer changes from using all the returns for remanufacturing to using a portion of the

returns, and then to using all returns again. The reason is that increasing the EW

length leads to an increase of the demands for the new and remanufactured product’s

EWs and numbers of the replacement of both products during the warranty period,

when the prices stay unchanged. The number of warranty returns for each new prod-

uct sold increases slower than the warranty returns of the remanufactured product

within the EW period, since the remanufactured product fails more frequently due to

a lower quality (i.e., higher failure rate: λn ≤ λr). However, due to the huge difference
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Figure 4.3: Impact of w on the optimal prices, demands, and the profits.

between the market sizes of the extended warranties for the new and for the remanu-

factured product (the demands for both products), the total number of returns in the

first period increases faster than the number of returns required for remanufacturing

(remanufactured product and its replacement) in the second period, if the EW length

is sufficiently small (w < 2.79). Therefore, the manufacturer does not need to sacri-

fice the profit in the first period by setting a high selling price for the new product’s

EW to generate returns (DI∗
nm decreases as w increases, if w < 2.79.). Due to the

increased warranty cost, the price for the manufacturer’s EW for the new product

still increases as the warranty length increases. But the increase rate slows down.

When the EW length is sufficiently high (w ≥ 2.79), the manufacturer will choose

the strategy that encourages the retailer to sell the EW. Although the introduction of

the retailer’s EW decreases the sales of the manufacturer’s EW of the new product,

it attracts more customers who originally did not buy the EW. The total demand for

the new product’s EW in the first period increases and the manufacturer does not

need to use all the returns in the second period (Strategy BP). When the EW length

keeps increasing, although the demand for the new product’s EW is still higher than

the remanufactured product (see the red dashed line and the green solid line in the
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figure for the optimal demands), the increasing rate for the supply of returns from

the first period is lower than the required number of returns in the second period

due to the fact that more warranty replacements are needed for the remanufactured

product than the new product. Therefore, when w ≥ 3.12, the manufacturer needs

to use all returns again.

Figure 4.3 also shows that when the warranty length is sufficiently short (w ≤ 0.69)

or long (2.79 ≤ w ≤ 3.36), the introduction of the retailer’s EW can benefit the man-

ufacturer. When w ≤ 0.6, the introduction of the retailer’s EW reduces the risk of

shortage of returns for remanufacturing, which offsets the profit loss from the sales

of the new product’s EW in the first period. This generates more profit for the sales

of the remanufactured product’s EW, as w increases. Therefore, for the manufac-

turer, the profit generated from the trade-in service can cover the profit loss from

the lost sales of the new product’s EW due to the introduction of the retailer’s EW

in the market. However, when 0.69 < w < 2.79, the manufacturer increases the

price for the new product’s EW to generate more profit. However, this action also

decreases the competitiveness of the new product’s EW from the manufacturer. If

the manufacturer allows the retailer to enter the warranty selling market, the retailer

can capture a significant amount of customers from the manufacturer and then the

profit generated from the trade-in service cannot cover the profit loss from the sales.

When 2.79 ≤ w ≤ 3.6, the increasing supply of returns from the first period is lower

than the required number of returns in the second period due to the fact that more

warranty replacements are needed for the remanufactured products than the new

products. Therefore, the manufacturer welcomes the retailer to sell the EW to relieve

the shortage of returns. However, as the warranty length continues to increase, the

demand for the retailer’s EW decreases and when w = 3.36, the demand decreases to

0. Then the best strategy for the manufacturer is Case M.

Thirdly, the increased warranty length cannot always benefit the manufacturer. In

Figure 4.3, there exists an optimal warranty length (w = 3.09) for the manufacturer

to obtain the maximal profit. The increased warranty length leads to the increase of

the requirement of the returns and the decrease of its supply. To satisfy all required
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returns, the manufacturer needs to sacrifice the profit in the first period and this

sacrificed profit increases as the warranty length increases, which cannot be covered

by the increased profit generated from the trade-in service when w ≥ 3.09.

4.5.2 The impact of the retailer’s EW length (wt) on the optimal prices,

demands, and the profits

In this subsection, we relax the assumption that the retailer sells the EW with

the same length as that of the manufacturer. The manufacturer’s warranty length is

set to 1 and the impacts of varying the retailer’s EW length (from 0.5 to 6) on the

optimal prices, demands, and profits are summarized in Table 4.5. The values of the

other parameters used in the experiment are: cn = 0.4, cr = 0.1, dIn = 0.7, dIIn = 0.5,

dIIr = 0.3, λn = 0.6, λr = 0.7, δn = 0.7, δr = 1, β = 0.8, and cc = 0.6.

Table 4.5: Optimal prices, demands, and profits as the retailer’s EW length varies.

wt 0.5 1.5 2.5 3.5 5 6

p∗nm 0.474 0.579 0.676 0.791 1.043 1.315
p∗nt 0.247 0.650 0.994 1.321 1.820 2.184
p∗rm 1.228 1.035 1.035 1.035 1.072 1.132
DI∗

nm 0.623 0.398 0.390 0.422 0.390 0.187
DII∗

nm 0.445 0.284 0.278 0.302 0.279 0.134
DI∗

nt 0.294 0.483 0.409 0.268 0.087 0.103
DII∗

nt 0.210 0.345 0.292 0.191 0.062 0.073
DII∗

rm 0.232 0.290 0.290 0.290 0.278 0.261
Π∗

m 0.548 0.660 0.781 0.871 0.906 0.748
Π∗

t 0.034 0.091 0.066 0.028 0.003 0.004

The results in Table 4.5 show that the retailer can obtain a maximal profit by

setting the warranty length a little bit longer than the manufacturer’ EW (the manu-

facturer’ EW is 1 and the optimal warranty length for the retailer is 1.5). Interestingly,

if the retailer keeps increasing the EW length, its profit (Π∗
t ) decreases. The reason

is that, although the increased EW length can attract more customers to buy the re-

tailer’s EW, it also increases the warranty cost for the retailer, leading to an increase

in the retailer’s warranty price, which has a negative impact on the customer’s utility

for buying the EW. Moreover, the higher the EW length is set by the retailer, the
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less positive marginal effort it has on the customer’s utility for buying the EW. Thus,

when its positive impact cannot offset the negative impact due to the increasing price,

the EW sold by the retailer is less attractive as compared to the manufacturer’s EW

and then the retailer’s profit starts to decrease.

Moreover, the optimal production strategy for the manufacturer switches from

using all returns (wt = 0.5) to using partial returns (1.5 ≤ wt ≤ 3.5) and then to

using all returns again (5 ≤ wt ≤ 6). When the retailer’s EW length increases, the

total demand of the new product’s EW in the first period increases in the beginning

and then decreases due to the increased price for the retail’s EW. Therefore, when

the retailer’s EW is less than 0.5 or over 5, the manufacturer needs to use all returns

for remanufacturing.

For the manufacturer, the increased retailer’s EW length leads first to an increase

and then to a decrease in profit. Due to the increased price for the retailer’s EW,

the manufacturer increases its price for the new product’s EW and generates more

profit. Moreover, it also increases the manufacturer’s profit from the trade-in service,

as more failures happen within the retailer’s EW. When the retailer’s EW length

is over 5, the required number of returns is higher than its demand. To fill the

gap, the manufacturer sacrifices profit in the first period to generate more returns.

Moreover, the price for the remanufactured product’s EW increases to reduce the

required number of returns for remanufacturing. These actions contributes to the

decrease in the manufacturer’s profit.

4.6 Managerial implications

In this section, the managerial implications in this chapter are summarized as

follows.

� The manufacturer should carefully set the price for its EW service.

When the retailer does not sell its EW, the price for the EW sold by the man-

ufacturer depends on the unit replacement cost of the products. The higher

the replacement cost is, the higher the price for the relevant EW is. When the

retailer begins to sell its own EW, the manufacturer needs to focus also on the
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demand for the remanufactured product and on the unit trade-in cost. When

the demand for the remanufactured product is sufficiently low, the manufac-

turer should set the price of the EW for the new product at a low level when

the unit trade-in cost is at low or extremely high levels. When the demand for

the remanufactured product is sufficiently high, the price of the EW for the new

product should increase continuously when the unit trade-in cost increases. For

the EW of the remanufactured product, an increase of the trade-in cost leads

to the increase of its price, only when the trade-in cost is at a high level.

� The introduction of the retailer’s EW will affect the manufacturer’s

profit depending on both the EW length and the unit trade-in cost.

When the unit trade-in cost is either sufficiently low or high, the introduction of

the retailer’s EW has a negative effect on the manufacturer’s profit. However,

when the unit trade-in cost is moderate, the manufacturer can benefit from

the sales of the retailer’s EW. Therefore, if the trade-in cost is an endogenous

variable (can be decided by the manufacturer), in the case of either sufficient

or insufficient returns, the manufacturer should set a reasonable value for the

trade-in cost, which can attract the retailer to enter the warranty selling market

and generate the maximum profit. For the EW length, its impact varies with

the unit trade-in cost. When the warranty length is either sufficiently low or

high, a higher profit is generated for the manufacturer when the retailer also

sells the EW.

� The warranty length affects the manufacturer’s and the retailer’s op-

timal decisions. Specifically, if the EW lengths for the manufacturer and the

retailer are the same, the increased warranty length results in first the increase

and then the decrease of the manufacturer’s profit. It implies that there is an

optimal warranty length to achieve maximum profit for the manufacturer. If

the retailer can set its own warranty length, it can be found that increasing

its own warranty length hurts its profit. Moreover, the increased retailer’s EW

length can benefit the manufacturer when it is sufficiently low. However, when

it is at a high level, the manufacturer’s profit decreases as the retailer’s EW

length increases.
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4.7 Conclusion

In this chapter, the optimal pricing strategies of EW (EW) for both new and

remanufactured products sold by a manufacturer and a retailer are investigated by

solving a two-period game theoretical model. The EW in the chapter is of the non-

renewing free replacement type. The demand for the EW is derived based on the

utility theory. Both market sizes (the demand for the new and remanufactured prod-

ucts) and the concave relationship between customer utility and warranty length are

considered in the chapter. The profits of the manufacturer in both cases with and

without the sales of the retailer’s EW are compared and conditions under which the

manufacturer should encourage the retailer to sell the EW are identified. The nu-

merical analysis on the impacts of the EW length on optimal prices, demands, and

profits for the manufacturer and the retailer are conducted.

We find that the manufacturer can benefit from the introduction of the retailer’s

EW when the unit trade-in cost is moderate. Moreover, the manufacturer should

take different actions as the unit trade-in cost increases when returns are insufficient

for remanufacturing. Numerical analysis shows that when the EW lengths for the

manufacturer and the retailer are the same, the manufacturer can generate a higher

profit when the retailer also sells the EW if the EW length is either sufficiently low

or sufficiently high. Moreover, there exists an optimal warranty length to allow the

manufacturer to maximize its profit. When the EW lengths for the manufacturer and

the retailer are different, setting a long warranty length cannot benefit the retailer.

Several extensions can be investigated in future studies. Firstly, this chapter

focuses on the competition between the manufacturer’s and the retailer’s extended

warranties. The demands for the new and the remanufactured product are exoge-

nously determined. It would be interesting to consider the competition between both

products and their extended warranties and examine the impact of the EW on the

products’ competition. Moreover, only the non-renewing free replacement warranty

is discussed in the chapter. More warranty types can be investigated in the future.

Thirdly, the production of the remanufactured product and the sales of its EW are

managed by the manufacturer in this chapter. Future studies can examine the case
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where the manufacturer outsources this business to a third party remanufacturer.

The impact of the outsourcing on the optimal pricing strategies of the SC members

can also be discussed.



Chapter 5

Conclusion

This dissertation explored three themes dealing with the optimal pricing, pro-

duction and after-sales service strategies for new and remanufactured products. The

first theme investigated the manufacturer’s optimal pricing and production decisions

for the new and remanufactured products in a dual-channel SC. The second theme

dealt with the optimal pricing and production decisions for new and remanufactured

products sold with base warranty. Finally, the third theme extended the models de-

veloped under the first two themes to explore the optimal strategies for competing

after-sales extended warranty (EW) services offered by the (re)manufacturer and re-

tailer.

Chapter 1 introduced and presented the different aspects and processes of remanu-

facturing. After a thorough review of the advantages of remanufacturing (economical

benefits, compliance with policies and regulations, and enhancement of social and

corporate image) and the obstacles to the development of the remanufacturing in-

dustry (cannibalization to the sales of the new product, uncertain returns, and low

customer’s perception), the motivations and research goals this dissertation were pre-

sented.

In addition to the traditional retail shops, the online shopping channel has become

popular with consumers in recent years. Many manufacturers use the dual-channel

structure in both the forward and reverse SC to attract more customers and increase

collection rates for returns. A two-period model was developed in Chapter 2 to explore

the optimal pricing strategies for new and remanufactured products sold through the

online and retail channels. The optimal results showed that when there are sufficient

high-quality returns for remanufacturing, a manufacturer needs to decide whether or

not to engage in the remanufacturing activities based on the retail channel cost. If

129
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the retail channel cost is sufficiently low, it is not profitable for the manufacturer to

produce the remanufacturing product. Moreover, the retailer may be better off with

the introduction of the remanufactured product into the market. When the returns

are sufficient, the introduction of the remanufactured product not only enhances the

retailer’s profit in the forward SC, but also generates more profit for the manufacturer

(when it engages in the collecting activity for the remanufacturer) in the reverse SC.

In addition, increasing the customer’s perceived value on the remanufactured product

can benefit both the manufacturer and the retailer.

A key concern that consumers have about remanufactured products is their qual-

ity, performance and safety, thus resulting in a lower perceived value on the remanu-

factured product. Therefore, many firms offer a generous warranty service to increase

the customer’s perceived value on the remanufactured product. Chapter 3 focused

on the impact of a non-renewing warranty on a monopolistic manufacturer’s optimal

pricing and production strategies. We showed that if the cost saving (the ratio of

the manufacturing to remanufacturing costs) for the remanufactured product is suf-

ficiently high, remanufacturing is always a profitable activity for the manufacturer,

while if the cost saving is at a moderate level, the introduction of the remanufacturing

business reduces the manufacturer’s profit when the warranty length for the reman-

ufactured product is sufficiently long. Moreover, the manufacturer should carefully

decide the optimal warranty length for the two products, which depends on the unit

production costs, failure rates, and the sensitivity of the customer’s utility to the

warranty.

To further improve the post-sales service, manufacturers and retailers typically sell

extended warranty (EW) services. These EW services are popular with consumers by

providing additional “peace of mind” and have proven to generate significant profits

for manufacturers and retailers. Chapter 4 discussed the impact of the EW for new

and remanufactured products sold by the manufacturer and the retailer in the SC on

their decisions. The competition between EWs for new and remanufactured products

within and across channels is considered. Results show that the introduction of the

EW provided by the retailer hurts the manufacturer’s profit when the unit trade-in
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cost is either sufficiently low or high. Moreover, an optimal EW length exists that

maximizes the manufacturer’s profit. For the retailer, increasing its own EW length

can increase its advantage in the market, but an excessive increase leads to a profit

loss for both the manufacturer and the retailer.

This dissertation focus on Stage 5 (distribution, retailing and servicing) in the

remanufacturing process by exploring the optimal pricing and production strategies

in a dual-channel SC with base warranty, extended warranty, and product competi-

tion considerations. There are many issues in the other stages of the remanufacturing

process that are worthy of investigation. For example, in the used product collect-

ing stage, this dissertation considered adopting the dual reverse channels (collecting

returns by both the manufacturer and the retailer) to ensure sufficient returned prod-

ucts. Moreover, it is also worthy to explore how to design an effective reverse network

for collecting returns. There are many issues in this area to be discussed, such as the

routing plan for the reverse logistics, the location of the remanufacturing plants, and

the selection of the transportation agents and network.

At the production stage (disassembly, reprocessing, and re-assembly), this disser-

tation explore the optimal production strategy to assist the manufacturer in deciding

whether or not it should engage in remanufacturing activities in the dual-channel

supply chain with the base warranty bundled with both new and remanufactured

products. The optimal disassembling sequence plan and disassembling level for the

returns, that can help the manufacturer to minimize the remanufacturing cost could

be further investigated. Moreover, with the development of the Internet of things

(IoT), many manufacturers have started to embed sensors into their products to

monitor and track product usage to facilitate remanufacturing decision-making when

the products are returned (Mustajib et al., 2017). It is interesting to study how these

technological developments can be leveraged to help reduce the uncertainty in the

quality of returns and help improve the efficiency of remanufacturing.

At the marketing stage of remanufacturing, there are still many issues deserving

to be studied. In this dissertation, optimal pricing strategies for the manufacturer
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and the retailer are examined in a manufacturer-dominated SC. However, the retailer

can be a Stackelberg leader in the SC, such as Walmart and Costco, for increased bar-

gaining power (Zhao et al., 2020). It is worth exploring the optimal pricing strategies

for the manufacturer and the retailer in a retailer-dominated SC. Secondly, further

study can focus on the idea from Chapter 2 that the manufacturer can negotiate

with the retailer to achieve a cooperation agreement, with which the retailer helps

the manufacturer to increase the number of returns due to its proximity with the

consumer. In return, the manufacturer should share the increased profit from the

increased quantity of returns with the retailer. It is worth to explore the value of

the retailer’s recycling activity for the manufacturer and how the profit is shared

between the manufacturer and the retailer. Thirdly, in Chapters 3 and 4, the effect

of the non-renewing free replacement warranty (commonly used in the literature, see

Zhang et al. (2018) and Tang et al. (2020)), is studied in the closed-loop supply chain.

More types of warranties can be considered in the future, such as the pro-rata war-

ranty, the money-back guarantee warranty, and the combination of base warranties.

Fourthly, the dissertation explores the optimal pricing strategy for the manufacturer

in a deterministic setting. However, different from new products, an unique issue of

remanufacturing is the uncertainty in the quality of returns (Yanıkoğlu and Denizel,

2021) that comes from different customers. The uncertainty results in many remanu-

facturing challenges, such as product design, selection of remanufacturing operations,

and cost estimation (Guide Jr and Van Wassenhove, 2001). Future studies can inves-

tigate how the uncertainty in the quality of the product affects the optimal pricing

and production strategy for the manufacturer.



Appendix A. Proofs for Chapter 2

Proof of Lemma 2.1

Since
d2πN

R

dpN2
tn

= − 4
1−β

≤ 0 and
d2πN

M

dpN2
on

= − 4
β(1−β)

≤ 0, πN
R and πN

M are concave in pNtn

and pNon, respectively. Thus the optimal prices can be obtained by setting
dπN

R

dpNtn
= 0

and
dπN

M

dpNon
= 0, simultaneously.

Proof of Theorem 2.1

Since
d2πN

M

dwN2
n

= − 2β+16
(4−β)2

≤ 0, πN
M is concave. We solve the equation

dπN
M

dwN
n

= 0 and

obtain:

wN
n =

β2 + (β + 8)cn − 8cp + 8

2β + 16
. (A.1)

Substituting the demand obtained in Lemma 2.1 into the optimal wholesale price

in Equation (A.1), we obtain the optimal demands in both channels for the new

product (j = I, II).

djNtn =
(β + 2)(1− cp − β)

(1− β)(β + 8)
and (A.2)

djNon =
2 + 6cp − β2 − β

2(1− β)(8 + β)
− cn

2β
. (A.3)

To ensure that the new product is profitable in both channels, we check djNtn ≥ 0

and djNon ≥ 0 (j = I, II) , which require cp ≤ 1− β and cn ≤ cn5 =
(2+6cp−β2−β)β

(1−β)(β+8)
.

Proof of Lemma 2.2

Since
d2πIIB

M

d(pBor)
2 ≤ 0, πIIB

M is concave in pBor and the constraint is linear. Therefore

the optimal solution can be obtained by the following Karush-Kuhn-Tucker (KKT)

conditions.
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dπIIB
M

dpBor
+ u1

d(δ(dIBtn + dIBon )− dIIBor )

dpBor
= 0, (A.4)

u1

(︁
δ(dIBtn + dIBon )− dIIBor

)︁
= 0, (A.5)

δ(dIBtn + dIBon )− dIIBor ≥ 0, and (A.6)

pBor, u1 ≥ 0. (A.7)

With Equations (A.4) and (A.5), the problem can be split in two cases.

Case 1: Partially using returns for remanufacturing (i.e., u1 = 0). The optimal

price for the remanufactured product can be obtained by solving Equations (A.4) and

(A.5).

pBor =
(2pBon − hδ − cn)α

2
. (A.8)

Substituting pBor from (A.8) into Equations (A.6) and (A.7), we obtain the condi-

tions for the optimal solution: pBon ≤ β − hδ+cn
2(1−α)β

.

Case 2: Using all returns for remanufacturing (i.e., u1 ̸= 0). The optimal price for

the remanufactured product can be obtained by solving Equations (A.4) and (A.5).

pBor = ((pBon − (1− α)(β − pBon)δ)α. (A.9)

Substituting pBor from (A.8) into Equations (A.6) and (A.7), we obtain the condi-

tions for the optimal solution: pBon ≥ β − hδ+cn
2(1−α)β

.

With the results in Equations (A.8), (A.9), and their associated conditions, we

obtain the results in Lemma 2.2.

Proof of Lemma 2.3

With the results in Lemma 2.2, there are two optimal values of pBor under different

conditions. Therefore, we consider the problem under two cases.

When pBor = (2pBon−hδ−cn)α
2

, then
d2πB

M

dpB2
on

= − 4
β(1−β)

≤ 0 and
d2πB

R

dpB2
tn

= − 4
1−β

≤ 0. πB
M
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and πB
R are concave in pBon and pBtn, respectively. We rewrite the model as:

max
pBtn≥0

πB
R =

∑︂
j=I,II

(︁
pBtn − wB

n − cp
)︁
djBtn and (A.10)

max
pBon≥0

πB
M =

∑︂
j=I,II

(︁
wB

n − cn
)︁
djBtn +

∑︂
j=I,II

(︁
pBon − cn

)︁
djBon + pBord

IIB
or − hδ

∑︂
k=t,o
j=I,II

djBkn ,

(A.11)

s.t.

pBon ≤ β − hδ + cn
2(1− α)δ

. (A.12)

The optimal solutions are obtained by solving the following KKT conditions.

dπB
M

dpBon
− u1 = 0, (A.13)

dπB
R

dpBtn
= 0, (A.14)

u1

(︃
β − hδ + cn

2(1− α)β
− pBon

)︃
= 0, (A.15)

β − hδ + cn
2(1− α)β

− pBon ≥ 0, and (A.16)

pBon, p
B
tn, u1 ≥ 0. (A.17)

By solving Equations (A.13) to (A.17), we obtain the results: when wB
n ≤ 1 −

(4(1−α)(1−β)δ−β+4)C
6δ(1−α)β

− cp
3
,

pBtn =
2A1 + C − (2 + C − wn)β

4− β
and

pBon =
2C + (2wn + A1 − 2C)β − β2

4− β
; (A.18)
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and when wB
n ≥ 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
,

pBtn =
A1

2
− C

4(1− α)δ
and

pBon = β − C

2(1− α)δ
. (A.19)

When pBor = ((pBon − (1 − α)(β − pBon)δ)α, then
d2πB

M

dpB2
on

= −4+2δ2α(1−β)(1−α)
β(1−β)

≤ 0 and
d2πB

R

dpB2
tn

= − 4
1−β

≤ 0. πB
M and πB

R are concave in pBon and pBtn, respectively. In this case,

the objective function is the same as Equations (A.10) and (A.11), but the constraint

is changed to:

pBon ≥ β − hδ + cn
2(1− α)δ

. (A.20)

The KKT conditions are also similar to those in the last case and only the condi-

tions in (A.13) and (A.16) are changed to:

dπB
M

dpBon
+ u1 = 0 and (A.21)

pBon − (β − hδ + cn
2(1− α)β

) ≥ 0. (A.22)

By solving Equations (A.14), (A.15), (A.17), (A.21) and (A.22), we obtain the

result: when wB
n ≤ 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
,

pBtn =
A1

2
− C

4(1− α)δ
and

pBon = β − C

2(1− α)δ
; (A.23)

and when wB
n ≥ 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
,

pBtn =
(Cδα− 2A1A2)(1− β) + (2C − 2wn + 4) β − 2C − 4A1

(4 β − 4)A2 + 2 β − 8
and (A.24)

pBon =
C (1− β) δ α + β2 (1 + 2A2 ) + (2C − 2A2 − A1 − 2wn) β − 2C

(1 + 2A2 ) β − 2A2 − 4
,
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where C = hδ + cn, A1 = 1 + wn + cn, and A2 = δ2α(1− α).

With the results in Equations (A.18), (A.19), (A.23) and (A.24) and their associ-

ated conditions, we obtain the results in Lemma 2.3.

Proof of Theorem 2.2

With the results in Lemma 2.3, there are two optimal value sets of pBtn and pBon

under different conditions. Therefore, we consider the problem under two cases.

When pBtn = 2A1+C−(2+C−wn)β
4−β

and pBon = 2C+(2wn+A1−2C)β−β2

4−β
, we have

d2πB
M

dwB2
n

≤ 0.

πB
M is concave and becomes:

max
wB

n ≥0
πB
M =

∑︂
j=I,II

(︁
wB

n − cn
)︁
djBtn +

∑︂
j=I,II

(︁
pBon − cn

)︁
djBon + pBord

II
or − hδ

∑︂
k=t,o
j=I,II

djBkn ,

(A.25)

s.t.

wB
n ≤ 1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
. (A.26)

The optimal solution is obtained by solving the following KKT conditions.

dπB
M

dwB
n

− u1 = 0, (A.27)

1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
− wB

n ≥ 0, (A.28)

u1

(︃
1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
− wB

n

)︃
= 0, and (A.29)

wB
n , u1 ≥ 0. (A.30)

By solving Equations (A.27) to (A.30). We obtain the results: when cn ≤
δβ(1−α)(2cp+3β+6)

(β+8)(1+(1−α)δ)
− hδ,

wB
n =

β2 + (C + 8)β + 8(C + A3)

2β + 16
; (A.31)



138

and when cn ≥ δβ(1−α)(2cp+3β+6)

(β+8)(1+(1−α)δ)
− hδ,

wB
n = 1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
, (A.32)

where C = hδ + cn, A1 = 1 + wn + cn, A2 = δ2α(1− α), and A3 = 1− cp − β.

When pBtn = (Cδα−2A1A2)(1−β)+(2C−2wn+4)β−2C−4A1

(4β−4)A2+2β−8
and

pBon = C(1−β)δ α+β2(1+2A2 )+(2C−2A2−A1−2wn )β−2C
(1+2A2 )β−2A2−4

, then
d2πB

M

dwB2
n

≤ 0, πB
M is concave. In

this case, the objective function is the same as Equation (A.25), but the constraint

is changed to:

wB
n = 1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
. (A.33)

The KKT conditions are also similar to those in the last case and only the condi-

tions (A.27) and (A.28) are changed to:

dπB
M

dwB
n

+ u1 = 0 and (A.34)

wB
n − (1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
) ≥ 0. (A.35)

By solving Equations (A.29), (A.30), (A.34) and (A.35), we obtain the results:

when cn ≤ β(1−α)((A2+2)(cp+3−3β)+9β)δ

(4A2(1−β)+β+8)(1+(1−α)δ
− hδ, then

wB
n = 1− (4(1− α)(1− β)δ − β + 4)C

6δ(1− α)β
− cp

3
; (A.36)

and when cn ≥ β(1−α)((A2+2)(cp+3−3β)+9β)δ

(4A2(1−β)+β+8)(1+(1−α)δ
− hδ, then

wB
n =

(2− αδ)C

4 + 2A2

+
2A3(2 + (1− β)A2)

8 + β + 4(1− β)A2

+
(1 + A2)β

2 + A2

. (A.37)

With the results in Equations (A.31), (A.32),(A.36), (A.37) and their associated

conditions, we find that δβ(1−α)(2cp+3tβ+6)

(β+8)(1+(1−α)δ)
− hδ ≥ β(1−α)((A2+2)(cp+3−3β)+9β)δ

(4A2(1−β)+β+8)(1+(1−α)δ
− hδ when

cp ≤ 1− β (the necessary condition to ensure the demand for the new product in the



139

retail channel is non-negative). This implies that wB
n = 1− (4(1−α)(1−β)δ−β+4)C

6δ(1−α)β
− cp

3
is

not feasible.

Substituting the optimal results in (A.31) and (A.37) into the objective function

in (A.25) and comparing the optimal profits in two cases, we obtain the result in

Theorem 2.2.

Proof of Lemmas 2.4 and 2.5

The impacts of cn and cp on the optimal decision variables are examined by

calculating the first order derivatives of the optimal decision variables with respect

to the manufacturing cost for the new product (cn) and the selling cost through the

retailer channel (cp).

For Strategy B :

∂wB
n

∂cn
=

∂pBtn
∂cn

=
∂pBon
∂cn

= 0.5 ≥ 0, (A.38)

∂pBor
∂cn

=
∂djBtn
∂cn

= 0, (A.39)

∂dIBon
∂cn

= − 1

2β
≤ 0, (A.40)

∂dIIBon

∂cn
= − 1

2β(1− α)
≤ 0, (A.41)

∂dIIBor

∂cn
=

1

2β(1− α)
≥ 0, (A.42)

∂πM

∂cn
=

(2− α)C

2(1− α)β
− 1 ≤ 0, (A.43)

∂wB
n

∂cp
= − 4

β + 8
≤ 0, (A.44)

∂pBtn
∂cp

=
2

β + 8
≥ 0, (A.45)

∂pBon
∂cp

= − β

β + 8
≤ 0, (A.46)

∂pBor
∂cp

= − αβ

β + 8
≤ 0, (A.47)

∂djBtn
∂cp

= − β + 2

(β + 8)(1− β)
≤ 0, (A.48)
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∂djBon
∂cp

=
3

(β + 8)(1− β)
≥ 0, (A.49)

∂dIIBor

∂cp
= 0, and (A.50)

∂πM

∂cp
= − 4A3

(β + 8)(1− β)
≤ 0. (A.51)

For Strategy BA:

∂wB
n

∂cn
=

∂pBtn
∂cn

=
∂pBon
∂cn

=
2− αδ

4 + 2A2

≥ 0, (A.52)

∂pBor
∂cn

=
α(2− αδ)(1 + δ − αδ)

4 + 2A2

≥ 0, (A.53)

∂djBtn
∂cn

= 0, (A.54)

∂dIBon
∂cn

= − 2− αδ

2β(2 + A2)
≤ 0, (A.55)

∂dIIBon

∂cn
= −2− 3αδ + α2δ2

2β(2 + A2)
≤ 0, (A.56)

∂dIIBor

∂cn
= − (2− αδ)δ

2β(2 + A2)
≤ 0, (A.57)

∂πM

∂cn
= −(2− αδ)(Bαδ − 2B + 2β)

2(A2 + 2)β
≤ 0, (A.58)

∂wB
n

∂cp
= − 2(2 + (1− β)A2)

β + 8 + 4(1− β)A2

≤ 0, (A.59)

∂pBtn
∂cp

=
2 + (1− β)A2

β + 8 + 4(1− β)A2

≥ 0, (A.60)

∂pBon
∂cp

= − β

β + 8 + 4(1− β)A2

≤ 0, (A.61)

∂pBor
∂cp

= − αβ(1 + δ − αδ)

β + 8 + 4(1− β)A2

≤ 0, (A.62)

∂djBtn
∂cp

= − 2 + β + (1− β)A2

(1− β)(β + 8 + 4(1− β)A2)
≤ 0, (A.63)

∂dIBon
∂cp

=
3 + (1− β)A2

(1− β)(β + 8 + 4(1− β)A2)
≥ 0, (A.64)

∂dIIBon

∂cp
=

3 + (1− β)(A2 − αδ)

(1− β)(β + 8 + 4(1− β)A2)
≥ 0, (A.65)

∂dIIBor

∂cp
=

δ

β + 8 + 4(1− β)A2

≥ 0, and (A.66)
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∂πM

∂cp
= − 2A3(2 + (1− β)A2)

(1− β)(β + 8 + 4(1− β)A2)
≤ 0. (A.67)

Based on the derivatives in Equations (A.38) to (A.67), a positive (negative)

derivative value suggests a positive (negative) relationship; a zero derivative suggests

that the two parameters are independent.

Proof of Theorem 2.3

Substituting the optimal wholesale price for Theorems 2.1 and 2.2 into the cor-

responding objective functions (Equations (2.16) and (2.21)), respectively, we can

obtain the manufacturer’s optimal profits when it adopts Strategy N (πN
M), Strategy

B (πB
M), and Strategy BA (πBA

M ), respectively.

Under the conditions that cp ≤ 1−β and cn ≤ min(cn2, cn5), where both the opti-

mal pricing strategies in Theorems 2.1 and 2.2 can be adopted by the manufacturer,

πN
M − πB

M ≥ 0 when cn ≤ cn3. π
N
M − πBA

M ≥ 0 when cn ≤ cn4.

Moreover, when h ≥ αβ
√
4+2A2

2αδ+2A2
, then cn3 ≥ cn1. This implies that when h ≥

αβ
√
4+2A2

2αδ+2A2
, Strategy B never becomes the optimal pricing and production strategy for

the manufacturer, as Strategy B is only adopted when cn ≤ cn1.

Proof of Theorem 2.4

Substituting the optimal selling prices in Theorems 2.1 and 2.2 into the relevant

objective functions (Equation (2.13) and (2.19)), respectively, we can obtain the re-

tailer’s optimal profits when the manufacturer adopts Strategy N (πN
R ), Strategy B

(πB
R), and Strategy BA (πBA

R ), respectively.

Under the conditions that cp ≤ 1−β and cn ≤ min(cn2, cn5), where both the opti-

mal pricing strategies in Theorems 2.1 and 2.2 can be adopted by the manufacturer,

we compare πN
R to πB

R and πN
R to πBA

R under the conditions cn ≤ cn1 and cn ≥ cn1,

respectively. The results in Theorem 2.4 can be derived.

Threshold values for cn
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Table A.1: Threshold values for cn

cn1
(1−α)β δ
1+δ (1−α)

(︃
1− A3

√
2+A2√

2(β+8)((1−β)A2+β/4+2)

)︃
− hδ

cn2
β(3−δ (1−β)α2)A3 (2+A2 )

2((1−β)A2+β/4+2)(2−2α δ−A2 )(1−β)
− 2(1−α δ)β

2−2α δ−A2
− hδ

cn3

√
2(1−α)((2−α)hδ+2β α)hδ−(2−α)hδ

α

cn4

h(2−α δ)2+2 (1+δ (1−α))β α−

√︄
2(2−A2)

(︃
((α δ−2)h+β α)2+

2β2(1−α)α2(4−3α δ+2 δ)A2
3 δ

(β+8)(8−4A2 β+4A2+β)

)︃
α (4−3α δ+2 δ)

cn5
(2+6cp−β2−β)β

(1−β)(β+8)

cn6
15 ((1−β)A2 (β+ 16

5 )+2/5β2+4β+ 32
5 )A3

2α (1−α)2β2(A2+2)δ

4 (−4+α3δ2+(−δ2−2 δ)α2+(2 δ+2)α)(cmt−ct ) (β+8)2((1−β)A2+β/4+2)2q
+ δ(1− q)(cmt − cm)

(A2 (cp−3β+3)+2 cp+3β+6)β (1−α)
(−4+α3δ2+(−δ2−2 δ)α2+(2 δ+2)α)((1−β)A2+β/4+2)

− δcmt



Appendix B. Proof for Chapter 3

Proof of Lemma 3.1

The Hessian matrix (H) of Equation (3.8) is always negative semi-definite since

0 ≤ α ≤ 1 and β ≥ 0, then the objective function (3.8) is concave (See Eiselt et al.

(1987) and, Boyd and Vandenberghe (2004)).

H =

⎡⎢⎢⎢⎢⎣
−2 0 0

0 − 2β
1−α

2β
1−α

0 2β
1−α

− 2β
α (1−α)

⎤⎥⎥⎥⎥⎦ (B.1)

Proof of Theorem 3.1

Since the objective function in (3.8) is concave and all the constraints in (3.9)

and (3.10) are linear, the two period model can be solved by the Karush-Kuhn-Tucker

conditions, which are listed below.

∂Π

∂pIn
+ u1θλnw

∂dIn
∂pIn

= 0 (B.2)

∂Π

∂pIIn
− u1(λrw + 1)

∂dIIr
∂pIIn

= 0 (B.3)

∂Π

∂pIIr
− u1(λrw + 1)

∂dIIr
∂pIIr

= 0 (B.4)

u1

(︁
θλnwd

I
n − (λnw + 1)dIIr

)︁
= 0 (B.5)

θλnwd
I
n − (λnw + 1)dIIr ≥ 0 (B.6)

pIn, p
II
n , pIIr , u1, u2 ≥ 0 (B.7)

Based on the formulation of the demand functions in (4) and (5), the conditions

above can be divided into three cases.

Case 1: Only producing new products in the second period (i.e., dIIn = β(1−pIIn +

143
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δn
√
w) and dIIr = 0). The optimal prices for the new product in the two periods can

be obtained by solving the conditions in (B.2) to (B.7).

pIn =
1 + δn

√
w + Cn

2
(B.8)

pIIn =
1 + δn

√
w + Cn

2
(B.9)

Based on the demand functions in (1) and (4), the optimal demands in this case

are:

dIn =
1 + δn

√
w − Cn

2
(B.10)

dIIn =
β(1 + δn

√
w − Cn)

2
(B.11)

Case 2: Only producing remanufactured products in the second period (i.e., dIIn =

0 and dIIr = β(1 − pIIr −δr
√
w

α
)). The optimal prices for the new product in the two

periods can be obtained by solving equations (B.2) to (B.7).

when u1 = 0 (Cr ≥ 1 + δn
√
w − (1+δn

√
w−Cn)θλnwα

β(λrw+1)
), then

pIIn =
1 + δn

√
w + Cn

2
(B.12)

pIIr =
α + δr

√
w + Cr

2
(B.13)

when u1 > 0 (Cr < 1 + δn
√
w − (1+δn

√
w−Cn)θλnwα

β(λrw+1)
), then

pIIn =
1 + δn

√
w + Cn

2
+

αλn
2w2θ2(1 + δn

√
w − Cn)− θλnw(λrw + 1)β(α+ δr

√
w − Cr)

2(λrw + 1)2β + 2αλn
2w2θ2

(B.14)

pIIr =
α+ δr

√
w + Cr

2
+

(λrw + 1)2β(α+ δr
√
w − Cr)− θλnw(λrw + 1)α(1 + δn

√
w − Cn)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

(B.15)

Based on the demand functions in (1) and (4), the optimal demands in this case

are:
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when u1 = 0 (Cr ≥ 1 + δn
√
w − (1+δn

√
w−Cn)θλnwα

β(λrw+1)
), then

dIIn =
1 + δn

√
w − Cn

2
(B.16)

dIIr =
β(α + δr

√
w − Cr)

2α
(B.17)

when u1 > 0 (Cr < 1 + δn
√
w − (1+δn

√
w−Cn)θλnwα

β(λrw+1)
), then

dIIn =
1 + δn

√
w − Cn

2
− αλn

2w2θ2(1 + δn
√
w − Cn)− θλnw(λrw + 1)β(α+ δr

√
w − Cr)

2(λrw + 1)2β + 2αλn
2w2θ2

(B.18)

dIIr =
λnwθβ((λrw + 1)(1 + δn

√
w − Cn) + λnwθ(α+ δr

√
w − Cr)

2(λrw + 1)2β + 2αλn
2w2θ2

(B.19)

Case 3: Producing both new and remanufactured products in the second period

(i.e., dIIn = β(1 − pII
n −pII

r −δn
√
w+δr

√
w

1−α
) and dIIr = β(

(pII
n −δn

√
w)α−pII

r +δr
√
w

(1−α)α
)). The opti-

mal prices for the new product in the two periods can be obtained by solving equations

(B.2) to (B.7).

When u1 = 0 (Cr ≥ 1 + δn
√
w − (1+δn

√
w−Cn)α(β(λrw+1)+(1−α)θλnw)

β(λrw+1)
), then

pIn =
1 + δn

√
w + Cn

2
(B.20)

pIIn =
1 + δn

√
w + Cn

2
(B.21)

pIIr =
α + δr

√
w + Cr

2
(B.22)

When u1 > 0 (Cr < 1 + δn
√
w − (1+δn

√
w−Cn)α(β(λrw+1)+(1−α)θλnw)

β(λrw+1)
), then

pIn =
1 + δn

√
w + Cn

2
+

αλnwθ(1 + δn
√
w − Cn)((1− α)θλnw

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

+
(λrw + 1)β)− θλnw(λrw + 1)β(α + δr

√
w − Cr)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

(B.23)
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pIIn =
1 + δn

√
w + Cn

2
(B.24)

pIIr =
α + δr

√
w + Cr

2
− α(λrw + 1)(1 + δn

√
w − Cn)((1− α)θλnw + (λrw + 1)β)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

+
(λrw + 1)2β(α + δr

√
w − Cr)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

(B.25)

Based on the demand functions in (1) and (4), the optimal demands in this case

are:

When u1 = 0 (Cr ≥ 1 + δn
√
w − (1+δn

√
w−Cn)α(β(λrw+1)+(1−α)θλnw)

β(λrw+1)
), then

dIn =
1 + δn

√
w − Cn

2
(B.26)

dIIn =
β(1 + δn

√
w − Cn − (α + δr

√
w − Cr))

2(1− α)
(B.27)

dIIr =
β(δr

√
w − Cr − α(δn

√
w − Cn))

2
(B.28)

When u1 > 0 (Cr < 1 + δn
√
w − (1+δn

√
w−Cn)α(β(λrw+1)+(1−α)θλnw)

β(λrw+1)
), then

dIn =
1 + δn

√
w − Cn

2
− αλnwθ(1 + δn

√
w − Cn)((1− α)θλnw + (λrw + 1)β)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

+
θλnw(λrw + 1)β(α + δr

√
w − Cr)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

(B.29)

dIIn =
(1 + δn

√
w − Cn)β(αθλnw(θλnw − (λrw + 1)) + (λrw + 1)2β)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

− −αβλn
2w2θ2(α + δr

√
w − Cr)

2(λrw + 1)2β + 2α(1− α)λn
2w2θ2

(B.30)

dIIr =
λnwθβ((λrw + 1)(1 + δn

√
w − Cn) + λnwθ(α + δr

√
w − Cr))

2(λrw + 1)2β + 2αλn
2w2θ2

(B.31)

Based on the solutions listed above (B.12 to B.31) and the profit function in (8),

the optimal profit for each case can be derived. By comparing the profit in the range

Cr ≥ Cr1, max(Cr2, Cr3) ≤ Cr ≤ Cr1, Cr2 ≤ Cr ≤ Cr4, Cr3 ≤ Cr ≤ Cr5, and

Cr ≤ min(Cr4, Cr5), the results in Theorem 3.2 are obtained.
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Proof of Lemma 3.2

With Table 2, the manufacturer produces new products in both periods only for

Strategy N, B in Region II and III. In Strategy N, B in Region II, the formulation for

the prices in the first and the second period are the same. For Strategy B in Region

III:

pIIn − pIn = −αλnwθA3((1− α)θλnw +Nrβ)− θλnwNrβA4

2N2
r β + 2α(1− α)λn

2w2θ2

= −λnwθ(A3α((1− α)θλnw +Nrβ)−NrβA4)

2N2
r β + 2α(1− α)λn

2w2θ2
(B.32)

For Strategy Strategy B in Region III, since Cr4 < Cr < Cr2 and b > θλnwα
Nr

, then

A3α((1− α)θλnw +Nrβ)−NrβA4 ≤ 0. Thus, pIIn ≥ pIn.

Moreover, the price for the new products in the second period remains constant

and equal to Cn+1+δn
√
w

2
for Strategy N, B in Region II and III. Therefore, it only

depends on the total unit cost, the customer’s sensitivity to the warranty length and

the warranty length for the new product. Thus, it is independent of any factors

related to the remanufactured products.

Proof of Lemma 3.3

Based on Theorem 3.4, among all five strategies, Strategy N is the only strategy

requiring the manufacturer to not produce the remanufactured product in the second

period. Therefore, when Cr ≤ δr
√
w−(δn

√
w−Cn)α, the manufacturer should engage

remanufacturing. By rearranging the condition above (using Cn = cn + cnλnw and

Cr = cr + crλrw), we obtain:

(λrcr − λncnα)w − (δr − δnα)
√
w + cr − cnα ≤ 0 (B.33)

By solving the inequality in (B.33), the result in Lemma 3.3 is obtained.

Proof of Lemma 3.4

To establish how the optimal decision variables behave with respect to changes in

δn and δr, the first order derivatives of the optimal prices and demands with respect
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δn and δr are obtained.

For Strategy N (region I):

∂pIn
∂δn

=
∂pIIn
∂δn

=
∂dIn
∂δn

=
∂dIIn
∂δn

= 0.5
√
w ≥ 0 (B.34)

∂pIn
∂δr

=
∂pIIn
∂δr

=
∂dIn
∂δr

=
∂dIIn
∂δr

= 0 (B.35)

For Strategy B (region II):

∂pIn
∂δn

=
∂pIIn
∂δn

=
∂dIn
∂δn

=
∂pIIr
∂δr

=
√
w ≥ 0 (B.36)

∂dIIn
∂δn

=
β
√
w

2(1− α)
≥ 0 (B.37)

∂dIIr
∂δn

=
∂dIIn
∂δr

= − β
√
w

2(1− α)
≤ 0 (B.38)

∂dIIr
∂δr

=
β
√
w

2α(1− α)
≥ 0 (B.39)

∂pIIr
∂δn

=
∂pIn
∂δr

=
∂pIIn
∂δr

= 0 (B.40)

For Strategy B (region III):

∂pIn
∂δn

=

√
w

2
+

αθλn(Nrβ + θλn(1− α))w1.5

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.41)

∂pIIn
∂δn

= 0.5
√
w ≥ 0 (B.42)

∂pIIr
∂δn

= −αNr

√
w(Nrβ + θλnw(1− α))

2N2
r β + 2α(1− α)λ2

nw
2θ2

≤ 0 (B.43)

∂pIn
∂δr

= − θλnNrβw
1.5

2N2
r β + 2α(1− α)λ2

nw
2θ2

≤ 0 (B.44)

∂pIIn
∂δr

= 0 (B.45)

∂pIIr
∂δr

=

√
w

2
+

βN2
r

√
w

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.46)
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∂dIn
∂δn

=
Nrβ

√
w(Nr − αθλnw)

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.47)

∂dIIn
∂δn

=
(αλ2

nw
2θ2 −Nrαwθλn +N2

r β)β
√
w

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.48)

∂dIIr
∂δn

=
θβλnw

1.5(Nr − αθλnw)

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.49)

∂dIn
∂δr

=
Nrβθλnw

1.5

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.50)

∂dIIn
∂δr

= − αβλ2
nθ

2w2.5

2N2
r β + 2α(1− α)λ2

nw
2θ2

≤ 0 (B.51)

∂dIIr
∂δr

=
θ2βλ2

nw
2.5

2N2
r β + 2α(1− α)λ2

nw
2θ2

≥ 0 (B.52)

For Strategy R (region IV):

∂pIn
∂δn

=
∂dIn
∂δn

=
∂pIIr
∂δr

=
√
w ≥ 0 (B.53)

∂pIIr
∂δn

=
∂dIIr
∂δn

=
∂pIn
∂δr

=
∂dIn
∂δr

= 0 (B.54)

∂dIIr
∂δr

=
β
√
w

2α
≥ 0 (B.55)

For Strategy R (region V):

∂pIn
∂δn

=

√
w(N2

r β + 2αλ2
nw

2θ2)

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.56)

∂pIIr
∂δn

= − θαλnNrw
1.5

2N2
r β + 2αλ2

nw
2θ2

≤ 0 (B.57)

∂pIn
∂δr

= − θλnNrβw
1.5

2N2
r β + 2αλ2

nw
2θ2

≤ 0 (B.58)

∂pIIr
∂δr

=

√
w(2N2

r β + αλ2
nw

2θ2)

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.59)

∂dIn
∂δn

=
N2

r β
√
w

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.60)

∂dIIr
∂δn

=
βθNrλnw

1.5

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.61)

∂dIn
∂δr

=
θβNrλnw

1.5

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.62)

∂dIIr
∂δr

=
βθ2λ2

nw
2.5

2N2
r β + 2αλ2

nw
2θ2

≥ 0 (B.63)
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Based on the values in Equations (B.34) to (B.63), if a value is higher than 0, it

shows a positive relationship; if a value is lower than 0, it shows a negative relation-

ship; if a value equals zero, then the two parameters are independent.



Appendix C. Proof for Chapter 4

Proof of Lemma 4.1

Since d2ΠIIM
m

d(pMrm)2
= −2dIIr ≤ 0, the objective function is concave. The constraint

(DIM
nmλnw ≥ dIIr +DIIM

rm λrw) is linear and then the optimal solution of the model can

be derived by solving the following Karush-Kuhn-Tucker (KKT) conditions.

dΠIIM
m

d(pMrm)
+ u1

d(DIM
nmλnw − dIIr −DIIM

rm λrw)

dpMrm
= 0, (C.1)

u1

(︁
DIM

nmλnw − dIIr −DIIM
rm λrw

)︁
= 0, (C.2)

DIM
nmλnw − dIIr −DIIM

rm λrw ≥ 0, and (C.3)

pMrm, u1 ≥ 0. (C.4)

The Equations (C.1) to (C.4) can be solved in two cases based on the value of u1.

Case 1: u1 = 0. The optimal price for the remanufactured product’s EW can be

obtained by solving dΠIIM
m

d(pMrm)
= 0, which gives pM∗

rm = 1+crλrw+δr
√
w

2
. The condition of

this solution is derived by checking Equation (C.3), then we obtain pMnm ≤ 1+δn
√
w−

(δrλrw1.5−λ2
rw

2cr+λrw+2)dIIr
2dInλnw

.

Substituting the value of pM∗
rm into the demand function DIIM

rm = dIIr (1 − pMrm +

δr
√
w), we have DIIM∗

rm = dIIr (1−crλrw+δr
√
w)

2
.

Case 2: u1 ̸= 0. The optimal price for the remanufactured product’s EW can be

obtained by solving Equations (C.1) and (C.2), which gives pM∗
rm = δrλrw1.5+λrw+1

λrw
−

(1−pMnm+δn
√
w)λndIn

dIIr λr
. u1 ≥ 0 requires pMnm ≥ 1 + δn

√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
.

Substituting the value of pM∗
rm into the demand function DIIM

rm = dIIr (1 − pMrm +

δr
√
w), which gives DIIM∗

rm = (1−pMnm+δn
√
w)λndInw−dIIr

λrw
.

With the optimal results in two cases, we obtain Lemma 4.1.
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Proof of Lemma 4.2

When pMnm ≤ 1 + δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
, the optimal price for the

remanufactured product’s EW is pM∗
rm = 1+crλrw+δr

√
w

2
. Since dpM∗

rm

dw
= crλr

2
+ δr

4
√
w
≥ 0,

pM∗
rm increases as the warranty length (w) increases.

Moreover, since d2DIIM∗
rm

dw2 = − dIIr δr
8w1.5 ≤ 0, the DIIM∗

rm can achieve its maximal value

and the optimal value of w is w = ( δr
2λrcr

)2 by solving dDIIM∗
rm

dw
= − dIIr δr

8w1.5 ≤ 0.

Proof of Theorem 4.1

With Lemma 4.1, we have two optimal pM∗
rm under different conditions. Therefore,

the problem can be split into two cases.

Case 1: pMnm ≤ 1 + δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
. We substitute the value of

pM∗
rm into the objective function and obtain d2ΠM

m

d(pMnm)2
= −2(dIn+dIIn ) ≤ 0. The objective

is concave and since the condition for pMnm is linear, the problem can be derived by

solving the following Karush-Kuhn-Tucker (KKT) conditions.

dΠM
m

d(pMnm)
+ u1

d(1 + δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
− pMnm)

dpMnm
= 0, (C.5)

u1

(︃
1 + δn

√
w − (δrλrw

1.5 − λ2
rw

2cr + λrw + 2)dIIr
2dInλnw

− pMnm

)︃
= 0, (C.6)

1 + δn
√
w − (δrλrw

1.5 − λ2
rw

2cr + λrw + 2)dIIr
2dInλnw

− pMnm ≥ 0, and (C.7)

pMnm, u1 ≥ 0. (C.8)

When u1 = 0, the optimal price for the new product’s EW is found by solving
dΠM

m

d(pMnm)
= 0, which gives pM∗

nm = 1+δn
√
w+cnλnw
2

. Equation (C.7) requires cn ≤ cn1.

Substituting the value of pM∗
nm into the demand functions (DIM

nm and DIIM
nm ), then

DkM∗
nm = dkn(1+δn

√
w−cnλnw)
2

, where k = I, II. Under the condition cn ≤ cn1, the optimal

demands (DIM
nm and DIIM

nm ) are always non-negative.

When u1 ̸= 0, the optimal price for the new product’s EW is found by solving

(C.5) and (C.6). Then, we have pM∗
nm = 1 + δn

√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
. u1 ≥ 0
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requires cn > cn1.

Case 2: pMnm > 1+ δn
√
w− (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
. Substituting the value of pM∗

rm

in Lemma 4.1 into the objective function. d2ΠM
m

d(pMnm)2
= −2(dIn+dIIn )− 2dI2n λ2

n

λ2
rd

II
r

≤ 0 implies

that the objective is concave. Since the condition for pMnm is linear, the problem can

be derived by solving the following Karush-Kuhn-Tucker (KKT) conditions.

dΠM
m

d(pMnm)
+ u1

d(pMnm − (1 + δn
√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
))

dpMnm
= 0, (C.9)

u1

(︃
pMnm − (1 + δn

√
w − (δrλrw

1.5 − λ2
rw

2cr + λrw + 2)dIIr
2dInλnw

)

)︃
= 0, (C.10)

pMnm − (1 + δn
√
w − (δrλrw

1.5 − λ2
rw

2cr + λrw + 2)dIIr
2dInλnw

) ≥ 0, and (C.11)

pMnm, u1 ≥ 0. (C.12)

When u1 = 0, the optimal price for the new product’s EW is solution of dΠM
m

d(pMnm)
= 0,

which gives pM∗
nm = δn

√
w − 0.5A2 + 1 + (A2dInλnw−dIIr (A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )w

. Equation (C.7)

requires cn ≥ cn1.

Substituting the value of pM∗
nm in this case into the demand function DkM

nm yields

the optimal demand DkM∗
nm = (A2D1w+dIIr dInλn(A1λrw+2))dkn

2(D1+λ2
nd

I2
n )w

, where k = I, II.

Substituting the value of pM∗
nm into Lemma 4.1, then pM∗

rm = δrλrw1.5+λrw+1
λrw

−
(A2D1w/dIIr +dInλn(A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )wλr

and DIIM∗
rm = (A2D1w+dIIr dInλn(A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )wλr

− dIIr
λrw

.

To ensure that the all demands are non-negative, it requires cn ≤ cn2.

When u1 ̸= 0, the optimal price for the new product’s EW is solution of (C.9) and

(C.10). Then we have pM∗
nm = 1 + δn

√
w − (δrλrw1.5−λ2

rw
2cr+λrw+2)dIIr

2dInλnw
. u1 ≥ 0 requires

cn < cn1.

By combining the optimal results in two cases, we obtain Theorem 4.1.

Proof of Lemma 4.3

dcn1

dw
= dIIr (w1.5δrλr+2λrw+8

2dInλ
2
nw

2 − 2+δn
√
w

2w2λn
. Therefore, when dIn

dIIr
≥ w3/2δrλr+2λrw+8)

λnw(δn
√
w+2)

, then

dcn1

dw
≤ 0, suggesting that there is a negative relationship between the warranty length

(w) and the threshold cn1.



154

Proof of Lemma 4.4

Since d2ΠIIB
m

d(pBrm)2
= −2dIIr ≤ 0, the objective function is concave. The constraint

((DIB
nm+DIB

nr )λnw ≥ dIIr +DIIB
rm λrw) is linear and then the optimal result of the model

can be derived by solving the following Karush-Kuhn-Tucker (KKT) conditions.

dΠIIB
m

d(pBrm)
+ u1

d((DIB
nm +DIB

nr )λnw − dIIr −DIIB
rm λrw)

dpBrm
= 0, (C.13)

u1

(︁
(DIB

nm +DIB
nr )λnw − dIIr −DIIB

rm λrw
)︁
= 0, (C.14)

(DIB
nm +DIB

nr )λnw − dIIr −DIIB
rm λrw ≥ 0, and (C.15)

pBrm, u1 ≥ 0. (C.16)

Equations (C.13) to (C.16) can be solved in two cases based on the value of u1.

Case 1: u1 = 0. The optimal price for the remanufactured product’s EW can be

obtained by solving dΠIIB
m

d(pBrm)
= 0, which gives pB∗

rm = 1+δr
√
w+λrwcr
2

. Equation (C.15)

requires pBnt ≤ β + δn
√
w − βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
.

Substituting the value of pB∗
rm into the demand function DIIB

rm , the optimal demand

is this case is DIIB∗
rm = dIIr (1+δr

√
w−λrwcr)
2

.

Case 2: u1 ̸= 0. The optimal price for the remanufactured product’s EW is found

by solving (C.13) and (C.14). Then we have pB∗
rm = 1+δr

√
w+ 1

λrw
+

dInλn(pBnt−λn
√
w−β)

βdIIr λr
.

u1 ≥ 0 requires pMnt > β + δn
√
w − βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
.

Substituting the value of pB∗
rm into the demand function DIIB

rm yields the optimal

demand DIIB∗
rm =

δndInλnw1.5−wdIn(p
B
nt−β)λn−βdIIr

λrβw
.

With the optimal results in two cases, we obtain Lemma 4.4.

Proof of Lemma 4.5

Since
d2ΠIIB

t

d(pBnt)
2 = −2(dIn+dIIn )

β(1−β
) ≤ 0, the objective function is concave. The optimal

value of pBnt can be obtained by solving
dΠIIB

t

d(pBnt)
= 0. Therefore, pB∗

nt = ccλnw+βpBnm+(1−β)δn
√
w

2
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and DkB∗
nt = dkn(βp

B
nm−ccλnw+(1−β)δn

√
w)

2(1−β)β
(k = I, II).

Proof of Theorem 4.2

With Lemma 4.4, we have two optimal results for the value of pB∗
rm under the different

conditions. Therefore, we discuss two cases.

Case 1: pB∗
rm = 1+δr

√
w+λrwcr
2

. The optimal result is obtained when pBnt ≤ β+δn
√
w−

βdIIr (δrλrw1.5−crλ2
rw

2+wλr+2)
2dInλnw

. With Lemma 4.4 we have pB∗
nt = ccλnw+βpBnm+(1−β)δn

√
w

2
. The

condition for Case 1 can be rewritten as

pBnm ≤ ((β − 1)δnd
I
nλn − δrd

II
r λrβ)w

1.5 + ((crλ
2
rw

2 − λrw − 2)dIIr + 2dInλnw)β − ccλ
2
nw

2dIn
βdInλnw

.

(C.17)

We substitute the value of pB∗
rm and pB∗

nt into the objective function and obtain
d2ΠB

m

d(pBnm)2
= (2−β)(dIn+dIIn ))

β−1
≤ 0. The objective is concave and since the condition for pBnm

is linear, the problem can be derived by solving the following Karush-Kuhn-Tucker

(KKT) conditions.

dΠB
m

d(pBnm)
− u1 = 0, (C.18)

u1

(︃
2− pBnm − ccλnw

β
+

((β − 1)δnd
I
nλn − δrd

II
r λrβ)w

1.5 + (crλ
2
rw

2 − λrw − 2)dIIr β

βdInλnw

)︃
= 0,

(C.19)

2− pBnm − ccλnw

β
+

((β − 1)δnd
I
nλn − δrd

II
r λrβ)w

1.5 + (crλ
2
rw

2 − λrw − 2)dIIr β

βdInλnw
≥ 0, and

(C.20)

pBnm, u1 ≥ 0. (C.21)

When u1 = 0, the optimal price for the new product’s EW is solution of dΠB
m

d(pBnm)
= 0,

which gives pB∗
nm = λnw(βcn−2cc−cn)−(δn

√
w+2)(1−β)

2(β−2)
. Equation (C.20) requires cc ≤ cc1.

Substituting the value of pB∗
nm in this case into the demand function DkB

nm yields
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the optimal demand DkB∗
nm = dkn(

2+δn
√
w−wcnλn

4
), where k = I, II. Non-negativity of

DIB∗
nm and DIIB∗

nm requires cn ≤ cn3.

When u1 ̸= 0, the optimal price for the new product’s EW is a solution of (C.18)

and (C.19). Then we have pB∗
nm = ((β−1)δndInλn−δrdIIr λrβ)w1.5+((crλ2

rw
2−λrw−2)dIIr +2dInλnw)β

βdInλnw
−

ccλ2
nw

2dIn
βdInλnw

. u1 ≥ 0 requires cc > cc1.

Case 2: pB∗
rm = 1+ δr

√
w+ 1

λrw
+

dInλn(pBnt−λn
√
w−β)

βdIIr λr
. The optimal result is obtained

when pBnt ≥ β + δn
√
w − βdIIr (δrλrw1.5−crλ2

rw
2+wλr+2)

2dInλnw
. Following Lemma 4.4, we have

pB∗
nt = ccλnw+βpBnm+(1−β)δn

√
w

2
. The condition for Case 2 can be rewritten as

pBnm ≥ ((β − 1)δnd
I
nλn − δrd

II
r λrβ)w

1.5 + ((crλ
2
rw

2 − λrw − 2)dIIr + 2dInλnw)β − ccλ
2
nw

2dIn
βdInλnw

(C.22)

We substitute the value of pB∗
rm and pB∗

nt into the objective function and obtain
d2ΠB

m

d(pBnm)2
= (β−2)(dIn+dIIn )

1−β
− dI2n λ2

n

2dIIr λ2
r
≤ 0. The objective is concave and since the condition

for pBnm is linear, the problem can be derived by solving the following Karush-Kuhn-

Tucker (KKT) conditions.

dΠB
m

d(pBnm)
+ u1 = 0, (C.23)

u1

(︃
pBnm +

ccλnw

β
− 2− ((β − 1)δnd

I
nλn − δrd

II
r λrβ)w

1.5 + (crλ
2
rw

2 − λrw − 2)dIIr β

βdInλnw

)︃
= 0,

(C.24)

pBnm +
ccλnw

β
− 2− ((β − 1)δnd

I
nλn − δrd

II
r λrβ)w

1.5 + (crλ
2
rw

2 − λrw − 2)dIIr β

βdInλnw
≥ 0, and

(C.25)

pBnm, u1 ≥ 0. (C.26)

When u1 = 0, the optimal price for the new product’s EW is the solution of
dΠB

m

d(pBnm)
= 0, which gives pB∗

nm = (1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3

wβ(dI2n λ2
n(1−β)+2D1(2−β))

− ccλnw
β

.

Equation (C.25) requires cc ≥ cc1.

Substituting the value of pB∗
nm in this case into the demand function DkB

nm yields
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DkB∗
nm = dkn(1+

δn
√
w

2
+ ccλnw

β(1−β)
− (2−β)((1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3)

2βw(1−β)(dI2n λ2
n(1−β)+2D1(2−β))

), where

k = I, II.

Substituting the value of pB∗
nm into Lemma 4.1, the optimal price and demand for

the remanufactured product’s EW are pB∗
rm = δrλrw1.5+λrw+1

λrw
− (A2D1w/dIIr +dInλn(A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )wλr

and DIIB∗
rm = (A2D1w+dIIr dInλn(A1λrw+2))dInλn

2(D1+λ2
nd

I2
n )wλr

− dIIr
λrw

. Under the condition cc ≥ cc1, this

demand is always positive.

When u1 ̸= 0, the optimal price for the new product’s EW is solution of (C.23) and

(C.24). Then we have pB∗
nm = ((β−1)δndInλn−δrdIIr λrβ)w1.5

βdInλnw
+ ((crλ2

rw
2−λrw−2)dIIr +2dInλnw)β−ccλ2

nw
2dIn

βdInλnw
.

u1 ≥ 0 requires cc < cc1.

By combining the optimal results in two cases, we obtain the optimal pricing

strategies for the manufacturer’s EW of the new product in Theorem 4.2. With

Lemmas 4.4 and 4.5, we obtain the other optimal prices and demands in Theorem

4.2.

Proof of Lemma 4.6

The impacts of increasing cc on the optimal prices and demands depend on the

first derivatives with respect to cc. A positive (negative) derivative suggests a positive

(negative) relationship. A value of zero implies that the optimal price (demand) does

not depend on the unit trade-in cost.

Table C.2: The values for the first derivatives of the optimal prices and demands with
respect to cc.

cc ≤ min(cc1, cc2) cc1 < cc ≤ min(cc3, cc4)

pB∗
nm

wλn

2−β
wλn(2λ2

rβd
II
r (dIn+dIIn )+dI2n λ2

n(β−1))
β(2λ2

r(2−β)(dIn+dIIn )dIIr +dI2n λ2
n(1−β))

pB∗
nt

wλn

2−β
2wλn(dIn+dIIn )λ2

rd
II
r

2dIIr (2−β)(dIn+dIIn )λ2
r+dI2n λ2

n(1−β)

pB∗
rm 0 2wλ2

nd
I
nλr(dIn+dIIn )

β(2dIIr (2−β)(dIn+dIIn )λ2
r+dI2n λ2

n(1−β))

DkB∗
nm 0 wλ3

nd
I3
n

β(2dIIr (2−β)(dIn+dIIn )λ2
r+dI2n λ2

n(1−β))

DkB∗
nt − dInλnw

β(2−β)
− 2λ2

rd
II
r dInwλn(dIn+dIIn )+wλ3

nd
I3
n

β(2dIIr (2−β)(dIn+dIIn )λ2
r+dI2n λ2

n(1−β))

DIIB∗
rm 0 − 2λrdIIr dInwλ2

n(d
I
n+dIIn )

β(2dIIr (2−β)(dIn+dIIn )λ2
r+dI2n λ2

n(1−β))
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where k = I, II.

Proof of Theorems 4.3 and 4.4

The results in Theorems 4.3 and 4.4 are obtained by comparing the results in

Theorems 4.1 and 4.2 under the conditions of sufficiently and insufficient returns

respectively. Under the condition that cc ≤ min(cc1, cc2) and cn ≤ cn1, when cc ≤ cc5

or cc ≥ cc6, then ΠM∗ ≥ ΠB∗ and when cc5 ≤ cc ≤ cc6, then ΠM∗ ≤ ΠB∗. Under the

condition that cc1 < cc ≤ min(cc3, cc4) and cn1 ≤ cn ≤ cn2, when cc ≤ cc7 or cc ≥ cc8,

then ΠM∗ ≥ ΠB∗, and when cc7 < cc < cc8, then ΠM∗ < ΠB∗.

Moreover, for the case with sufficient returns, the optimal profit can be obtained

by solving dΠ
dcc

= 0. We have dΠM

dcc
= 0 and dΠB

dcc
equals to 0 if cc = wcnλn+β+δn

√
w

2λnw
.

Moreover, since d2ΠB

dc2c
≤ 0 and cc5 ≤ wcnλn+β+δn

√
w

2λnw
≤ cc6, the optimal profit for the

manufacturer with sufficient returns achieves at cc =
wcnλn+β+δn

√
w

2λnw
.

For the case with insufficient returns, the optimal profit can be obtained by solv-

ing dΠ
dcc

= 0. We have dΠM

dcc
= 0 and dΠB

dcc
= 0 if cc = cc9. Moreover, since d2ΠB

dc2c
≤ 0

and cc7 ≤ cc9 ≤ cc8, the optimal profit for the manufacturer with sufficient returns

reaches at cc = cc9.

Proof of Lemma 4.7

The result in Lemma 4.7 is obtained by comparing the optimal prices for the new

product’s EW from the manufacturer in Theorems 4.1 and 4.2 under the condi-

tion that cc ≤ min(cc1, cc2) and cn ≤ cn1. we can find that pM∗
nm − pB∗

nm ≥ 0 if

w ≤
(︃

δn+
√

8β(cc−0.5cn)λn+δ2n
2(2cc−cn)λn

)︃2

.
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Threshold values used in the Chapter 4

Table C.3: The values of the optimal prices and demands in Theorem 4.2

p1
λnw(βcn−2cc−cn)−(δn

√
w+2)(1−β)

2(β−2)

p2
δn(1−β)(4−β)

√
w+(wcnλn+2)β(1−β)+4ccλnw

4(2−β)

p3
1+δr

√
w+λrwcr
2

p4
(1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3

wβ(dI2n λ2
n(1−β)+2D1(2−β))

− ccλnw
β

p5
(1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3

2w(dI2n λ2
n(1−β)+2D1(2−β))

+ (1−β)δn
√
w

2

p6
λndIn((D1δn(β2−β−4)+dInβδrλn(β−1)λrdIIr )w1.5−A3)

2wβdIIr λr(dI2n λ2
n(1−β)+2D1(2−β))

+ 1+λrw+δrλrw1.5

λrw
− dInλn

dIIr λr

d1
2+δn

√
w−wcnλn

4

d2
δn

√
w(4−β)+cnλnwβ+2β−4ccλnw

4β(β−2)

d3
dIIr (1+δr

√
w−λrwcr)
2

d4 1 + δn
√
w

2
+ ccλnw

β(1−β)
− (2−β)((1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3)

2βw(1−β)(dI2n λ2
n(1−β)+2D1(2−β))

d5
δn

√
w

2β
− ccλnw

β(1−β)
+ (1−β)(D1βδn+(dInδn(β+1)λn−dIIr βδrλr)dInλn)w1.5−A3

2βw(1−β)(dI2n λ2
n(1−β)+2D1(2−β))

d6 dIIr (wλndIn−dIIr
λrwdIIr

− λndIn((D1δn(β2−β−4)+dInβδrλn(β−1)λrdIIr )w1.5−A3)
2wβdIIr λr(dI2n λ2

n(1−β)+2D1(2−β))
)

*A3 = (dInλn((crλ
2
rw

2 − λrw − 2)dIIr + 2dInλnw) +D1w(wcnλn + 2))β(β − 1)− 4ccλnD1w
2

and D1 = (dIn + dIIn )dIIr λ2
r



160

T
ab

le
C
.4
:
T
h
e
th
re
sh
ol
d
va
lu
es

of
c n
,
c r
,
an

d
c c
.

C
ri
ti
ca
l
va
lu
e

c n
1

δ n
w
+
√
w

λ
n
w

1
.5

−
λ
r
d
I
I

r
(δ

r
w
+
√
w
)

d
I n
λ
2 n
w

1
.5

+
d
I
I

r
(λ

2 r
w

2
c r
−
2
)

d
I n
λ
2 n
w

2

c n
2

w
1
.5
δ n

d
I n
λ
n
+
d
I n
λ
n
w
−
2
d
I
I

r

w
2
d
I n
λ
2 n

+
1
+
δ r
√
w
−
λ
r
w
c r
)d

I n

w
λ
r
(d

I n
+
d
I
I

n
)

c n
3

2
+
δ n

√
w

w
λ
n

c r
1

1
+
δ r
√
w

w
λ
r

c c
1

d
I
I

r
β
(β

−
2
)(
w

1
.5
δ r
λ
r
−
λ
2 r
c r
w

2
+
λ
r
w
+
2
)

2
λ
2 n
w

2
d
I n

+
(β

−
1
)β

c n
4

+
6
β
−
2
β
2
−
δ n

(β
2
−
β
−
4
)√

w
4
λ
n
w

c c
2

β
(2
+
w
c n

λ
n
)+

δ n
(4
−
β
)√

w
4
w
λ
n

c c
3

β
λ
2 r
d
I
I

r
((
c n

+
c r
)d

I n
+
c n

d
I
I

n
)

2
d
I
2

n
λ
2 n
+
4
λ
2 r
d
I
I

r
(d

I n
+
d
I
I

n
)
+

δ n
√
w
+
β

λ
n
w

−
d
I
I

r
β
(λ

r
w

1
.5
(δ

n
(d

I n
+
d
I
I

n
λ
r
+
λ
n
d
I n
δ r
))
+
2
w
(d

I n
+
d
I
I

n
)λ

2 r
+
λ
n
d
I n
(w

λ
r
+
2
))

2
λ
n
w

2
(λ

2 r
d
I
I

r
(d

I n
+
d
I
I

n
)+

d
I
2

n
λ
2 n
)

c c
4

(β
−
1
)β

c n
4

+
(β

−
1
)d

I n
β
c r

4
(d

I n
+
d
I
I

n
)
−

d
I n
β
(β

−
1
)(
1
+
δ r
√
2
)

4
w
λ
r
(d

I n
+
d
I
I

n
)

+
d
I n
δ n

λ
n
(4
+
β
−
β
2
)w

1
.5
−
2
β
(w

d
I n
λ
n
(β

−
3
)−

2
d
I
I

r
(β

−
2
))

4
λ
2 n
w

2
d
I n

c c
5

2
(c

n
w
λ
n
+
β
+
δ n

√
w
)−
√

2
w
(c

n
λ
n
√
w
−
δ n

)2
(1
−
β
)(
2
−
β
)

4
λ
n
w

2

c c
6

2
(c

n
w
λ
n
+
β
+
δ n

√
w
)+
√

2
w
(c

n
λ
n
√
w
−
δ n

)2
(1
−
β
)(
2
−
β
)

4
λ
n
w

2

c c
7

β
λ
2 r
((
c n

+
c r
)d

I n
+
c n

d
I
I

n
)d

I
I

r

λ
2 n
(β

+
1
)d

I
2

n
+
2
d
I
I

r
β
λ
2 r
(d

I n
+
d
I
I

n
)
+

β
2
w
λ
n
+

(δ
n
d
I
2

n
λ
2 n
(β

+
1
)−

λ
n
d
I n
d
I
I

r
β
δ r
λ
r
+
(d

I n
+
d
I
I

n
)β

δ n
d
I
I

r
λ
2 r
)w

1
.5
+
λ
n
β
d
I n
(d

I n
λ
n
w
−
(2
+
λ
r
w
)d

I
I

r
)

λ
n
w

2
(λ

2 n
(β

+
1
)d

I
2

n
+
β
d
I
I

r
λ
2 r
(d

I n
+
d
I
I

n
))

-√
(β

−
1
)(
(w

λ
n
d
I
2

n
+
d
I
I

r
(w

2
(c

n
(d

I n
+
d
I
I

n
)+

d
I n
c r
)λ

2 r
−
d
I n
(w

λ
r
+
2
)λ

n
−
(δ

n
(d

I n
+
d
I
I

n
)λ

r
+
λ
n
d
I n
δ r
)d

I
I

r
λ
r
w

1
.5
)2
β
2
(d

I
2

n
λ
2 n
(β

−
1
)+

2
λ
2 r
(β

−
2
)d

I
I

r
(d

I n
+
d
I
I

n
))

2
(λ

2 n
(1
+
β
)d

I
2

n
+
2
(d

I n
+
d
I
I

n
)β

d
I
I

r
λ
2 r
)w

2
λ
n

√
λ
2 r
(d

I n
+
d
I
I

n
)d

I
I

r
+
d
I
2

n
λ
2 n

c c
8

β
λ
2 r
((
c n

+
c r
)d

I n
+
c n

d
I
I

n
)d

I
I

r

λ
2 n
(β

+
1
)d

I
2

n
+
2
d
I
I

r
β
λ
2 r
(d

I n
+
d
I
I

n
)
+

β
2
w
λ
n
+

(δ
n
d
I
2

n
λ
2 n
(β

+
1
)−

λ
n
d
I n
d
I
I

r
β
δ r
λ
r
+
(d

I n
+
d
I
I

n
)β

δ n
d
I
I

r
λ
2 r
)w

1
.5
+
λ
n
β
d
I n
(d

I n
λ
n
w
−
(2
+
λ
r
w
)d

I
I

r
)

λ
n
w

2
(λ

2 n
(β

+
1
)d

I
2

n
+
β
d
I
I

r
λ
2 r
(d

I n
+
d
I
I

n
))

+

√
(β

−
1
)(
(w

λ
n
d
I
2

n
+
d
I
I

r
(w

2
(c

n
(d

I n
+
d
I
I

n
)+

d
I n
c r
)λ

2 r
−
d
I n
(w

λ
r
+
2
)λ

n
−
(δ

n
(d

I n
+
d
I
I

n
)λ

r
+
λ
n
d
I n
δ r
)d

I
I

r
λ
r
w

1
.5
)2
β
2
(d

I
2

n
λ
2 n
(β

−
1
)+

2
λ
2 r
(β

−
2
)d

I
I

r
(d

I n
+
d
I
I

n
))

2
(λ

2 n
(1
+
β
)d

I
2

n
+
2
(d

I n
+
d
I
I

n
)β

d
I
I

r
λ
2 r
)w

2
λ
n

√
λ
2 r
(d

I n
+
d
I
I

n
)d

I
I

r
+
d
I
2

n
λ
2 n

c c
9

β
λ
2 r
((
c n

+
c r
)d

I n
+
c n

d
I
I

n
)d

I
I

r

λ
2 n
(β

+
1
)d

I
2

n
+
2
d
I
I

r
β
λ
2 r
(d

I n
+
d
I
I

n
)
+

β
2
w
λ
n
+

(δ
n
d
I
2

n
λ
2 n
(β

+
1
)−

λ
n
d
I n
d
I
I

r
β
δ r
λ
r
+
(d

I n
+
d
I
I

n
)β

δ n
d
I
I

r
λ
2 r
)w

1
.5
+
λ
n
β
d
I n
(d

I n
λ
n
w
−
(2
+
λ
r
w
)d

I
I

r
)

λ
n
w

2
(λ

2 n
(β

+
1
)d

I
2

n
+
β
d
I
I

r
λ
2 r
(d

I n
+
d
I
I

n
))



References

Abbey, J. D., Blackburn, J. D., and Guide Jr, V. D. R. (2015a). Optimal pricing for
new and remanufactured products. Journal of Operations Management, 36:130–
146.

Abbey, J. D., Meloy, M. G., Blackburn, J., and Guide Jr, V. D. R. (2015b). Consumer
markets for remanufactured and refurbished products. California Management
Review, 57(4):26–42.

Abbey, J. D., Meloy, M. G., Guide Jr, V. D. R., and Atalay, S. (2015c). Remanufac-
tured products in closed-loop supply chains for consumer goods. Production and
Operations Management, 24(3):488–503.

Afsahi, M. and Shafiee, M. (2020). A stochastic simulation-optimization model
for base-warranty and extended-warranty decision-making of under-and out-of-
warranty products. Reliability Engineering & System Safety, 197:106772.

Agrawal, V. V., Ferguson, M., and Souza, G. C. (2016). Trade-in rebates for price
discrimination and product recovery. IEEE Transactions on Engineering Manage-
ment, 63(3):326–339.

Aksezer, C. S. (2011). Failure analysis and warranty modeling of used cars. Engi-
neering Failure Analysis, 18(6):1520–1526.

Alizadeh-Basban, N. and Taleizadeh, A. A. (2020). A hybrid circular economy-game
theoretical approach in a dual-channel green supply chain considering sale’s ef-
fort, delivery time, and hybrid remanufacturing. Journal of Cleaner Production,
250:119521.

Alqahtani, A. Y. and Gupta, S. M. (2017a). Evaluating two-dimensional warranty
policies for remanufactured products. Journal of Remanufacturing, 7(1):19–47.

Alqahtani, A. Y. and Gupta, S. M. (2017b). Warranty as a marketing strategy for
remanufactured products. Journal of Cleaner Production, 161:1294–1307.

Alqahtani, A. Y. and Gupta, S. M. (2018). Money-back guarantee warranty policy
with preventive maintenance strategy for sensor-embedded remanufactured prod-
ucts. Journal of Industrial Engineering International, 14(4):767–782.

Alqahtani, A. Y., Gupta, S. M., and Nakashima, K. (2019). Warranty and mainte-
nance analysis of sensor embedded products using internet of things in industry
4.0. International Journal of Production Economics, 208:483–499.

161



162

Amezquita, T., Hammond, R., Salazar, M., and Bras, B. (1995). Characterizing the
remanufacturability of engineering systems. ASME advances in design automation
conference, 82:271–278.

Andersen, T., Jæger, B., and Mishra, A. (2020). Circularity in waste electrical and
electronic equipment (weee) directive. comparison of a manufacturer’s danish and
norwegian operations. Sustainability, 12(13):5236.

APEC and US-AID (2013). Remanufacturing Resource Guide. Technical report,
Nathan Associates Inc.

Atasu, A., Guide Jr, V. D. R., and Van Wassenhove, L. N. (2010). So what if reman-
ufacturing cannibalizes my new product sales? California Management Review,
52(2):56–76.

Atasu, A., Sarvary, M., and Van Wassenhove, L. N. (2008). Remanufacturing as a
marketing strategy. Management Science, 54(10):1731–1746.

Aumann, R. J. (2019). Lectures on game theory. CRC Press.

Batarfi, R., Jaber, M. Y., and Aljazzar, S. M. (2017). A profit maximization for
a reverse logistics dual-channel supply chain with a return policy. Computers &
Industrial Engineering, 106:58–82.

Beleya, P., Bakar, M. A. A., and Chelliah, M. K. (2017). Impact of reverse logistics in
the malaysian electrical and electronics industry. International Journal of Supply
Chain Management, 6(3):91.

Benjamin, J. (2020). Apple begins selling refurbished iphones through its online
store for the first time. https://9to5mac.com/2016/11/08/apple-begins-selling-
refurbished-iphones-through-its-online-store-for-the-first-time/. [Online; accessed
24-May-2020].

Bhatia, M. S. and Rajiv, K. S. (2019). Antecedents of implementation success in
closed-loop supply chain: An empirical investigation. International Journal of
Production Research, 57:7344–7360.

Bian, Y., Yan, S., Zhang, W., and Xu, H. (2015). Warranty strategy in a supply
chain when two retailer’s extended warranties bundled with the products. Journal
of Systems Science and Systems Engineering, 24(3):364–389.

Blischke, W. (1995). Product warranty handbook. CRC Press.

Borenich, A., Dickbauer, Y., Reimann, M., and Souza, G. C. (2020). Should a manu-
facturer sell refurbished returns on the secondary market to incentivize retailers to
reduce consumer returns? European Journal of Operational Research, 282(2):569–
579.



163

Bouchery, Y., Corbett, C. J., Fransoo, J. C., and Tan, T. (2016). Sustainable supply
chains: A research-based textbook on operations and strategy, volume 4. Springer.

Bouguerra, S., Chelbi, A., and Rezg, N. (2012). A decision model for adopting an
extended warranty under different maintenance policies. International Journal of
Production Economics, 135(2):840–849.

Boulding, W. and Kirmani, A. (1993). A consumer-side experimental examination of
signaling theory: Do consumers perceive warranties as signals of quality? Journal
of Consumer Research, 20(1):111–123.

Boustani, A., Sahni, S., Graves, S. C., and Gutowski, T. G. (2010). Appliance reman-
ufacturing and life cycle energy and economic savings. In Proceedings of the 2010
IEEE International Symposium on Sustainable Systems and Technology, pages 1–6.
IEEE.

Boyd, S. and Vandenberghe, L. (2004). Convex optimization. Cambridge university
press.

BS 8887-220:2010 (2010). Design for manufacture, assembly, disassembly and end-
of-life processing (MADE). The process of remanufacture. Specification. Standard,
British Standard Institution.
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