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a b s t r a c t 

Many manufacturers in the automobile industry accommodate the huge number of used cars by offering 

trade-in programs. In addition, some manufacturers have begun considering product refurbishment, a pol- 

icy that is widely adopted in the electronics industry. Therefore, we are motivated to explore the reasons 

behind different practices in the automobile industry. We propose an analytical framework to identify 

when a manufacturer facing strategic consumers should offer trade-in (and refurbishment) programs. For 

that purpose, we analyze and compare the results of three models: no program, trade-in program only, 

and trade-in and refurbishment programs. This study establishes that the manufacturer can always in- 

crease his profit by improving the quality of new products and reducing the quality depreciation rate. 

Yet when the manufacturer does not (resp., does) offer a refurbishment program, his profit must (resp., 

need not) decrease with any increase in the production cost of new products. Finally, the manufacturer 

prefers to offer (a) trade-in programs only when the production cost of new products is low, (b) both 

trade-in and refurbishment programs when that cost is moderate, and (c) neither program when the cost 

to produce new products is high. Our numerical study reveals more management implications for the 

manufacturer’s preferred decision. 

© 2023 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

In the automobile industry, trade-ins are a convenient way for 

onsumers to dispose of used cars because they involve relatively 

ittle paperwork and overall hassle. There are an estimated 41 mil- 

ion used cars in the United States, and changes triggered by the 

andemic will add to that number ( Rosenbaum, 2020 ). In response 

o this boom of used cars, many manufacturers are pro-actively of- 

ering trade-in programs. For example, Subaru created the Subaru 

uaranteed Trade-In Program, tailored specifically so that owners 

re always given the highest possible trade-in value for their vehi- 

le. 1 Tesla accepts passenger cars, trucks, vans, and SUVs for trade- 

n toward the purchase of a new Tesla. 2 BMW offers their cus- 

omers a plethora of upgrade options, so current BMW owners can 

rade up to one of the newest BMW models at the same (or lower) 
∗ Corresponding author. 

E-mail addresses: hushu@swjtu.edu.cn (S. Hu), x.zhu@rug.nl (S.X. Zhu), 

uke@mail.sysu.edu.cn (K. Fu) . 
1 https://www.suburbansubaru.com/guaranteed-trade-in-program-site.htm . 
2 https://www.tesla.com/support/trade-ins . 

p

a

i

a

r

ttps://doi.org/10.1016/j.ejor.2023.01.032 

377-2217/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article
onthly payment. 3 Toyota allows trade-ins as part or all of a down 

ayment when buying a brand-new Toyota. 4 

In addition to offering trade-in programs, Toyota is exploring 

he possibility of incorporating one of Apple’s best ideas by start- 

ng a refurbishment program at the brand’s UK production facility 

 Duffy, 2022 ). In essence, Toyota would take back used cars, re- 

tore them to like-new condition, and thereby extend a vehicle’s 

ife cycle; this new process will form the backbone of a new mo- 

ility sub-brand called Kinto ( Kalmowitz, 2022 ). The quality of a 

ar can be partially restored by refurbishment, which is not the 

ase when it is simply recycled. Toyota may perform refurbish- 

ent three times on a vehicle before turning its attention to re- 

ycling the car responsibly, which may include rebuilding batteries 

nd reusing parts from the vehicle that are still in good condition. 

 brand-new Toyota could last for more than ten years with multi- 

le refurbishments ( Seto, 2022 ). The refurbished car could be sold 

gain, becoming a new source of revenue for Toyota. The program 

s now being implemented only in Toyota’s Burnaston plant, but if 

ll goes well then similar schemes will pop up in numerous facto- 

ies worldwide ( Szymkowski, 2022 ). 
3 https://www.plazabmw.com/bmw- trade- up- program.htm . 
4 https://www.buyatoyota.com/gst/trade- in- value/ . 
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Therefore, we are motivated by the different practices in the au- 

omobile industry mentioned above, and the reasons behind them 

re explored in this paper. It is worth noting that, we focus on 

he automobile industry rather than the electronics industry be- 

ause we have observed that in the automobile industry, some 

rms (Subaru, Tesla, and BMW) only implement trade-in programs, 

hile others (Toyota) offer both trade-in and refurbishment pro- 

rams. But in the electronics industry, almost all major manufac- 

urers (Apple, Huawei, Xiaomi, et al.) offer both trade-in and refur- 

ishment programs. 

Although most consumers would like to purchase a new car, 

 large portion (43%) of them end up looking for a used car 

 AdColony, 2019 ). Consumers are heterogeneous not only in their 

references for old and new products but also regionally. For ex- 

mple, Gravy Analytics (2021) reports that the three US states with 

he greatest increase in auto buyers in 2021 were Alabama (32%), 

rkansas (32%), and Mississippi (30%); an individual in any of these 

tates might well be looking to trade in their current vehicle. Typ- 

cally, consumers’ product-purchasing and trade-in behaviors are 

trategic. For instance, consumers can learn important tips on buy- 

ng a car, and decide whether to buy a new or an used one, by re-

erring to Martucci (2022) . Consumers can determine how best to 

ispose of old cars by consulting Agustinus (2022) , which analyzes 

he pros and cons of consumers trading in or selling their old ve- 

icles. Furthermore, we consider that under our two-period model 

etting, strategic consumers will make their first-period decisions 

y taking account of their utility across both periods ( Kremer et al., 

017; Van Ackere & Reyniers, 1995 ). Understanding the strategic 

ehavior in which heterogeneous consumers engage during the 

urchase process is critical for determining the manufacturer’s op- 

imal decisions, since choosing the right program helps the manu- 

acturer increase his profits. 

Given this set-up, we address the following three questions. 

(i) How do heterogeneous consumers make purchase and 

trade-in decisions? 

(ii) How do manufacturers make optimal decisons – with regard 

to selling prices and trade-in rebates – so as to maximize 

their profits, and what metrics can the manufacturer adjust 

to improve his profit margin? 

(iii) Under what conditions will a manufacturer implement 

trade-in (and refurbishment) programs? 

We address these questions by considering a manufacturer who 

ells new products to heterogeneous consumers for two periods 

nd who can also offer a trade-in program to collect old prod- 

cts at the end of the first period, which can then be refurbished 

nd resold to consumers in the second period. The new product’s 

uality depreciates over the two periods, and the quality of old 

roducts is partially restored by the refurbishment program. At the 

eginning of the first period, strategic consumers make their pur- 

hase decisions while accounting for their expected utilities across 

oth periods. Three models are proposed: no program, trade-in 

rogram only, and both trade-in and refurbishment programs. For 

ach model, we start by analyzing the decisions of heterogeneous 

onsumers to determine how many of them choose each option; 

e then solve for the manufacturer’s optimal pricing and trade-in 

ebate decisions. Our analysis shows that the manufacturer’s op- 

imal pricing strategy is to set the same selling price for the new 

roduct in both periods. Finally, we identify the manufacturer’s op- 

imal strategy after comparing his profits in the three models. Our 

ain findings are summarized as follows. 

First, in order to ensure that manufacturers are willing to pro- 

uce and sell new products and to offer trade-in and refurbish- 

ent programs, the production costs for new products must be 

imited. In particular: manufacturers with the best control over 

heir new products’ production costs can profitably offer both 
134 
rade-in and refurbishment programs; manufacturers with inter- 

ediate control can profit only by offering just trade-in programs; 

nd manufacturers with the least control must sell new products 

ithout offering any such programs at all. 

Second, manufacturers can always increase profits by improv- 

ng the quality of new products and reducing the rate of qual- 

ty depreciation, regardless of whether or not they offer trade-in 

and refurbishment) programs. Even if the manufacturer can get 

ome revenue from the product depreciation by offering a trade- 

n program, he cannot change the trend of his profit decreasing 

ith an increase in the depreciation rate. And despite the ability 

f manufacturers to exploit new sources of profit by offering refur- 

ishment programs on a trade-in basis, they still cannot alter that 

onotonically decreasing trend. This outcome, which follows from 

he strategic behavior of consumers, is interesting because it runs 

ounter to the “planned obsolescence” recommended to manufac- 

urers by much of the literature. 

Third, when the manufacturer does (resp., does not) offer a re- 

urbishment program, his profit must (resp., need not) decrease 

ith an increase in the production costs of new products. This 

nding suggests that manufacturers can cope with the loss of prof- 

ts caused by higher production costs of new products by im- 

lementing a refurbishment program characterized by low costs 

nd high levels of recovered quality. Moreover, the manufacturer’s 

rofit decreases with an increase in the refurbishment cost but in- 

reases with the quality recovery of refurbished products. 

Finally, manufacturers prefer to offer only trade-in programs 

hen the production cost of new products is low, to offer both 

rade-in and refurbishment programs when that production cost is 

oderate, and to offer neither program when the production cost 

s high. Also, our numerical study reveals that improving the qual- 

ty recovery rates of refurbished products does not encourage man- 

facturers to offer trade-in programs – but it does incentivize the 

doption of refurbishment programs by manufacturers that are al- 

eady offering trade-in programs. An increase in the depreciation 

ate of new products not only encourage manufacturers to adopt 

rade-in programs, but also further encourage refurbishment adop- 

ion by those already offering trade-in programs. 

Our research makes three main contributions. First, we observe 

he practice of existing trade-in activities and the emergence of 

roduct refurbishment activities in the automobile industry, which 

orm the basis of our practical suggestions for manufacturers. Sec- 

nd, we adopt a two-period model to analyze the strategic behav- 

or of consumers and give their number (endogenously) under dif- 

erent options; this approach supplements the method, used in the 

xtant literature on trade-in and product refurbishment, of treat- 

ng the consumer group as exogenously given. Third, we identify a 

ondition – not discussed in previous studies – under which man- 

facturers should implement trade-in and refurbishment programs. 

The rest of our paper proceeds as follows. Section 2 briefly 

eviews the relevant literature, and our model is introduced in 

ection 3 . In Section 4 , we analyze the respective equilibrium solu- 

ions of three models: no program, trade-in program only, trade-in 

nd refurbishment programs. The three models are compared in 

ection 5 , and we conclude in Section 6 with a brief review of our

tudy’s results and limitations. Mathematical proofs are given in 

he Appendix. 

. Literature review 

This study focuses on the manufacturer’s decision, given that 

onsumers behave strategically, about whether to implement 

rade-in (and refurbishment) programs for old durable goods. 

ence our work is most closely related to three streams of lit- 

rature: research on (i) the durable goods monopoly problem 

ith strategic consumers, (ii) trade-ins by strategic consumers, and 
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iii) mechanisms for dealing with old products (i.e., second-hand 

ld products, remanufactured products, leased products, and refur- 

ished products). 

First, our research is related to the classic durable goods 

onopoly problem, which has been extensively studied in microe- 

onomics (for a detailed review of this field, interested readers are 

eferred to Waldman, 2003 ). Given the strategic behaviors exhib- 

ted by consumers when purchasing products, the existing liter- 

ture studies a variety of issues faced by the monopolist; exam- 

les include devising an optimal price policy ( Board, 2008; Conlisk 

t al., 1984 ), the impact of rationing ( Denicolo & Garella, 1999 ),

he optimal sales strategy ( Levinthal & Purohit, 1989 ), production 

nd pricing decisions ( Tilson & Zheng, 2014 ), the optimal dynamic 

rice-quality strategy ( Kumar, 2002 ), and whether selling is prefer- 

ble to leasing ( Chien & Chu, 2008 ). Along these lines, we study 

 manufacturer’s pricing and trade-in decisions based on analyz- 

ng strategic consumer behavior. Some of the literature on durable 

oods suggests that monopolies tend to reduce product durability, 

ausing products to break down more quickly and thus inducing 

epeat purchases from consumers; this phenomenon is known as 

planned obsolescence” ( Bulow, 1982; Fishman & Rob, 20 0 0; Wald- 

an, 1996 ). However, scholars (e.g., Agrawal et al., 2016b ) have 

lso suggested that firms can benefit from designing conspicuously 

igher durability into consumer durable goods. Our research con- 

rms that the manufacturer’s profit decreases as the product’s de- 

reciation rate increases, but we give a different reason: because a 

trategic consumer is less likely to buy new products if she antici- 

ates their inefficient use in the future. 

Second, our study is clearly related also to trade-in programs, 

hich have been studied from multiple perspectives. Most relevant 

o our work are those studies that consider a two-period frame- 

ork, treating products in period 1 as new products and prod- 

cts in period 2 as old products ( Li et al., 2019; Miao et al., 2017 ).

trategic consumers usually make an optimal decision by compar- 

ng the total surplus they expect to derive from the product across 

wo periods under different options ( Liu et al., 2019; Van Ackere 

 Reyniers, 1995 ). While viewing the number of consumers un- 

er different options as being endogenously given, studies typically 

eek to identify the optimal price and rebate decisions for man- 

facturers ( Hu et al., 2019; Ray et al., 2005; Yin et al., 2015 ). In

ddition, some scholars explore various issues in the context of 

rade-ins; topics include the optimal choice of trade-in provider 

 Tang et al., 2021 ), when and how an OEM should offer trade-ins

 Agrawal et al., 2016a; Bian et al., 2019 ), the impact of implement-

ng trade-ins ( Dou & Choi, 2021; Rao et al., 2009; Zhu et al., 2016 ),

he optimal trade-in rebate mechanism ( Genc & De Giovanni, 2018; 

uo et al., 2022 ), optimal subsidy schemes and budget allocations 

 Bai et al., 2021 ), and optimal scrappage subsidy levels ( Zaman 

 Zaccour, 2021 ). However, none of these cited works addresses 

roduct refurbishment, which is now receiving concerted attention 

n the industry. 

Consumers who buy a new product in the first period are usu- 

lly called product owners (or holders); in the second period, they 

an choose whether or not to trade in their old product and re- 

eive the corresponding rebate. Consumers who do not purchase 

ew products in the first period are often called acquirers (or 

onholders) and may purchase old products in various forms in 

he second period. So with respect to the third related research 

tream, dealing with old products, the most intuitive resolution 

s for the second-hand (old) products to be sold directly to con- 

umers without any processing. In general, old products connect 

roduct owners and acquirers by second-hand dealers or online 

eer-to-peer platforms ( Crosno & Cui, 2018; Fernando et al., 2018; 

udenberg & Tirole, 1998; Guiot & Roux, 2010; Purohit, 1992; Rao 

t al., 2009; Vedantam et al., 2021; Yin et al., 2010 ). For exam- 

le, Yin et al. (2010) examine how the emergence of retailer- and 
135
2P-used product markets affected the manufacturer’s product up- 

rading strategy and the retailer’s pricing strategy in the context 

f textbooks. The three main differences between our study and 

heirs are as follows. First, they consider that consumers need text- 

ooks only for a certain period of time and will not need them 

fter that period. Unlike them, we consider consumers may need 

utomobiles for multiple periods. Second, due to differences in re- 

earch backgrounds, they consider that consumers have no oppor- 

unity to wait, while in our model, consumers may choose to wait 

trategically. Finally, when consumers face different choices (choos- 

ng which channel to return the old product through), the propor- 

ion of different types of consumers is exogenously given, while 

e endogenously compute the number of consumers of each type 

ased on the utility of consumers. The above cited studies suggest 

hat the second-hand old-product market will compete not only 

ith the sales of new products but also with the recycling of old 

roducts involved in the trade-in program (if the trade-in program 

s provided). We differ by considering that the manufacturer can 

enerate additional profits from refurbishing and selling the old 

roducts recycled. Note that the refurbished products considered 

ere can, just like the second-hand old products, compete with the 

rade-in program. 

The most widely discussed form of old-product disposal is that 

f the old products’ “cores”, recovered through trade-in, being re- 

anufactured and sold to consumers. Against this background, 

cholars have addressed the following topics: choosing the appro- 

riate reverse channel structure ( Savaskan et al., 2004 ), analyz- 

ng the impact of trade-ins on economic and environmental values 

 Zhang & Zhang, 2018 ), the OEM’s remanufacturing entry decision 

 Li et al., 2019 ), and the interactions between delegating collection 

nd the channel structure ( Fan et al., 2022 ). Here we must em- 

hasize a key difference between the remanufactured products dis- 

ussed in the literature and the refurbished products we study. In 

he model setting of most previous work, the quality of old prod- 

cts with a certain product category can be entirely restored by 

emanufacturing, which is sometimes even assumed to yield qual- 

ty on the level of new products (e.g., Fan et al., 2022; Xiao et al.,

020a; Zhang & Zhang, 2018 ). However, real-world observations 

ndicate that the quality of old products is never fully recovered 

y refurbishment – from which it follows that the manufacturer’s 

rofit will be affected by its product’s depreciation rate. In fact, our 

esearch establishes that the higher the rate of product deprecia- 

ion, the lower the manufacturer’s profit. 

Another mechanism that companies commonly use for old 

roducts is leasing programs. Agrawal et al. (2012) examine 

hether the leasing model is better for the environment than the 

elling model, and both Dou et al. (2017) and Jia et al. (2018) study 

hether the leasing model is more profitable than the selling 

odel. In addition, Li & Xu (2015) derive the optimal pricing strat- 

gy under trade-in versus product leasing models in their study of 

anufacturers’ preference for these two strategies. In the leasing 

odel, consumers typically use the product at a lower price than 

he new product’s sales price; but since the company still owns 

he product after use, it has an incentive to design a more durable 

roduct ( Agrawal et al., 2012 ). In contrast, we examine a refurbish- 

ent program in which consumers still use the old (refurbished) 

roduct at a lower price but companies do not own the product 

fter use. Nevertheless, one conclusion of interest is that, owing to 

he strategic behavior of heterogeneous consumers, the manufac- 

urer can still benefit from making products more durable. 

Most relevant to our research is work concerned with product 

efurbishment. Based on the two common disposal options of 

efurbishing to remarket and to fulfill warranty claims, Pinçe et al. 

2016) examine how OEM should dynamically allocate consumer 

eturns between fulfilling warranty claims and remarketing re- 

urbished products. Borenich et al. (2020) investigate whether 
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Table 1 

Comparison of this study with the most related literature. 

Literature Trade-in program Product refurbishment Strategic consumers 

Kumar (2002) × × √ 

Board (2008) × × √ 

Chien & Chu (2008) × × √ 

Tilson & Zheng (2014) × × √ 

Ray et al. (2005) 
√ × √ 

Rao et al. (2009) 
√ × √ 

Li & Xu (2015) 
√ × √ 

Yin et al. (2015) 
√ × √ 

Zhang & Zhang (2018) 
√ × √ 

Hu et al. (2019) 
√ × √ 

Li et al. (2019) 
√ × √ 

Liu et al. (2019) 
√ × √ 

Vedantam et al. (2021) 
√ × √ 

Borenich et al. (2020) 
√ √ ×

Xiao & Zhou (2020) 
√ √ ×

Xiao et al. (2020b) 
√ √ ×

Li et al. (2022) 
√ √ ×

This study 
√ √ √ 
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anufacturers could sell products returned by consumers as 

efurbished items and thus motivate retailers to reduce consumer 

eturns. Slama et al. (2022) address the capacitated disassembly 

ot-sizing problems under uncertain refurbishing durations, to 

inimize the expected total cost. However, these researches 

ave nothing to say about trade-ins. Xiao & Zhou (2020) derive 

he optimal trade-in prices of old products and resale prices 

f refurbished products – for a firm that offers both “trade in 

or upgrade” and “trade in for cash” programs – to acquire old 

roducts, refurbish them, and then resell them together with new 

roducts. Xiao et al. (2020b) study the joint and dynamic decisions 

n the selling price of new products and the trade-in price of old 

roducts while assuming that returned old products can be sold 

n a secondary market after being refurbished or remanufactured. 

i et al. (2022) derive and compare the optimal decisions of a mo- 

opolistic recycling platform under three trade-in modes (trade in 

or cash, trade in for refurbishment, and trade in for new). Our 

tudy differs from the extant literature in the following three key 

spects. First, before proposing decision criteria for manufacturers, 

e analyze the strategic behavior of consumers in two periods 

nd consider consumer groups with different preferences to be 

ndogenous (rather than exogenous). Second, we assume that the 

uality of refurbished products depends on the quality of recycled 

ld products – rather than a dismantled or weak relationship 

etween refurbished and returned old products in prior literature. 

hird, we identify conditions under which manufacturers should 

mplement trade-in and refurbishment programs. 

In sum, we not only distinguish our study from each research 

tream in terms of research topic, but also discuss some aspects 

elated to model setting, analysis, results and insights. Specifically, 

e have pointed out that we adopt a two-period model and in- 

roduced multiple consumer types under different behaviors. We 

ave also made some comparisons among refurbished, remanu- 

actured, second-hand, and leased products. Further, we have dis- 

ussed some interesting results and insights of our study differ 

rom the existing literature. In Table 1 , we summarize the differ- 

nces between our study and the closely related literature. 

. Modeling framework 

We focus on automobile industry, and construct a two-period 

odel to capture the crucial market characteristic that (a) products 

epreciate with time and usage and (b) the intertemporal substi- 

ution effect due to product durability, in the same spirit as most 

f the literature ( Agrawal et al., 2012; Jiang & Tian, 2018; Li et al.,
136 
019 ). We presuppose that the service life of each new product 

s designed to be only two periods, after which the product is 

ully depreciated functionally ( Li & Xu, 2015 ) and is fit only for 

isposal (via recycling, incineration, or landfilling; Agrawal et al., 

012 ). That is, the product’s salvage value is normalized to zero. 

t the beginning of the first period, the manufacturer sells the 

ew durable product to consumers at price p n 1 ; this product will 

e sold at price p n 2 in the second period. The new product has 

 quality of q and is produced at unit cost c. The product’s qual-

ty becomes q (1 − δ) at the end of the first period, where δ is the

roduct’s depreciation rate and 0 ≤ δ ≤ 1 ( Guo et al., 2022; Li et al., 

019 ). 

In addition to selling new products directly, the manufacturer 

lso offers trade-in programs that give consumers a rebate r for 

ach unit traded in (this set-up has been widely adopted in the 

iterature since Van Ackere & Reyniers, 1993 ). We assume that 

he manufacturer also incurs a fixed cost F t for implementing the 

rade-in program. After the manufacturer recovers the old prod- 

ct through trade-ins, he can refurbish it at unit cost γ c; we use 

to denote the cost rate and 0 ≤ γ ≤ 1 , which is the cost of re-

urbishing an old product relative to the cost of manufacturing a 

ew product. According to Chen et al. (2020) , the purpose of re- 

urbishment is to recycle old products so that they reach a cer- 

ain quality standard and then continue to be put into the market, 

hich is lower than the quality standard of new products. Thus, 

e assume that the quality of old products will be restored at the 

ate of β after refurbishment and 0 ≤ β ≤ 1 . This set-up can also 

eflect our observations from automobile industry. Since the refur- 

ishment process of the automakers (e.g., Toyota) is essentially to 

eplace some (but not all) used parts with new ones, the quality of 

he used parts that are not replaced will affect the quality of the 

efurbished products ( Kalmowitz, 2022 ). Therefore, we assume that 

he quality of a refurbished product is q (1 − δ + βδ) . The man-

facturer also incurs a fixed cost F r for implementing the refur- 

ishment program. Finally, the refurbished products will be sold to 

onsumers at price p r in the second period. 

Without loss of generality, we normalize the total number of 

onsumers to 1. We assume that each consumer needs at most one 

nit of product in each period ( Agrawal et al., 2016a; Vedantam 

t al., 2021 ) and that each consumer makes only one decision dur- 

ng each period ( Van Ackere & Reyniers, 1995 ). Following the liter- 

ture (see, e.g., Agrawal et al., 2016a; Biyalogorsky & Koenigsberg, 

014; Rao et al., 2009 ), we assume that heterogeneous consumers’ 

aste θ for a product is uniformly distributed over [0,1]. Consumers 

an obtain usage values throughout both periods. Thus a consumer 
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Fig. 1. Consumer behavior in the presence of trade-in and refurbishment programs. 
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ith taste θ can gain usage value θq during the first period if she 

urchases a new product; her usage value is θq (1 − δ) if she con-

inues to use her old product during the second period, and it is θq

f she trades in her old product. Also, a taste- θ consumer who has 

ot bought a new product in the first period but who does buy a 

ew (resp. refurbished) product in the second period gains usage 

alue θq (resp. θq (1 − δ + βδ) ). For ease of exposition, we refer

o consumers who purchase new products at the beginning of the 

rst period as owners and to those who are unwilling to buy new 

roducts in the first period as acquirers . 

Suppose that both the trade-in program and the refurbishment 

rogram have been implemented. At the beginning of the first pe- 

iod, consumers either buy or do not buy the new products. When 

he first period ends, consumers who have bought new products 

i.e., the owners) either participate in the trade-in program (these 

re “BT” consumers) or continue to use the current old products 

the “BU” consumers). At the same time, consumers who have 

ot bought any new products (i.e., the acquirers) can either buy 

ew products (thus becoming “NB” consumers), or buy refurbished 

roducts (thus becoming “NR” consumers) or exit the market with- 

ut buying anything (the “NN” consumers). We normalize to zero 

ny consumer’s utility from an outside option. Consumer behavior 

s summarized in Fig. 1 . 

When purchasing automobiles, people are more likely to make 

trategic decisions. As the pandemic makes cars more expensive 

ue to shortages of raw materials, George Hoffer suggests people 

ight be better off waiting (see Tupponce, 2022 ). It follows that 

onsumers are more cautious and “rational” or strategic about buy- 

ng cars, not as impulsive and eager as they are about buying elec- 

ronics (see Anchanto, 2022; Sha, 2022 ). Therefore, it is necessary 

o analyze the strategic behavior of heterogeneous consumers be- 

ore solving the optimal decisions and formulating trade-in (and 

efurbishment) strategies for manufacturers. In other words, we 

onsider each strategic consumer will take account of her utility 

cross both periods at her first-period decision, and choose the op- 

ion that gives her the largest surplus ( Liu et al., 2019; Van Ackere

 Reyniers, 1995 ). 5 It follows that the number of consumers un- 

er each option can be given endogenously. We use Q B to denote 

he expected number of consumers who buy new products in the 

rst period, Q T the expected number of owners who participate 

n the trade-in program (if one is implemented), and Q R the ex- 

ected number of acquirers who buy refurbished products (if a 

efurbishment program is launched). In particular, we must have 

 B ≥ Q T ≥ Q R . These inequalities imply that the volume of refur- 

ished products in the second period is limited by the trade-in 

mount, which in turn is limited by the volume of first-period 
5 As defined in Bernstein & Martínez-de Albéniz (2017) , “strategic consumers are 

orward looking and time their purchasing decision by anticipating changes in price 

r product value.” Consumers’ strategic behavior may be driven by different forces, 

or example, the product’s price and stocking level ( Kremer et al., 2017; Liu & 

an Ryzin, 2008 ), product’s value and technology level ( Bernstein & Martínez-de 

lbéniz, 2017; Liu et al., 2019 ), consumers’ strategic consideration when joining ser- 

ice systems ( Guo & Zhang, 2013; Hu et al., 2022 ), etc. 
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ales. Moreover, we use Q NB to denote the expected number of 

onsumers who buy new products only in the second period. 

The aim of our research is to discover under what circum- 

tances the manufacturer should implement trade-in (and refur- 

ishment) programs. Toward that end, we consider three models: 

odel N, in which neither the trade-in program nor the refurbish- 

ent program is implemented; Model T, where only the trade- 

n program is launched; and Model TR, for when both programs 

re implemented. We use the superscripts N, T, and TR to denote 

he three respective models. For each model, we consider a two- 

tage decision-making process for the manufacturer, and then fol- 

owed by the consumers’ strategic behavior. We now describe the 

equence of events. 

In Model N, in the first stage, the manufacturer decides on the 

ew product’s selling price p n 1 for the first period; and in the sec- 

nd stage, he sets the new product’s selling price p n 2 for the sec- 

nd period. Then, strategic consumers make their purchase deci- 

ions while anticipating their utilities across the two periods. 

In Model T, in the first stage, the manufacturer determines both 

he new product’s selling price p n 1 for the first period and the used 

roduct’s trade-in rebate r; and in the second stage, the manufac- 

urer determines the new product’s selling price p n 2 for the sec- 

nd period. Then, these choices are followed by the strategic con- 

umers’ purchase and trade-in decisions. 

In Model TR, in the first stage, the manufacturer sets the op- 

imal selling price p n 1 for new products as well as the optimal 

rade-in rebate r for old products, and in the second stage, he 

ets the selling price p n 2 for new products and the selling price p r 
or refurbished products, to maximize his profit. Consumers make 

trategic purchase, trade-in, or exit decisions that maximize their 

tility across both periods and in accordance with the options il- 

ustrated in Fig. 1 . 

Our notation is summarized in Table 2 . 

. Equilibrium analysis 

The goal of this section is to discuss some measures that the 

anufacturer can adopt to increase his profit. More specifically, for 

ach model we explore the manufacturer’s optimal decisions by 

nticipating consumers’ strategic behavior; these results are then 

sed to show how the parameters affect manufacturer profits. 

.1. No program 

Under the scenario that neither the trade-in program nor the 

efurbishment program is implemented (Model N). Because no 

rade-in progarm is offered, a consumer who has bought a new 

roduct in the first period has no choice but to continue using 

hat product in the second period (thus becoming a BU consumer). 

ence her utility across both periods is U 

N 
BU 

= θq − p n 1 + θq (1 − δ) .

owever, consumers who have not bought new products in the 

rst period cannot buy any refurbished products because this pro- 

ram is also not offered; but these consumers can either buy new 

roducts and obtain utility U 

N 
NB 

= θq − p n 2 or buy nothing thus ob- 

ain zero utility, i.e., U 

N 
NN 

= 0 . When making her decision, a con- 

umer compares the utility of the three options. Thus consumers 

ill buy new products in the first period only if U 

N 
BU 

≥ U 

N 
NB 

and 

 

N 
BU 

≥ U 

N 
NN 

; consumers will buy new products in the second period 

nly if U 

N 
NB 

≥ U 

N 
BU 

and U 

N 
NB 

≥ U 

N 
NN 

; otherwise, she will exit the mar- 

et. 

Therefore, on the one hand, if the manufacturer adopts the 

arkdown stategy, we focus on the nontrivial case that all op- 

ions co-exist. So we obtain that the market demand for new prod- 

cts in both periods are Q 

N 
B 

= 1 − p n 1 −p n 2 
q (1 −δ) 

and Q 

N 
NB 

= 

p n 1 −p n 2 
q (1 −δ) 

− p n 2 
q . 

n the other hand, if the manufacturer does not adopt the mark- 

own stategy, it is easy to verify that U 

N ≥ U 

N . So we can ob-

BU NB 
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Table 2 

Notation. 

Symbol Description 

c Unit cost of manufacturing new products 

q Quality of new products 

p n 1 Unit selling price of new products in the first period (decision variable) 

p n 2 Unit selling price of new products in the second period (decision variable) 

p r Unit selling price of refurbished products (decision variable) 

r Trade-in rebate (decision variable) 

θ Consumers’ taste for quality ( 0 ≤ θ ≤ 1 ) 

δ Depreciation rate of new products ( 0 ≤ δ ≤ 1) 

γ Cost rate of refurbished products ( 0 ≤ γ ≤ 1 ) 

β Quality recovery rate of refurbished products ( 0 ≤ β ≤ 1 ) 

Q B Number of consumers who buy new products during the first period 

Q T Number of owners who trade in their old products during the second period 

Q R Number of consumers who buy refurbished products during the second period 

Q NB Number of consumers who buy new products only in the second period 

U Consumers’ utility 

πm Profit of the manufacturer 
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ain that the market demand for new products in both periods are 

 

N 
B 

= 

p n 1 
q (2 −δ) 

and Q 

N 
NB 

= 0 . 

Based on anticipating consumers’ stategic behavior, the manu- 

acturer sets the new product’s selling prices for both periods, p n 1 
nd p n 2 , to maximize his profit πN 

m 

; formally, 

max 
p n 1 ,p n 2 

πN 
m 

= ( p n 1 − c ) Q 

N 
B + ( p n 2 − c ) Q 

N 
NB . (1) 

emma 1. Let ˜ c N = (2 − δ) q . When c ≤ ˜ c N , the manufacturer sets his

ptimal selling price p N ∗
n 1 

= p N ∗
n 2 

= 

c+(2 −δ) q 
2 . Hence the market demand 

or new products in both periods are Q 

N ∗
B 

= 

(2 −δ) q −c 
2(2 −δ) q 

and Q 

N ∗
NB 

= 0 .

ccordingly, the manufacturer’s profit is πN ∗
m 

= 

((2 −δ) q −c) 2 

4 q (2 −δ) 
. 

Lemma 1 gives a condition, c ≤ ˜ c N , that guarantees Q 

N ∗
B 

≥ 0 . 

hat is to say: in order to ensure non-negative market demand 

or a manufacturer’s new products, their production costs cannot 

e too high. This condition ensures that the manufacturer is will- 

ng to produce and sell the new product; it makes sense because 

 manufacturer will always raise his selling prices to compensate 

or increased production costs, resulting in lower demand. Further- 

ore, our analysis shows that the manufacturer’s optimal pricing 

trategy is to set the same selling price for the new product in 

oth periods, i.e., p N ∗
n 1 

= p N ∗
n 2 

. That is, the manufacturer has no in-

entive to set different prices for each period. The reason is as 

ollows. First, the manufacturer will not charge a higher price in 

eriod 2 (i.e., p N ∗
n 2 

> p N ∗
n 1 

), for otherwise no consumers will choose 

o wait. Second, if the manufacturer adopts a markdown strategy 

i.e., p N ∗
n 2 

< p N ∗
n 1 

), some consumers may delay their purchases to pe- 

iod 2 for a lower price. However, such a waiting behavior will 

urt the manufacturer’s profit. Paradoxically, the manufacturer ac- 

ually does not lower the product price in the second period due to 

onsumers’ strategic waiting for a markdown . As a consequence, the 

anufacturer will set the same selling price for the two periods 

o avoid the strategic waiting of consumers. This is similar to the 

rice commitment policies that have been extensively studied in 

he existing literature (see, e.g., Lee et al., 20 0 0; Liu et al., 2012;

aylor, 2001 ). It is worth noting that in reality, consumer strategy 

aiting may be caused by many factors (such as consumer irra- 

ionality, competition between firms, etc.), which is not within the 

cope of our current study. 

Lemma 1 leads directly to our first proposition. 

roposition 1. The effects of parameters c, q, and δ on the manu- 

acturer’s profit are as follows: 
∂πN ∗

m 
∂c 

≤ 0 , 
∂πN ∗

m 
∂q 

≥ 0 , and 
∂πN ∗

m 
∂δ

≤ 0 . 
138 
If all else is held equal, then Proposition 1 has three implica- 

ions. First, the increase in production costs c will lead to lower 

rofits for manufacturers. Because manufacturers must raise their 

elling prices to cover increased production costs, demand for new 

roducts will fall and so manufacturer profits will suffer. Second, 

aising product quality q will increase manufacturer profits; this 

ollows because the improvement of product quality can increase 

emand for the new product even at a higher selling price. Fi- 

ally, the higher the depreciation rate δ, the lower the manufac- 

urer’s profit. We explain this result as follows. Under a high de- 

reciation rate, strategic consumers are less willing to buy a new 

roduct because they expect it will deliver lower utility in the sec- 

nd period. Anticipating this response, the manufacturer must re- 

uce the selling price so that his product will be more attractive 

o consumers. Yet our research establishes that reductions in the 

elling price cannot halt falling market demand for (rapidly depre- 

iating) new products. As a result, the manufacturer’s profit will 

nevitably decline. It is interesting that, as in Agrawal et al. (2016b) , 

his conclusion runs counter to those who argue that monopolists 

hould adopt a “planned obsolescence” strategy (see e.g., Bulow, 

982; Fishman & Rob, 20 0 0; Waldman, 1996 ). 

.2. Trade-in program 

Under the scenario that only the trade-in program is imple- 

ented (Model T), each consumer has four options, and she makes 

ecisions while anticipating her utility across both periods. These 

ptions, and their respective utilities, are described as follows. 

(i) If a consumer buys a new product in the first period and 

also participates in a trade-in program during the second 

period (a BT consumer), then her utility is U 

T 
BT 

= θq − p n 1 + 

θq − p n 2 + r. 

(ii) If a consumer buys a new product in the first period and 

continues to use that product in the second period (a BU 

consumer), then she obtains utility U 

T 
BU 

= θq − p n 1 + θq (1 −
δ) . 

(iii) If a consumer does not buy a new product in the first period 

but wait to buy a new product in the second period (a NB 

consumer), then she obtains utility U 

T 
NB = θq − p n 2 . 

(iv) If a consumer does not buy a new product in both periods 

and must therefore exit the market (an NN consumer), then 

her utility is U 

T 
NN = 0 . 

When making her final decision, the consumer once again com- 

ares the utility that she can derive from each option. Thus she 

elects option (i) only if U 

T ≥ U 

T , U 

T ≥ U 

T and U 

T ≥ U 

T ; she
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elects option (ii) only if U 

T 
BU 

≥ U 

T 
BT 

, U 

T 
BU 

≥ U 

T 
NB 

and U 

T 
BU 

≥ U 

T 
NN 

; she

elects option (iii) only if U 

T 
NB 

≥ U 

T 
BT 

, U 

T 
NB 

≥ U 

T 
BU 

and U 

T 
NB 

≥ U 

T 
NN 

. Oth-

rwise, she selects option (iv). 

Therefore, on the one hand, if the manufacturer adopts the 

arkdown stategy, we focus on the nontrivial case where all op- 

ions co-exist. Then, the expected number of consumers engaging 

n the trade-in program can be derived as Q 

T 
T = 1 − p n 2 −r 

δq 
, the ex-

ected number of consumers who buy new products in the first 

eriod is Q 

T 
B = 1 − p n 1 −p n 2 

q (1 −δ) 
, and the expected number of consumers 

ho buy new products in the second period is Q 

T 
NB 

= 

p n 1 −p n 2 
q (1 −δ) 

− p n 2 
q . 

n the other hand, if the manufacturer does not adopt the mark- 

own stategy, it is easy to verify that U 

T 
BU 

≥ U 

T 
NB 

. So we can obtain

hat the expected number of consumers engaging in the trade-in 

rogram Q 

T 
T = 1 − p n 1 −r 

δq 
, as well as the expected number of con- 

umers who buy new products in both periods are Q 

T 
B 

= 1 − p n 1 
q (2 −δ) 

nd Q 

T 
NB 

= 0 . 

By anticipating consumers’ stategic behevior, the manufacturer 

ets the new product’s selling price for both periods, p n 1 and p n 2 , 

nd the used product’s trade-in rebate r to maximize his profit πT 
m 

: 

max 
p n 1 ,p n 2 ,r 

π T 
m 

= (p n 1 − c) Q 

T 
B + (p n 2 − c − r) Q 

T 
T + (p n 2 − c) Q 

T 
NB − F t . 

(2) 

n this expression, the first term on the right-hand side corre- 

ponds to the manufacturer’s profit from selling new products in 

he first period while the second term is the profit obtained from 

he second-period customers who trade in their old products. The 

hird term refers to the manufacturer’s profit from selling new 

roducts in the second period. Also, the manufacturer incurs a 

xed cost F t for implementing the trade-in program. 

emma 2. Let ˜ c T = δq . When c ≤ ˜ c T , the manufacturer sets his op- 

imal selling price p T ∗n 1 = p T ∗n 2 = 

c+(2 −δ) q 
2 and trade-in rebate r T ∗ = 

 − δq . We accordingly have the trade-in amount Q 

T ∗
T 

= 

1 
2 − c 

2 δq 
, as 

ell as the market demand for new products in both periods are 

 

T ∗
B = 

(2 −δ) q −c 
2(2 −δ) q 

and Q 

T ∗
NB = 0 . Accordingly, the manufacturer’s profit is 

iven by πT ∗
m 

= 

c 2 

2 δ(2 −δ) q 
+ 

q −2 c 
2 − F t . 

Lemma 2 gives a precondition, c ≤ ˜ c T , that guarantees the in- 

qualities Q 

T ∗
B 

≥ Q 

T ∗
T 

≥ 0 . In other words, ensuring that a non- 

egative number of consumers participate in the manufacturer’s 

mplemented trade-in program requires that the production cost 

f the manufacturer’s new product should not be too high. The 

eason is that manufacturers will raise their new products’ sell- 

ng prices to compensate for increased production costs, which re- 

uces consumers’ willingness to engage with a trade-in program. 

ence that program’s successful implementation can be guaran- 

eed only if c ≤ ˜ c T . Here, we should point out that ˜ c T ≤ ˜ c N ; this 

nequality indicates that, if the manufacturer wants to implement 

 trade-in program, he must reduce production costs. For instance, 

ubaru, Tesla, and BWM who can improve their cost efficiency are 

ualified to offer trade-in programs. Whereas manufacturers whose 

roduction costs are below the threshold ( ̃ c T ) might not be will- 

ng to offer a trade-in program, those for whom production costs 

re above that threshold will definitely not offer any trade-in pro- 

rams. Again, Lemma 2 shows that the manufacturer will set the 

ame selling price for the two periods to avoid the strategic wait- 

ng of consumers. 

Lemma 2 leads to our next proposition, as follows. 

roposition 2. The effects of parameters c, q, and δ on the manu- 

acturer’s profit are: 
∂πT ∗

m 
∂c 

≤ 0 , 
∂πT ∗

m 
∂q 

≥ 0 , and 
∂πT ∗

m 
∂δ

≤ 0 . 

According to this proposition, the manufacturer’s profit in- 

reases with improvements in product quality q but decreases with 
139
ny increase in the production cost c or the depreciation rate δ –

utcomes that are consistent with Proposition 1 . In essence, the 

anufacturer’s profit after implementing a trade-in program are 

till realized through the sales of new products. So whether or 

ot the manufacturer does adopt a trade-in strategy, the influence 

f production costs and product quality on his profit remains un- 

hanged. 

An implication of perhaps greater interest concerns the relation 

etween the manufacturer’s profit and the depreciation rate δ. As 

he depreciation rate increases, products yield lower usage values 

n the second period. On the one hand, consumers who recognize 

his dynamic will forgo buying new products in the first period and 

hus reduce the manufacturer’s profit from selling new products (a 

egative effect). On the other hand, more owners will choose to 

articipate in trade-in programs rather than continue to use their 

ld products, which results in more profits from the implementa- 

ion of the trade-in program (a positive effect). One would there- 

ore expect the manufacturer’s profit to be non-monotonically re- 

ated to the depreciation rate. Yet we establish the surprising re- 

ult that the former (negative) effect always dominates the latter 

positive) effect, so that the manufacturer’s profit is monotonically 

ecreasing in the depreciation rate. We stress that this result re- 

ects the strategic behavior of consumers, who – so as not to be 

xploited by the manufacturer – make decisions at the beginning 

f the first period that account for their total utility across both pe- 

iods. The management implication here is that although automo- 

ile manufacturers (e.g., Subaru, Tesla, BWM) can gain profit from 

ffering trade-in programs, selling low-durability products will re- 

ult in a profit loss for them since more consumers forgo buying 

ew products. This suggests that manufacturers would be better 

ff improving the durability of their products. 

.3. Trade-in and refurbishment programs 

We now address the scenario in which both the trade-in pro- 

ram and the refurbishment program are implemented (Model TR). 

onsumers continue to make decisions while anticipating their 

tility across both periods. The consumers’ five options and cor- 

esponding utilities are summarized as follows. 

(i) If a consumer buys a new product in the first period and 

also participates in a trade-in program during the second 

period (a BT consumer), then her utility is U 

TR 
BT 

= θq − p n 1 + 

θq − p n 2 + r. 

(ii) If a consumer buys a new product in the first period and 

continues to use that product in the second period (a BU 

consumer), then she obtains utility U 

TR 
BU 

= θq − p n 1 + θq (1 −
δ) . 

(iii) If a consumer does not buy a new product in the first period 

but wait to buy a new product in the second period (a NB 

consumer), then she obtains utility U 

TR 
NB = θq − p n 2 . 

(iv) If a consumer does not buy a new product in the first period 

but does buy a refurbished product in the second period (an 

NR consumer), then her utility is U 

TR 
NR = θq (1 − δ + βδ) − p r . 

(v) If a consumer does not buy a new product in both periods 

and exits the market (an NN consumer), then her utility is 

U 

TR 
NN 

= 0 . 

Again, each consumer compares the utility that she can derive 

rom each option to make her final decision. Therefore, on the one 

and, if the manufacturer adopts the markdown stategy, we fo- 

us on the nontrivial case where all options co-exist. Then, we 

ave the number of consumers who participate in the trade-in pro- 

ram is Q 

TR 
T 

= 1 − p n 2 −r 

δq 
; the expected number of consumers who 

uy new products in both periods are Q 

TR 
B 

= 1 − p n 1 −p n 2 
q (1 −δ) 

and Q 

TR 
NB 

= 

p n 1 −p n 2 
q (1 −δ) 

− p n 2 −p r 
δq (1 −β) 

; also, the number of consumers who buy refur- 
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ished products in the second period is Q 

TR 
R 

= 

p n 2 −p r 
δq (1 −β) 

− p r 
q −(1 −β) δq 

. 

he remaining consumers exit the market. On the other hand, if 

he manufacturer does not adopt the markdown stategy, it is easy 

o verify that U 

TR 
BU 

≥ U 

TR 
NB 

. So we can obtain that the number of con-

umers who participate in the trade-in program is Q 

TR 
T 

= 1 − p n 1 −r 

δq 
;

he expected number of consumers who buy new products in 

oth periods are Q 

TR 
B 

= 1 − p n 1 −p r 
q −βδq 

and Q 

TR 
NB 

= 0 ; also, the number of

onsumers who buy refurbished products in the second period is 

 

TR 
R 

= 

p n 1 −p r 
q −βδq 

− p r 
q −(1 −β) δq 

. The remaining consumers exit the mar- 

et. 

In Model TR, the manufacturer’s profit function is given by 

TR 
m 

= (p n 1 − c) Q 

TR 
B + (p n 2 − c − r) Q 

TR 
T + (p n 2 − c) Q 

TR 
NB 

+ (p r − γ c) Q 

TR 
R − F t − F r . (3) 

s before, the first term on the RHS refers to the manufacturer’s 

rofit from selling new products in the first period while second 

erm is his profit from the second period’s trade-in consumers. The 

hird term is the profit from selling new products in the second 

eriod and the forth term is the profit from selling refurbished 

roducts. The manufacturer also incurs the fixed costs F t and F r 
f implementing, respectively, the trade-in and refurbishment pro- 

rams. The manufacturer determines the prices p n 1 , p n 2 and p r and 

rade-in rebate r, to maximize his profit. 

emma 3. Put ˜ c TR = 

δq (1 −(1 −β) δ)(1 −βδ) 

1 −(1 −β) 2 δ2 −γ (2 −δ) δ
, γ̄ = 

βδ+ δ−1 
δ

, and γ̄ = 

1+ βδ−δ
2 −δ

. When c ≤ ˜ c TR and γ̄ ≤ γ ≤ γ̄ , the manufacturer sets his 

ptimal selling price p TR ∗
n 1 

= p TR ∗
n 2 

= 

c+(2 −δ) q 
2 , trade-in rebate r TR ∗ = 

 − δq , and the refurbished product’s optimal selling price p TR ∗
r = 

cγ −(1 −β) δq + q 
2 . Then, we have the trade-in amount is Q 

TR ∗
T 

= 

1 
2 − c 

2 δq 
, 

he market demand for new products in both periods are Q 

TR ∗
B 

= 

1 
2 −

c−cγ
2(q −βδq ) 

and Q 

TR ∗
NB 

= 0 , as well as the market demand for refurbished 

roducts is Q 

TR ∗
R 

= 

c(δ(β+ γ −1) −2 γ +1) 
2 q (1 −(1 −β) δ)(1 −βδ) 

. Accordingly, the manufacturer’s 

rofit is given by πTR ∗
m 

= 

q −2 c 
2 + 

c 2 
(

1 −(1 −β−γ ) 2 δ2 −2(1 −γ ) γ δ
)

4 δq (1 −(1 −β) δ)(1 −βδ) 
− F t − F r . 

To guarantee that Q 

TR ∗
B 

≥ Q 

TR ∗
T 

≥ Q 

TR ∗
R 

≥ 0 , Lemma 3 stipulates 

onditions related to the production cost of a new product ( c ≤
˜  TR ) and the cost rate of refurbishing a old product ( ̄γ ≤ γ ≤ γ̄ ). 

ince we can easily verify that the refurbished product’s selling 

rice increases with the refurbishment cost rate γ , it follows that 

he market demand for refurbished products decreases. So in or- 

er to ensure a non-negative market demand for refurbished prod- 

cts (i.e., Q 

TR ∗
R 

≥ 0 ), the refurbishment cost rate should not be too 

igh (i.e., γ ≤ γ̄ ). At the same time, the refurbishment cost rate 

hould not be too low ( γ ≥ γ̄ ) in order to preclude the case where

emand for new products is less than the number of consumers 

illing to trade in their old products ( Q 

TR ∗
B ≥ Q 

TR ∗
T ) – a situation 

hat arises when more consumers choose to buy refurbished rather 

han new products. And since the market demand for refurbished 

roducts should not exceed the trade-in amount ( Q 

TR ∗
T ≥ Q 

TR ∗
R ), we 

onclude that the production cost for new products cannot be too 

igh ( c ≤ ˜ c TR ). The reason is that the new products’ increased sell- 

ng price, which is due to its increased production cost, will induce 

ore consumers to buy refurbished products instead of new ones. 

It is worth noting that ˜ c TR ≤ ˜ c T ( ≤ ˜ c N ). These inequalities sug- 

est that a manufacturer who (has already offered a trade-in pro- 

ram) wishes to continue offering refurbishment programs must 

as the ability to further reduce the production costs of new prod- 

cts. The management implication here is that the manufacturer 

ith the best control over production costs is uniquely positioned 

o continue offering refurbishment programs in addition to the 

rade-in programs already provided. In short: firms whose produc- 

ion costs are below the threshold ( ̃ c TR ) may or may not be will-

ng to offer both trade-in and refurbishment programs; but firms 
140 
hose production costs are above that threshold should definitely 

ot offer both programs. 

Furthermore, Lemma 3 once again shows that the manufac- 

urer has no incentive to set different prices for each period. 

emma 3 allows us to derive directly the effects of parameters c, 

 , δ, γ , and β on the manufacturer’s profit, as shown in our next 

roposition. 

roposition 3. If β ≤ β1 and γ ≤ γ1 , then πTR ∗
m 

first decreases 

nd then increases with c. Otherwise, 
∂πTR ∗

m 
∂c 

≤ 0 . Moreover, 
∂πTR ∗

m 
∂q 

≥
 , 
∂πTR ∗

m 
∂δ

≤ 0 , 
∂πTR ∗

m 
∂γ

≤ 0 , and 
∂πTR ∗

m 
∂β

≥ 0 . 

It is intuitive to suppose that, as the cost c of producing a new 

roduct increases, the manufacturer will sell fewer new products 

t a lower unit sales revenue (in each of the two periods), so the 

anufacturer’s profit always decreases with an increase in pro- 

uction cost. Our research confirms that this is indeed the case 

hen the manufacturer does not offer a refurbishment program 

see Propositions 1 and 2 ). However, Proposition 3 shows that this 

ommonly held supposition may not hold when the manufacturer 

oes provide refurbishment programs. It is interesting that, when 

oth the refurbishment cost rate and quality recovery rate of refur- 

ished products are low, the manufacturer’s profit first decreases 

ut then increases with increasing production costs. 

We interpret this result as follows. As the production cost of 

ew products increases, more consumers will become unwilling to 

uy new products and so will turn to their refurbished counter- 

arts. Although manufacturers will respond by raising their price, 

onsumers will continue being strongly inclined to buy refurbished 

roducts – which, in turn, eventually increases manufacturer prof- 

ts from the sale of refurbished products. This positive incentive 

xplains why the manufacturer’s profit does not vary (decrease) 

onotonically with the production cost. It should be emphasized 

hat these results are facilitated by our condition that both the 

efurbishment cost rate and quality recovery rate of refurbished 

roducts are not too high, so that manufacturers will neither bear 

 high production cost for refurbished products nor lose too much 

arket demand for its new products because of competition from 

efurbished products. For management, these considerations imply 

hat firms (e.g., Toyota) can cope with the loss of profits caused by 

igher production costs of new products by implementing refur- 

ishment programs and successfully aiming for a lower refurbish- 

ent cost rate and quality recovery rate of refurbished products. 

Once again, the manufacturer’s profit decreases as the quality 

epreciation rate δ increases. This relation suggests that, even if 

he manufacturer (e.g., Toyota) also adopts refurbishment programs 

on a trade-in basis) to increase his revenue sources, that does not 

hange how the quality depreciation rate affects his profit. We re- 

terate that this outcome is due to consumers’ strategic behavior: 

ecause their decisions at the start of the first period are made 

ith future product quality in mind, refurbished products of low 

uality are unattractive to them. Finally, our results also show that 

he manufacturer’s profit decreases with an increase in the refur- 

ishment cost rate γ of refurbished products and increases with 

mprovements in the quality q of new products and in the quality 

ecovery rate β of refurbished products. 

Our results suggest several ways for automobile firms (e.g., Toy- 

ta) to improve profits when implementing both trade-in and re- 

urbishment programs. First, produce new products of higher qual- 

ty and greater durability. Second, improve the quality recovery 

ate of refurbished products and reduce the corresponding cost 

ate. Finally, firms should always seek to reduce the cost of new 

roduct production – unless (a) the quality recovery rate of refur- 

ished products and the corresponding cost rate are both low and 

b) the production cost of new products is already high enough for 

he firm. 
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. Comparison 

We now compare the three models to investigate how the 

rade-in program and refurbishment program affect not only the 

anufacturer’s decisions and profit but also consumer demand. 

.1. The manufacturer’s preference 

roposition 4. Comparing Model T and Model N yields the following 

tatements. 

(i) p T ∗
n 1 

= p N ∗
n 1 

, r T ∗ ≥ r N ∗, p T ∗r = p N ∗r , Q 

T ∗
B 

= Q 

N ∗
B 

, Q 

T ∗
T 

≥ Q 

N ∗
T 

, and Q 

T ∗
R 

= Q 

N ∗
R 

. 

(ii) When F t ≥ δq / 4 , we have πT ∗
m 

≤ πN ∗
m 

. Yet when F t ≤ δq / 4 , we

have πT ∗
m 

≥ πN ∗
m 

if c ≤ c 2 ; else, if c ≥ c 2 then πT ∗
m 

≤ πN ∗
m 

. 

Part (i) of this proposition shows that, although manufactur- 

rs can promote the sale of new products in the second period 

nd remain profitable if they offer trade-in programs, the cost of 

his approach is the need to pay trade-in rebates to consumers 

ho recycle old products (i.e., r T ∗ ≥ r N ∗ and Q 

T ∗
T 

≥ Q 

N ∗
T 

). It follows 

hat the manufacturer does not always profit from a trade-in pro- 

ram, especially when one considers that he also incurs a fixed 

ost F t for implementing it. So when that fixed cost is high (i.e., 

 t ≥ δq / 4 ), the manufacturer will have no interest in implement- 

ng a trade-in program (i.e., πT ∗
m 

≤ πN ∗
m 

). Yet when the fixed cost is 

ow (i.e., F t ≤ δq / 4 ), Proposition 4 (ii) establishes that manufacturers 

ill (resp., will not) implement trade-in programs if the production 

ost of new products is relatively low (resp., high). From a man- 

gement perspective, manufacturers with lower production costs 

or new products are more likely to offer trade-in programs. The 

eason is that lower production costs help manufacturers preserve 

arket demand by making it unnecessary to raise prices to cover 

roduction costs. Reducing production costs ultimately allows the 

anufacturer’s profits to outweigh the fixed and variable costs as- 

ociated with implementing a trade-in program. 

roposition 5. Comparing Model TR and Model T yields the following 

tatements. 

(i) p TR ∗
n 1 = p T ∗n 1 , r 

TR ∗ = r T ∗, p TR ∗
r ≥ p T ∗r , Q 

TR ∗
B ≤ Q 

T ∗
B , Q 

TR ∗
T = Q 

T ∗
T , and

Q 

TR ∗
R 

≥ Q 

T ∗
R 

. 

(ii) When F r ≥ F r, 1 , we have πTR ∗
m 

≤ πT ∗
m 

. Yet when F r ≤ F r, 1 , we 

have πTR ∗
m 

≤ πT ∗
m 

if c ≤ c 3 ; else, if c ≥ c 3 then πTR ∗
m 

≥ πT ∗
m 

. 

Manufacturers who implement refurbishment programs on a 

rade-in basis encounter two opposite effects. On the one hand, 

anufacturers can increase their revenue streams by implement- 

ng refurbishment programs (since p TR ∗
r ≥ p T ∗r and Q 

TR ∗
R ≥ Q 

T ∗
R ). On 

he other hand, the encroachment of refurbished products on new 

roducts will cause manufacturers to lose some new product sales 

evenue at the start of the first period (since p TR ∗
n 1 = p T ∗n 1 and Q 

TR ∗
B ≤

 

T ∗
B 

). As shown by Proposition 5 (ii), the trade-off between these 

wo resulting revenue streams makes it less necessary for manu- 

acturers to carry out refurbishment programs. 

We must bear in mind that there is also a fixed cost F r for im-

lementing the refurbishment program. So when this fixed cost is 

igh (i.e., F r ≥ F r, 1 ), the manufacturer will certainly not implement 

 refurbishment program (i.e., πTR ∗
m 

≤ πT ∗
m 

). But when the fixed cost 

s low (i.e., F r ≤ F r, 1 ), the manufacturer will (resp., will not) carry 

ut refurbishment programs when the production cost of the new 

roduct is relatively high (resp., low). These outcomes reflect that 

efurbishment programs allow manufacturers to rely less on the 

ales of new products for their profits and thus to be less adversely 

ffected by increases in their production costs. The management 

mplication here is that a manufacturer who has already offered 
141 
rade-in programs can improve his situation by implementing re- 

urbishment programs if his production costs for new products is 

igh. 

roposition 6. Comparing Model TR and Model N yields the follow- 

ng statements. 

(i) p TR ∗
n 1 

= p N ∗
n 1 

, r TR ∗ ≥ r N ∗, p TR ∗
r ≥ p N ∗r , Q 

TR ∗
B 

≤ Q 

N ∗
B 

, Q 

TR ∗
T 

≥ Q 

N ∗
T 

,

and Q 

TR ∗
R ≥ Q 

N ∗
R 

. 

(ii) When F t + F r ≥ δq / 4 , we have πTR ∗
m 

≤ πN ∗
m 

, and when F t + F r ≤
F t,r , we have πTR ∗

m 

≥ πN ∗
m 

. Yet when F t,r ≤ F t + F r ≤ δq / 4 , we

have πTR ∗
m 

≥ πN ∗
m 

if c ≤ c 4 ; else, if c ≥ c 4 then πTR ∗
m 

≤ πN ∗
m 

. 

Proposition 6 (i) illustrates the impact of both trade-in and re- 

urbishment programs on manufacturer profits. First, implement- 

ng a trade-in program benefits the manufacturer by boosting sales 

f new products in the second period – albeit at the expense of 

aying consumers a trade-in rebate to recycle old products (i.e., 

 

TR ∗ ≥ r N ∗ and Q 

TR ∗
T 

≥ Q 

N ∗
T 

). Second, implementing refurbishment 

rograms enables manufacturers to profit from the sale of refur- 

ished products (since p TR ∗
r ≥ p N ∗r and Q 

TR ∗
R 

≥ Q 

N ∗
R 

). Third, imple- 

enting a refurbishment program could cannibalize the manufac- 

urer’s new product sales at the start of the first period (since 

p TR ∗
n 1 

= p N ∗
n 1 

and Q 

TR ∗
B 

≤ Q 

N ∗
B 

). The combination of these three fac- 

ors makes it inadvisable for the manufacturer to implement both 

rograms. 

By Proposition 6 (ii), if the sum of the fixed costs, F t + F r , of pro-

iding the two programs is relatively low (resp., high) then the 

anufacturer will (resp., will not) offer both programs. Yet if the 

um of the fixed costs is moderate (i.e., F t,r ≤ F t + F r ≤ δq / 4 ), then

he manufacturer will (resp., will not) implement both programs 

hen the production cost of new products is low (resp., high). This 

ollows because lower production costs for new products render 

anufacturers more willing to sell new and refurbished products 

t a lower price. Thus the manufacturer can ensure that the profit 

hen implementing the two programs will offset his costs. In this 

ase, the management implication is that only manufacturers who 

an reduce the production cost of new products should offer both 

rade-in and refurbishment programs. 

Now suppose F r ≤ F r, 1 and F t,r ≤ F t + F r ≤ δq / 4 , so that none

f our three models is completely dominated by either of the 

thers. In this case, we can summarize the results proposed in 

ropositions 4 –6 as follows. 

roposition 7. 

(i) If c ≤ min { c 2 , c 3 } , then the manufacturer prefers Model T. 

(ii) If c 3 ≤ c ≤ c 4 , then the manufacturer prefers Model TR. 

(iii) If c ≥ max { c 2 , c 4 } , then the manufacturer prefers Model N. 

Proposition 7 gives manufacturers’ preferences for trade-in (and 

efurbishment) programs in different situations. In particular: man- 

facturers prefer to offer only trade-in programs when the pro- 

uction cost of new products is low, to offer both trade-in and 

efurbishment programs when that production cost is moderate, 

nd to offer neither program when the production cost is high. 

his conclusion can be used to explain the different practices we 

ave observed from the automobile industry. In recent years, due 

o the improvement of the core technology of automobile produc- 

ion (such as battery or fuel cell technology, lightweight structure), 

he production cost of automobile can be reduced ( Peters et al., 

014 ). That is why many automobile manufacturers (e.g., Subaru, 

esla, BWM, Toyoto) can start to offer trade-in programs. How- 

ver, the pandemic has resulted in a shortage of automobile semi- 

onductor chips, increasing production costs for many automakers, 

uch as Toyota (see Bellwood, 2022 ). That may be one reason why 

oyota starts offering refurbishment programs on a trade-in basis. 

owever, due to the high investment cost of providing refurbish- 
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Fig. 2. Effects of quality recovery rate β on manufacturer’s preference. 

Table 3 

Parameter values. 

Parameter Description Value 

q The quality of a new automobile 1 

c The production cost of new automobiles c ∈ [0 . 1 , 0 . 6] 

γ The cost rate of refurbishing automobiles γ ∈ [0 . 1 , 0 . 45] 

δ Product depreciation rate 0.5 

β Quality recovery rate 0.5 

F t The fixed costs of implementing trade-in programs for automobiles 0.005 

F r The fixed costs of implementing refurbishment programs for automobiles 0.005 
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ent programs, not all manufacturers can afford to offer such a 

rograms. 

The implication for management is that manufacturers should 

arefully choose whether to implement trade-in and refurbishment 

rograms – that is, while accounting for the production cost of 

ew products and other relevant factors, since the threshold value 

f that production cost can be influenced by a host of parameter 

alues. Therefore, we conduct a numerical study to show more di- 

ectly the various preferences of manufacturers. 

.2. Numerical study 

Before performing the numerical study, we have the follow- 

ng considerations. First, the quality of a new automobile should 

e normalized to one for simplicity. Second, in order to ensure 

hat manufacturers are willing to produce new automobiles (as 

ell as offer trade-ins and refurbishment programs), the produc- 

ion cost of new automobiles should not be too high, which is 

he so-called low cost manufacturing (see, e.g., Tisza & Czinege, 

018; Tisza et al., 2017 ). Third, to ensure that the automobile man- 

facturer is willing to offer the refurbishment program, we need 

o have the cost rate of refurbishing automobiles neither too high 

or too low. Forth, we consider a new automobile can be used for 

wo periods and will be worthless at the end of the second period 

 Agrawal et al., 2012; Li & Xu, 2015 ). Fifth, we consider the quality

f a refurbished automobile can reach a certain quality standard 

nd will be lower than the quality standard of new products ( Chen 

t al., 2020 ). Finally, in order to make any one of the three mod-

ls has a chance to be the most preferred, we need to have the 

xed costs of implementing trade-in and refurbishment programs 

or automobiles in the middle. Therefore, we set the parameter val- 

es accordingly and summarized them in Table 3 . 

Next, we will examine how the quality recovery rate β and the 

epreciation rate δ affect the automobile manufacturer’s prefer- 

nce. Specifically, we vary β within the range [0.4,0.6] when an- 

lyzing the impact of the quality recovery rate β; to check for 

ffects of the depreciation rate δ, we vary δ within the range 

0.4,0.6]. 

Figs. 2 and 3 illustrate how the different preferences of manu- 

acturers vary with the quality recovery rate β of refurbished prod- 
142 
cts and the quality depreciation rate δ of new products. These 

gures verify the theoretical results proposed in Propositions 4 –7 

nd also convey several more implications. First, when the pro- 

uction cost of new products and the cost rate of refurbished 

roducts are both high, manufacturers prefer not to provide either 

 trade-in program or a refurbishment program (Model N). Sec- 

nd, when the production cost of new products is low or when 

he production cost of new products is moderate and the cost 

ate of refurbished products is high, manufacturers prefer to of- 

er only trade-in programs (Model T). Third, when the produc- 

ion cost of new products is moderate and the cost rate of refur- 

ished product is low, manufacturers prefer to offer both trade- 

n and refurbishment programs (Model TR). This result suggests 

hat although many automakers have began to offer trade-in pro- 

rams (such as Subaru, Tesla, BWM, Toyoto), only those manu- 

acturers with relatively high production costs but relatively low 

efurbishment costs (such as Toyota) have more incentive to of- 

er additional refurbishment programs. Here, the refurbishment 

ost is another reason for the variation in automotive industry 

ractices. 

We can make several other observations with reference to 

ig. 2 . As the quality recovery rate β of refurbished products in- 

reases, the region where the manufacturer has the ability to offer 

oth trade-in and refurbishment programs becomes smaller while 

he region where he prefers to offer both trade-in and refurbish- 

ent programs becomes larger. In addition, the regions associated 

ith manufacturers’ preferences for trade-in programs only and 

or declining to offer either program will be smaller. The practical 

mplication here is that improved quality recovery rates of refur- 

ished products do not encourage manufacturers to offer trade-in 

rograms but do encourage those who already have a trade-in pro- 

ram to offer a refurbishment program as well. In the automobile 

ndustry, as refurbishment technology improves the quality recov- 

ry rate of refurbished products, more firms (which already offer 

rade-in programs) will be willing to offer another refurbishment 

rograms like Toyota’s. 

Finally, a close observation of Fig. 3 reveals that, with an in- 

rease in the quality depreciation rate δ of new products, the re- 

ion in which manufacturers are likely to provide both trade-in 

nd refurbishment programs will expand, as will the region in 
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Fig. 3. Effects of depreciation rate δ on manufacturer’s preference. 
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hich manufacturers prefer to offer both programs. In addition, 

he region where manufacturers prefer to offer only trade-in pro- 

rams becomes larger whereas the region where manufacturers 

refer to offer neither program becomes smaller. The practical im- 

lication under these circumstances is that an increase in the de- 

reciation rate of new products will not only induce manufacturers 

o implement trade-in programs; it will also encourage the adop- 

ion of refurbishment programs by those who are already offering 

rade-in programs. Therefore, as people use their cars more often, 

ausing the depreciation rate to increase, it will also encourage 

ore firms that have already implemented trade-in programs to 

ffer refurbishment programs. 

. Conclusion 

The goals of this research are (i) to determine when a manufac- 

urer with strategic consumers should implement trade-in (and re- 

urbishment) programs for durable goods and (ii) to show how this 

anufacturer can do so to improve his profit. We develop an an- 

lytical model in which a manufacturer sells new products to het- 

rogeneous consumers in two periods and can also offer a trade- 

n program to collect old products at the end of the first period. 

he collected old products can be refurbished and resold to con- 

umers in the second period. We address our study’s goals by way 

f three models (no program, trade-in program only, trade-in and 

efurbishment programs both) that we describe, analyze, and com- 

are. 

Our principal results can be summarized as follows. First, man- 

facturers can always increase their profits by improving the qual- 

ty of new products and thereby reducing the rate of quality de- 

reciation, regardless of whether or not they offer trade-in (and 

efurbishment) programs. As described in the main text, this con- 

lusion contradicts the apologists for planned obsolescence. Sec- 

nd, when the manufacturer does (resp., does not) offer a refur- 

ishment program, his profit need not (resp., must) decrease with 

ny increase in the production cost of new products. Besides, if 

he manufacturer implements a refurbishment program then his 

rofit decreases with an increase in the refurbishment cost rate 

ut increases with the quality recovery rate of refurbished prod- 

cts. Third, previous studies suggest that the firm should offer a 

rade-in program if it faces a competition from a third-party re- 

anufacturer ( Agrawal et al., 2016a ), if it can take full advantage 

f forward-looking customer behavior ( Zhang & Zhang, 2018 ), or if 

t has a high market share of old customers ( Xiao et al., 2020a ).

e complement this research by showing that the manufacturer 

refers to offer only trade-in programs when the production cost 

f new products is low, to offer both trade-in and refurbishment 

rograms when that production cost is moderate, and to provide 

either program when the production cost is high. Finally, our nu- 

erical study shows that improving the quality recovery rates of 

efurbished products does not encourage manufacturers to imple- 

ent trade-in programs – though it does encourage the adoption 
143 
f refurbishment programs by manufacturers who are already of- 

ering trade-in programs. However, an increase in the depreciation 

ate of new products will motivate manufacturers to offer trade- 

n programs while also encouraging the adoption of refurbishment 

rograms by those who already offer trade-in programs. 

The features we consider in our model, such as the decline 

f product quality over time and trade-in and refurbishment pro- 

rams, also apply to the electronics industry. Therefore, although 

ur model is based mainly on the automobile industry, under cer- 

ain conditions (e.g., when the production cost of new products is 

oderate and the refurbishment cost of old products is low), man- 

facturers prefer to choose the TR model – providing trade-in and 

efurbishment services, which concurs with the practice of elec- 

ronics industry. 

This paper has the following main limitations. First, our model 

nly describes the situation where the old products are at the 

ame quality level. In reality, the old products may have multiple 

uality levels. Thus, it is important to establish a model that can 

apture different quality levels of old products. Second, we do not 

ddress how the manufacturer’s optimal operating strategy is af- 

ected by (say) leasing new cars to consumers and then refurbish- 

ng them after a certain period of time. Third, in recent years, the 

andemic has caused a shortage of raw materials to produce au- 

omobiles. Thus, it is valuable to consider not only the uncertainty 

f component supply in assembly problem, but also the imbalance 

etween supply and demand of products. Forth, the shortage of 

aw materials will lead to different levels of product availability 

nd different waiting times for consumers. We conjecture that due 

o supply uncertainty, consumers might be more or less willing to 

ait strategically. This depends on how the supply uncertainty af- 

ects the production of the two periods differently. For exam ple, if 

he level of uncertainty is higher in the second period, it will dis- 

ourage consumers from waiting strategically. This would reinforce 

he waiting behavior in the current model and results. Moreover, 

t is worth studying how the manufacturer allocates limited raw 

aterials among different types of products. Competition between 

anufacturers would further intensify and complicate supply un- 

ertainty. 
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ppendix A. Proofs 

roof of Lemma 1. Under the scenario that neither the trade- 

n program nor the refurbishment program is implemented 

Model N), we will discuss two cases as follows. 
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Case 1. The manufacturer adopts the markdown stategy. In the 

rst stage, the manufacturer sets the new product’s selling price 

n the first period p n 1 ; and in the second stage, he decides the

ew product’s selling price in the second period p n 2 , to maximize 

is profit πN 
m 

= (p n 1 − c) Q 

N 
B 

+ (p n 2 − c) Q 

N 
NB 

subject to Q 

N 
NB 

≥ 0 , in

hich Q 

N 
B 

= 1 − p n 1 −p n 2 
q (1 −δ) 

, and Q 

N 
NB 

= 

p n 1 −p n 2 
q (1 −δ) 

− p n 2 
q . We solve this 

odel by backward induction. 

In the second stage, to solve the constrained maximum prob- 

em for the manufacturer, we construct the following Lagrangian 

unction 

 

N (p n 2 , λ) = −(p n 1 − c) Q 

N 
B − (p n 2 − c) Q 

N 
NB − λQ 

N 
NB , (EC.1)

n which λ is the Lagrange multiplier. So the KKT conditions are 

 

 

 

 

 

 

 

∂L N 

∂ p n 2 
= 

−cδ+ c+(δ−2) λ+2 p n 1 +2(δ−2) p n 2 
(δ−1) q 

= 0 , 

−Q 

N 
NB ≤ 0 , 

λ ≥ 0 , 

λQ 

N 
NB = 0 . 

(EC.2) 

Then, we indentify the manufacturer’s selling prices for both 

ew products and refurbished products, by discussing two sub- 

ases as follows. 

Case 1a. If λ = 0 , then from the KKT condition, Eq. (EC.9) , we

ave 

p N n 2 (p n 1 ) = 

2 p n 1 − cδ + c 

4 − 2 δ
. (EC.3) 

In the first stage, by substituting Eq. (EC.3) into the profit func- 

ion πN 
m 

, the manufacturer sets p n 1 to maximize his profit. Since 
∂ 2 πN 

m 

∂ p 2 
n 1 

= − 2 
(2 −δ) q 

≤ 0 , so the profit function πN 
m 

is concave in p n 1 . 

ence the unique optimal selling price p N1 ∗
n 1 

can be obtained by 

olving the first-order condition 

∂πN 
m 

∂ p n 1 
= 0 . Thus we obtain p N1 ∗

n 1 
= 

c+(2 −δ) q 
2 . We accordingly have the market demand for new prod- 

cts in the second period is Q 

N1 ∗
NB 

= − c 
2 q ≤ 0 . As a result, this case

s eliminated. 

Case 1b. If λ � = 0 , then from the KKT condition, Eq. (EC.2) , we

ave 

p N n 2 (p n 1 ) = 

p n 1 
2 −δ

, 

λ = c − c 
2 −δ

. 
(EC.4) 

In the first stage, by substituting p N 
n 2 

(p n 1 ) into the profit func- 

ion πN 
m 

, the manufacturer sets p n 1 to maximize his profit. Since 
∂ 2 πN 

m 

∂ p 2 
n 1 

= − 2 
(2 −δ) q 

≤ 0 , so the profit function πN 
m 

is concave in p n 1 . 

ence the unique optimal selling price p N1 ∗
n 1 

can be obtained by 

olving the first-order condition 

∂πN 
m 

∂ p n 1 
= 0 . Thus we obtain p N1 ∗

n 1 
= 

c+(2 −δ) q 
2 . We accordingly have the manufacturer’s profit πN1 ∗

m 

= 

((2 −δ) q −c) 2 

4 q (2 −δ) 
. 

Case 2. The manufacturer does not adopt the markdown stat- 

gy. 

In this case, the manufacturer sets the new product’s sell- 

ng price in the first period p n 1 to maximize his profit πN 
m 

= 

p n 1 − c) Q 

N 
B 

, in which Q 

N 
B 

= 

p n 1 
q (2 −δ) 

and Q 

N 
NB 

= 0 . It follows from

∂ 2 πN 
m 

∂ p 2 
n 1 

= − 2 
(2 −δ) q 

≤ 0 that the manufacturer’s profit is concave in 

p n 1 . Thus, the first-order condition 

∂πN 
m 

∂ p n 1 
= 0 yields the optimal sell- 

ng price p N2 ∗
n 1 

= 

c+(2 −δ) q 
2 . We accordingly have the market demand 

or new products Q 

N2 ∗
B 

= 

(2 −δ) q −c 
2(2 −δ) q 

, and the manufacturer’s profit 

N2 ∗
m 

= 

((2 −δ) q −c) 2 

4 q (2 −δ) 
. 

By comparing the manufacturer’s profit in the above two cases, 

e have πN1 ∗
m 

− πN2 ∗
m 

= 0 , which implies that the manufacturer has 
144 
o incentive to mark down price, i.e., p N ∗
n 2 

= p N ∗
n 1 

= p N2 ∗
n 1 

. Also, Q 

N ∗
B 

=
 

N2 ∗
B 

, Q 

N ∗
NB 

= 0 , and πN ∗
m 

= πN2 ∗
m 

. 

Moreover, to guarantee the market demand for new products is 

on-negative, i.e., Q 

N ∗
B 

≥ 0 , we need to have the precondition that 

 ≤ ˜ c N , in which ˜ c N = (2 − δ) q . �

roof of Proposition 1. In Model N, we have the precondition that 

 ≤ ˜ c N . Then, the effects of parameters (i.e., c, q and δ) on the man-

facturer’s profit are as follows: 

∂πN ∗
m 

∂c 
= 

c 

4 q − 2 δq 
− 1 

2 

; (EC.5) 

∂πN ∗
m 

∂q 
= 

2 − δ

4 

− c 2 

4(2 − δ) q 2 
; (EC.6) 

∂πN ∗
m 

∂δ
= 

c 2 

4(2 − δ) 2 q 
− q 

4 

. (EC.7) 

(i) Since we have 

∂ ∂πN ∗
m 

∂c 

∂c 
= 

1 

4 q − 2 δq 
≥ 0 , 

that is, 
∂πN ∗

m 
∂c 

increases in c. Together with 

∂πN ∗
m 

∂c 
| c→ ̃ c N = 0 , we 

can deduce that 
∂πN ∗

m 
∂c 

≤ 0 . 

(ii) Since we have 

∂ ∂πN ∗
m 

∂q 

∂c 
= − c 

2(2 − δ) q 2 
≤ 0 , 

that is, 
∂πN ∗

m 
∂q 

decreases in c. Together with 

∂πN ∗
m 

∂q 
| c→ ̃ c N = 0 , we 

can deduce that 
∂πN ∗

m 
∂q 

≥ 0 . 

(iii) Since we have 

∂ ∂πN ∗
m 

∂δ

∂c 
= 

c 

2(2 − δ) 2 q 
≥ 0 , 

that is, 
∂πN ∗

m 
∂δ

increases in c. Together with 

∂πN ∗
m 

∂δ
| c→ ̃ c N = 0 , we 

can deduce that 
∂πN ∗

m 
∂δ

≤ 0 . 

In conclude, we have 
∂πN ∗

m 
∂c 

≤ 0 , 
∂πN ∗

m 
∂q 

≥ 0 and 

∂πN ∗
m 

∂δ
≤ 0 . �

roof of Lemma 2. Under the scenario that only the trade-in pro- 

ram is implemented (Model T), we will discuss two cases as fol- 

ows. 

Case 1. The manufacturer adopts the markdown stategy. In 

he first stage, the manufacturer sets the new product’s selling 

rice in the first period p n 1 and the used product’s trade-in re- 

ate r; and in the second stage, he decides the new product’s sell- 

ng price in the second period p n 2 , to maximize his profit πT 
m 

= 

p n 1 − c) Q 

T 
B 

+ (p n 2 − c − r) Q 

T 
T 

+ (p n 2 − c) Q 

T 
NB 

− F t subject to Q 

T 
NB 

≥
 , in which Q 

T 
T 

= 1 − p n 2 −r 

δq 
, Q 

T 
B 

= 1 − p n 1 −p n 2 
q (1 −δ) 

, and Q 

T 
NB 

= 

p n 1 −p n 2 
q (1 −δ) 

−
p n 2 
q . We solve this model by backward induction. 

In the second stage, to solve the constrained maximum prob- 

em for the manufacturer, we construct the following Lagrangian 

unction 

 

T (p n 2 , λ) = −(p n 1 − c) Q 

T 
B − (p n 2 − c − r) Q 

T 
T − (p n 2 − c) Q 

T 
NB 

+ F t − λQ 

T 
NB , (EC.8) 

n which λ is the Lagrange multiplier. So the KKT conditions are 
 

 

 

 

 

 

 

 

 

∂L T 

∂ p n 2 
= 

−(δ−1)(δ(c+ q )+ c+2 r)+(δ−2) δλ+2 δp n 1 +2((δ−1) δ−1) p n 2 
(δ−1) δq 

= 0 , 

−Q 

T 
NB ≤ 0 , 

λ ≥ 0 , 

λQ 

T = 0 . 

(EC.9) 
NB 
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Then, we indentify the manufacturer’s selling prices for both 

ew products and refurbished products, by discussing two sub- 

ases as follows. 

Case 1a. If λ = 0 , then from the KKT condition, Eq. (EC.9) , we

ave 

p T n 2 (p n 1 , r) = 

(δ − 1)(δ(c + q ) + c + 2 r) − 2 δp n 1 
2( δ − 1) δ − 2 

. (EC.10) 

In the first stage, by substituting Eq. (EC.10) into the profit 

unction πT 
m 

, the manufacturer sets p n 1 and r to maximize his 

rofit. Since 
∂ 2 πT 

m 

∂ p 2 
n 1 

= − 2(δ+1) 
(1+(1 −δ) δ) q 

≤ 0 , 
∂ 2 πT 

m 

∂r 2 
= − 4 −2 δ

(1+(1 −δ) δ) q 
≤ 0 , and 

∂ 2 πT 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πT 
m 

∂ r∂ p n 1 
= 

2 
(1+(1 −δ) δ) q 

. We can now calculate the determi- 

ant of the Hessian matrix as 

∂ 2 π T 
m 

∂ p 2 
n 1 

][
∂ 2 π T 

m 

∂r 2 

]
−
[

∂ 2 π T 
m 

∂ p n 1 ∂ r 

][
∂ 2 π T 

m 

∂ r∂ p n 1 

]
= 

4 

(1 + (1 − δ) δ) q 2 
≥ 0 . 

(EC.11) 

Therefore, the Hessian matrix is negative definite and so the 

rofit function πT 
m 

is jointly concave in (p n 1 , r) . Hence the unique 

ptimal selling price p T1 ∗
n 1 and trade-in rebate r T1 ∗ can be obtained 

y simultaneously solving the two first-order conditions 
∂πT 

m 
∂ p n 1 

= 0 

nd 

∂πT 
m 

∂r 
= 0 . Thus we obtain p T1 ∗

n 1 = 

c+(2 −δ) q 
2 and r T1 ∗ = 

q (1 −δ) 
2 . We

ccordingly have the market demand for new products in the sec- 

nd period is Q 

T1 ∗
NB 

= − c 
2 q ≤ 0 . As a result, this case is eliminated. 

Case 1b. If λ � = 0 , then from the KKT condition, Eq. (EC.9) , we

ave 
 

p T n 2 (p n 1 , r) = 

p n 1 
2 −δ

, 

λ = 

(δ−1) ( (δ−2)(δ(c+ q )+ c+2 r)+2 p n 1 ) 
(δ−2) 2 δ

. 
(EC.12) 

In the first stage, by substituting p T 
n 2 

(p n 1 , r) into the profit 

unction πT 
m 

, the manufacturer sets p n 1 and r to maximize his 

rofit. Since 
∂ 2 πT 

m 

∂ p 2 
n 1 

= − 2+2(2 −δ) δ
(2 −δ) 2 δq 

≤ 0 , 
∂ 2 πT 

m 

∂r 2 
= − 2 

δq 
≤ 0 , and 

∂ 2 πT 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πT 
m 

∂ r∂ p n 1 
= 

2 
2 δq −δ2 q 

. We can now calculate the determinant of the 

essian matrix as 

∂ 2 π T 
m 

∂ p 2 
n 1 

][
∂ 2 π T 

m 

∂r 2 

]
−

[
∂ 2 π T 

m 

∂ p n 1 ∂ r 

][
∂ 2 π T 

m 

∂ r∂ p n 1 

]
= 

4 

(2 − δ) δq 2 
≥ 0 . 

(EC.13) 

Therefore, the Hessian matrix is negative definite and so the 

rofit function πT 
m 

is jointly concave in (p n 1 , r) . Hence the unique 

ptimal selling price p T1 ∗
n 1 

and trade-in rebate r T1 ∗ can be ob- 

ained by simultaneously solving the two first-order conditions 
∂πT 

m 
∂ p n 1 

= 0 and 

∂πT 
m 

∂r 
= 0 . Thus we obtain p T1 ∗

n 1 = 

c+(2 −δ) q 
2 and r T1 ∗ =

(1 −δ)((2 −δ) q −c) 
2(2 −δ) 

. We accordingly have the manufacturer’s profit 

T1 ∗
m 

= 

c 2 

2 δ(2 −δ) q 
+ 

q −2 c 
2 − F t . 

Case 2. The manufacturer does not adopt the markdown stat- 

gy. In this case, the manufacturer sets the new product’s selling 

rice in the first period p n 1 and the used product’s trade-in re- 

ate r, to maximize his profit πT 
m 

= (p n 1 − c) Q 

T 
B + (p n 1 − c − r) Q 

T 
T −

 t ; here Q 

T 
T = 1 − p n 1 −r 

δq 
and Q 

T 
B = 1 − p n 1 

(2 −δ) q 
. 

Then, it follows that 
∂ 2 πT 

m 

∂ p 2 
n 1 

= − 4 
(2 −δ) δq 

≤ 0 , 
∂ 2 πT 

m 

∂r 2 
= − 2 

δq 
≤ 0 , and 

∂ 2 πT 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πT 
m 

∂ r∂ p n 1 
= 

2 
δq 

. We can now calculate the determinant of the 

essian matrix as 

∂ 2 π T 
m 

∂ p 2 
n 1 

][
∂ 2 π T 

m 

∂r 2 

]
−

[
∂ 2 π T 

m 

∂ p n 1 ∂ r 

][
∂ 2 π T 

m 

∂ r∂ p n 1 

]
= 

4 

(2 − δ) δq 2 
≥ 0 . 

(EC.14) 

l
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Therefore, the Hessian matrix is negative definite and so the 

rofit function πT 
m 

is jointly concave in (p n 1 , r) . Hence the unique 

ptimal selling price p T2 ∗
n 1 

and trade-in rebate r T2 ∗ can be ob- 

ained by simultaneously solving the two first-order conditions 
∂πT 

m 
∂ p n 1 

= 0 and 

∂πT 
m 

∂r 
= 0 . Thus we obtain p T2 ∗

n 1 = 

c+(2 −δ) q 
2 and r T2 ∗ =

 (1 − δ) . We accordingly have the market demand for new prod- 

cts in the first period Q 

T2 ∗
B 

= 

(2 −δ) q −c 
2(2 −δ) q 

and the trade-in amount 

 

T2 ∗
T 

= 

1 
2 − c 

2 δq 
. Also, the manufacturer’s profit is given by πT2 ∗

m 

= 

c 2 

2 δ(2 −δ) q 
+ 

q −2 c 
2 − F t . 

By comparing the manufacturer’s profit in the above two cases, 

e have πT1 ∗
m 

− πT2 ∗
m 

= 0 , which implies that the manufacturer has 

o incentive to mark down price, i.e., p T ∗
n 2 

= p T ∗
n 1 

= p T2 ∗
n 1 

. Also, r T ∗ =
 

T2 ∗, Q 

T ∗
T = Q 

T2 ∗
T , Q 

T ∗
B = Q 

T2 ∗
B , Q 

T ∗
NB = 0 , and πT ∗

m 

= πT2 ∗
m 

. 

Moreover, we can directly show that the market demand for 

ew products is larger than the trade-in amount, since Q 

T ∗
B 

− Q 

T ∗
T 

= 

c(1 −δ) 
(2 −δ) δq 

≥ 0 . Further, to guarantee the trade-in amount is non- 

egative, i.e., Q 

T ∗
T 

≥ 0 , we need to have the precondition that c ≤ ˜ c T 

n which ˜ c T = δq . �

roof of Proposition 2. In Model T, we have the precondition that 

 ≤ ˜ c T . Then, the effects of parameters (i.e., c, q and δ) on the man-

facturer’s profit are as follows: 

∂π T ∗
m 

∂c 
= 

c 

δq (2 − δ) 
− 1 ; (EC.15) 

∂π T ∗
m 

∂q 
= 

1 

2 

− c 2 

2(2 − δ) δq 2 
; (EC.16) 

∂π T ∗
m 

∂δ
= − c 2 (1 − δ) 

(2 − δ) 2 δ2 q 
≤ 0 . (EC.17) 

(i) Since we have 

∂ ∂π T ∗
m 

∂c 

∂c 
= 

1 

δq (2 − δ) 
≥ 0 , 

that is, 
∂πT ∗

m 
∂c 

increases in c. Together with 

∂πT ∗
m 

∂c 
| c→ ̃ c T = 

1 
2 −δ

−
1 ≤ 0 , we can deduce that 

∂πT ∗
m 

∂c 
≤ 0 . 

(ii) Since we have 

∂ ∂π T ∗
m 

∂q 

∂c 
= − c 

(2 − δ) δq 2 
≤ 0 , 

that is, 
∂πT ∗

m 
∂q 

decreases in c. Together with 

∂πT ∗
m 

∂q 
| c→ ̃ c T = 1 −

1 
2 −δ

≥ 0 , we can deduce that 
∂πT ∗

m 
∂q 

≥ 0 . 

In conclude, we have 
∂πT ∗

m 
∂c 

≤ 0 , 
∂πT ∗

m 
∂q 

≥ 0 and 

∂πT ∗
m 

∂δ
≤ 0 . �

roof of Lemma 3. Under the scenario that both the trade-in pro- 

ram and the refurbishment program are implemented (Model TR), 

e will discuss two cases as follows. 

Case 1. The manufacturer adopts the markdown stategy. In the 

rst stage, the manufacturer sets the new product’s selling price 

n the first period p n 1 and the used product’s trade-in rebate r; 

nd in the second stage, he decides the new product’s selling price 

n the second period p n 2 and the refurbished product’s selling 

rice p r , to maximize his profit πTR 
m 

= (p n 1 − c) Q 

TR 
B 

+ (p n 2 − c −
) Q 

TR 
T + (p n 2 − c) Q 

TR 
NB + (p r − γ c) Q 

TR 
R − F t − F r subject to Q 

TR 
NB ≥ 0 , in

hich Q 

TR 
T = 1 − p n 2 −r 

δq 
, Q 

TR 
B = 1 − p n 1 −p n 2 

q (1 −δ) 
, Q 

TR 
NB = 

p n 1 −p n 2 
q (1 −δ) 

− p n 2 −p r 
δq (1 −β) 

nd Q 

TR 
R 

= 

p n 2 −p r 
δq (1 −β) 

− p r 
q −(1 −β) δq 

. We solve this model by backward 

nduction. 

In the second stage, to solve the constrained maximum prob- 

em for the manufacturer, we construct the following Lagrangian 
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unction 

 

TR (p n 2 , p r , λ) = −(p n 1 − c) Q 

TR 
B −(p n 2 − c − r) Q 

TR 
T −(p n 2 − c) Q 

TR 
NB 

− (p r − γ c) Q 

TR 
R + F t + F r − λQ 

TR 
NB , (EC.18) 

in which λ is the Lagrange multiplier. So the KKT conditions are 

 

 

 

 

 

 

 

 

 

 

 

 

 

∂L TR 

∂ p n 2 
= 

−βδλ−(δ−1)(c(β+ γ −2)+(β−1)(δq +2 R ))+ λ+2(β−1) δp n 1 −2(β+ δ−2) p n 2 +2
(β−1)(δ−1) δq 

∂L TR 

∂ p r 
= 

(β−1) δλ+ c(−βδ+ γ + δ−1)+ λ+2((β−1) δ+1) p n 2 −2 p r 
(β−1) δq ((β−1) δ+1) 

= 0 , 

−Q 

TR 
NB ≤ 0 , 

λ ≥ 0 , 

λQ 

TR 
NB = 0 . 

Then, we indentify the manufacturer’s selling prices for both 

ew products and refurbished products, by discussing two sub- 

ases as follows. 

Case 1a. If λ = 0 , then from the KKT condition, Eq. (EC.19) , we

ave 
 

p T R n 2 (p n 1 , r) = 

(δ−1)(δ(c+ q )+ c+2 r) −2 δp n 1 
2(δ−1) δ−2 

, 

p T R r (p n 1 , r) = 

c ( δ2 (β+ γ −1) −γ δ−γ + δ) +2 δ(−βδ+ δ−1) p n 1 +(δ−1) δq ((β−1) δ+1)

2(δ−1) δ−2 

In the first stage, by substituting Eq. (EC.20) into the profit 

unction πTR 
m 

, the manufacturer sets p n 1 and r to maximize 

is profit. Since 
∂ 2 πTR 

m 

∂ p 2 
n 1 

= − 2(δ+1) 
(1+(1 −δ) δ) q 

≤ 0 , 
∂ 2 πTR 

m 

∂r 2 
= − 4 −2 δ

(1+(1 −δ) δ) q 
≤

 , and 

∂ 2 πTR 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πTR 
m 

∂ r∂ p n 1 
= 

2 
(1+(1 −δ) δ) q 

. We can now calculate the de- 

erminant of the Hessian matrix as 

∂ 2 π TR 
m 

∂ p 2 
n 1 

][
∂ 2 π TR 

m 

∂r 2 

]
−
[

∂ 2 π TR 
m 

∂ p n 1 ∂ r 

][
∂ 2 π TR 

m 

∂ r∂ p n 1 

]
= 

4 

(1 + (1 −δ) δ) q 2 
≥ 0 . 

(EC.21) 

Therefore, the Hessian matrix is negative definite and so the 

rofit function πTR 
m 

is jointly concave in (p n 1 , r) . Hence the 

nique optimal selling price p TR1 ∗
n 1 and trade-in rebate r TR1 ∗ can 

e obtained by simultaneously solving the two first-order condi- 

ions 
∂πTR 

m 
∂ p n 1 

= 0 and 

∂πTR 
m 

∂r 
= 0 . Thus we obtain p TR1 ∗

n 1 
= 

c+(2 −δ) q 
2 and 

 

TR1 ∗ = 

q (1 −δ) 
2 . We accordingly have the market demand for new 

roducts in the second period is Q 

TR1 ∗
NB = − c−cγ

2 δq −2 βδq 
≤ 0 . As a re- 

ult, this case is eliminated. 

Case 1b. If λ � = 0 , then from the KKT condition, Eq. (EC.19) , we

ave 
 

 

 

 

 

 

 

p T R n 2 (p n 1 , r) = 

(δ−1)(c(δ(δ(2 β+ γ −2) −β−2 γ +3) −1)+(δ−1)((β−1) δ+1)(δq +2 r))

2 δ( 2 β(δ−2) δ+ β−(δ−1) 2 ) +2 

p T R r (p n 1 , r) = 

(βδ−1)(c(δ(δ(2 β+ γ −2) −β−2 γ +3) −1)+(δ−1)((β−1) δ+1)(δq +2 r

2 δ( 2 β(δ−2) δ+ β−(δ−1) 2 ) +2 

λ = − (δ−1) ( c(−δ)(β+ δ−2)+ γ c((δ−1) δ−1)+ c+2(β−1) δp n 1 +(β−1)(δ−2) δ(δq +2 r)

δ( 2 β(δ−2) δ+ β−(δ−1) 2 ) +1 

In the first stage, by substituting p T R 
n 2 

(p n 1 , r) and p T R r (p n 1 , r)

nto the profit function πTR 
m 

, the manufacturer sets p n 1 and r to 

aximize his profit. Since 
∂ 2 πTR 

m 

∂ p 2 
n 1 

= − 2+(2 −4 β) δ2 

δq ( 2 β(δ−2) δ+ β−(δ−1) 2 ) + q ≤ 0 , 

∂ 2 πTR 
m 

∂r 2 
= − 2(2 −δ)(1 −βδ) 

δq ( 2 β(δ−2) δ+ β−(δ−1) 2 ) + q ≤ 0 , and 

∂ 2 πTR 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πTR 
m 

∂ r∂ p n 1 
= 

2 −2 βδ
δq ( 2 β(δ−2) δ+ β−(δ−1) 2 ) + q . We can now calculate the determinant of 

he Hessian matrix as [
∂ 2 π TR 

m 

∂ p 2 
n 1 

][
∂ 2 π TR 

m 

∂r 2 

]
−

[
∂ 2 π TR 

m 

∂ p n 1 ∂ r 

][
∂ 2 π TR 

m 

∂ r∂ p n 1 

]

= 

4 − 4 βδ

q 2 
(
δ
(
2 β(δ − 2) δ + β − (δ − 1) 2 

)
+ 1 

) ≥ 0 . (EC.23) 
146 
 p r = 0 , 

(EC.19) 

1) r((β−1) δ+1) 
. 

(EC.20) 

δ−1) p n 1 , 

(β−1) δ+1)(β(2 δ−1) −δ) p n 1 , (EC.22) 

Therefore, the Hessian matrix is negative definite and so the 

rofit function πTR 
m 

is jointly concave in (p n 1 , r) . Hence the 

nique optimal selling price p TR1 ∗
n 1 

and trade-in rebate r TR1 ∗ can 

e obtained by simultaneously solving the two first-order con- 

itions 
∂πTR 

m 
∂ p n 1 

= 0 and 

∂πTR 
m 

∂r 
= 0 . Thus we obtain p TR1 ∗

n 1 = 

c+(2 −δ) q 
2 

nd r TR1 ∗ = 

(1 −δ)(c(γ −1) −βδq + q ) 
2 −2 βδ

. We accordingly have the manufac- 

urer’s profit πTR1 ∗
m 

= 

q −2 c 
2 + 

c 2 (1 −(1 −β−γ ) 2 δ2 −2(1 −γ ) γ δ) 
4 δq (1 −(1 −β) δ)(1 −βδ) 

− F t − F r . 

Case 2. The manufacturer does not adopt the markdown stat- 

gy. In the first stage, the manufacturer sets the new product’s 

elling price in the first period p n 1 and the used product’s trade- 

n rebate r; and in the second stage, he decides the refurbished 

roduct’s selling price p r , to maximize his profit πTR 
m 

= (p n 1 −
) Q 

TR 
B 

+ (p n 1 − c − r) Q 

TR 
T 

+ (p r − γ c) Q 

TR 
R 

− F t − F r ; here Q 

TR 
T 

= 1 −
p n 1 −r 

δq 
, Q 

TR 
B 

= 1 − p n 1 −p r 
q −βδq 

, and Q 

TR 
R 

= 

p n 1 −p r 
q −βδq 

− p r 
q −(1 −β) δq 

. We solve 

his model by backward induction. 

In the second stage, it follows from the manufacturer’s profit 

unction that πTR 
m 

is concave in p r because 
∂(πTR 

m ) 
2 

∂ 2 p r 
= − 2 

q −βδq 
−

2 
q −(1 −β) δq 

≤ 0 . Thus, the first-order condition 

∂πTR 
m 

∂ p r 
= 0 yields the 

anufacturer’s optimal refurbished product’s selling price re- 

ponse, which is given by 

p TR 
r (p n 1 , r) = 

c(δ(1 −β−γ ) + 2 γ −1) + 2 p n 1 (1 − (1 −β) δ) 

2( 2 −δ) 
. (EC.24) 

In the first stage, by substituting Eq. (EC.24) into the profit 

unction πTR 
m 

, the manufacturer sets p n 1 and r to maximize his 

rofit. Since 
∂ 2 πTR 

m 

∂ p 2 
n 1 

= − 4 
(2 −δ) δq 

≤ 0 , 
∂ 2 πTR 

m 

∂r 2 
= − 2 

δq 
≤ 0 , and 

∂ 2 πTR 
m 

∂ p n 1 ∂ r 
= 

∂ 2 πTR 
m 

∂ r∂ p n 1 
= 

2 
δq 

. We can now calculate the determinant of the Hessian 

atrix as 

 

∂ 2 π TR 
m 

∂ p 2 
n 1 

] [ 
∂ 2 π TR 

m 

∂r 2 

] 
−

[ 
∂ 2 π TR 

m 

∂ p n 1 ∂ r 

] [ 
∂ 2 π TR 

m 

∂ r∂ p n 1 

] 
= 

4 

(2 − δ) δq 2 
≥ 0 . 

(EC.25) 

Therefore, the Hessian matrix is negative definite and so the 

rofit function πTR 
m 

is jointly concave in (p n 1 , r) . Hence the 

nique optimal selling price p TR2 ∗
n 1 and trade-in rebate r TR2 ∗ can 

e obtained by simultaneously solving the two first-order con- 

itions 
∂πTR 

m 
∂ p n 1 

= 0 and 

∂πTR 
m 

∂r 
= 0 . Thus we obtain p TR2 ∗

n 1 
= 

c+(2 −δ) q 
2 

nd r TR2 ∗ = q (1 − δ) . We accordingly have the optimal refur- 

ished product’s selling price p TR2 ∗
r = 

cγ −(1 −β) δq + q 
2 . Then, we 

ave the trade-in amount is Q 

TR2 ∗
T 

= 

1 
2 − c 

2 δq 
, the market de- 
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and for new products in the first period is Q 

TR2 ∗
B = 

1 
2 −

c−cγ
2(q −βδq ) 

, 

nd the market demand for refurbished products is Q 

TR2 ∗
R = 

c(δ(β+ γ −1) −2 γ +1) 
2 q (1 −(1 −β) δ)(1 −βδ) 

. Also, the manufacturer’s profit is given by 

TR2 ∗
m 

= 

q −2 c 
2 + 

c 2 (1 −(1 −β−γ ) 2 δ2 −2(1 −γ ) γ δ) 
4 δq (1 −(1 −β) δ)(1 −βδ) 

− F t − F r . 

By comparing the manufacturer’s profit in the above two cases, 

e have πTR1 ∗
m 

− πTR2 ∗
m 

= 0 , which implies that the manufacturer 

as no incentive to mark down prices. As a result, we have p TR ∗
n 2 

=
p TR ∗

n 1 = p TR2 ∗
n 1 . Also, r TR ∗ = r TR2 ∗, p TR ∗

r = p TR2 ∗
r , Q 

TR ∗
T = Q 

TR2 ∗
T , Q 

TR ∗
B =

 

TR2 ∗
B 

, Q 

TR ∗
NB 

= 0 , Q 

TR ∗
R 

= Q 

TR2 ∗
R 

, and πTR ∗
m 

= πTR2 ∗
m 

. 

Moreover, first, to guarantee the market demand for new prod- 

cts is larger than the trade-in amount, i.e., Q 

TR ∗
B ≥ Q 

TR ∗
T , we need 

o have the precondition that γ ≥ γ̄ , in which γ̄ = 

βδ+ δ−1 
δ

. Sec- 

nd, to ensure that the market demand for refurbished products 

s non-negative, i.e., Q 

TR ∗
R 

≥ 0 , we need to have γ ≤ γ̄ in which 

¯ = 

1+ βδ−δ
2 −δ

. Third, the trade-in amount should be larger than the 

arket demand for refurbished products, i.e., Q 

TR ∗
T ≥ Q 

TR ∗
R , we need 

o have c ≤ ˜ c TR , in which ˜ c TR = 

δq (1 −(1 −β) δ)(1 −βδ) 

1 −(1 −β) 2 δ2 −γ (2 −δ) δ
. Also, we can 

erify that ˜ c TR ≤ δq (= ˜ c T ) . �

roof of Proposition 3. In Model TR, we have the precondition 

hat γ̄ ≤ γ ≤ γ̄ and c ≤ ˜ c TR (≤ ˜ c T ) . Then, the effects of parameters 

i.e., c, q , δ, γ and β) on the manufacturer’s profit are as follows: 

∂π TR ∗
m 

∂c 
= 

c(δ2 (β + γ − 1) 2 − 2(γ − 1) γ δ − 1) 

2 δq ((β − 1) δ + 1)(βδ − 1) 
− 1 ; (EC.26) 

∂π TR ∗
m 

∂q 
= 

c 2 (−δ2 (β + γ − 1) 2 + 2(γ − 1) γ δ + 1) 

4 δq 2 ((β − 1) δ + 1)(βδ − 1) 
+ 

1 

2 

; (EC.27) 

∂π TR ∗
m 

∂δ
= 

c 2 

4 q 
( 

(1 − β) γ 2 

((β − 1) δ + 1) 2 
+ 

β(γ − 1) 2 

(βδ − 1) 2 
− 1 

δ2 
) ; (EC.28) 

∂π TR ∗
m 

∂γ
= − c 2 (δ(β + γ − 1) − 2 γ + 1) 

2 q ((β − 1) δ + 1)(1 − βδ) 
; (EC.29) 

∂π TR ∗
m 

∂β
= 

c 2 δ(δ(β + γ − 1) − 2 γ + 1)(1 − β(2 γ − 1) δ+ γ δ − δ) 

4 q ((β − 1) βδ2 + δ − 1) 2 
. 

(EC.30) 

(i) Since 

∂(π TR ∗
m 

) 2 

∂ 2 c 
= 

δ2 (β + γ − 1) 2 − 2(γ − 1) γ δ − 1 

2 δq ((β − 1) δ + 1)(βδ − 1) 
, 

hus, we have 

∂( ∂(π TR ∗
m ) 2 

∂ 2 c 
) 

∂γ
= − δ(β + γ − 1) − 2 γ + 1 

q ((β − 1) δ + 1)(1 − βδ) 
. 

Let 	1 = δ(β + γ − 1) − 2 γ + 1 . As we have 

∂	1 

∂γ
= δ − 2 ≤ 0 , 

hat is, 	1 decreases in γ . Together with 	1 | γ → ̄γ = 0 , we can de-

uce that 	1 ≥ 0 . Thus, 
∂( 

∂(πTR ∗
m ) 2 

∂ 2 c 
) 

∂γ
≤ 0 . In other words, 

∂(πTR ∗
m ) 2 

∂ 2 c 

ecreases in γ . Together with 

∂(π TR ∗
m 

) 2 

∂ 2 c 
| γ → ̄γ = 

1 

2 δq − δ2 q 
≥ 0 , 

e can obtain that 
∂(πTR ∗

m ) 2 

∂ 2 c 
≥ 0 . That is, 

∂πTR ∗
m 

∂c 
increases in c. Next, 

e will show that whether 
∂πTR ∗

m 
∂c 

is negative or positive at the 

oundary point. 

On the one hand, we have 
∂πTR ∗

m 
∂c 

at the lower bound is 

∂π TR ∗
m | c→ 0 = −1 ≤ 0 . 
∂c 

147 
On the other hand, we have 
∂πTR ∗

m 
∂c 

at the upper bound is 

∂π TR ∗
m 

∂c 
| c→ ̃ c TR = 

−(β + γ − 1) 2 δ2 + 2(γ − 1) γ δ + 1 

−2(β − 1) 2 δ2 + 2 γ (δ − 2) δ + 2 

− 1 . 

hus, we have 

∂( 
∂πTR ∗

m 
∂c 

| 
c→ ̃ c TR ) 

2 

∂ 2 γ
= 

δ(1 − δ)(1 + (1 − β) δ)(1 − (1 − β) δ)(1 − βδ)(βδ + 1) 

(1 − (β − 1) 2 δ2 + γ (δ − 2) δ) 3 
. 

Let 	2 = 1 − (β − 1) 2 δ2 + γ (δ − 2) δ. Because 

∂	2 

∂γ
= −(2 − δ) δ ≤ 0 , 

hat is, 	2 decreases in γ . Together with 	2 | γ → ̄γ = (1 − β) βδ2 −

+ 1 ≥ 0 , we can deduce that 	2 ≥ 0 . Thus, 
∂( 

∂πTR ∗
m 
∂c 

| 
c→ ̃ c TR ) 

2 

∂ 2 γ
≥

 , which implies that 
∂πTR ∗

m 
∂c 

| c→ ̃ c TR is convex in γ . So we have 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR at the boundary point are as follows 

∂π TR ∗
m 

∂c 
| c→ ̃ c TR ,γ → ̄γ = 

(1 − δ)(1 − (β + 3) δ) 

δ((β − 3) δ + 3) 
; (EC.31) 

∂π TR ∗
m 

∂c 
| c→ ̃ c TR ,γ → ̄γ = 

1 

2 − δ
− 1 ≤ 0 . (EC.32) 

Let 	3 = 1 − (β + 3) δ, we have 

∂	3 

∂β
= −δ ≤ 0 , 

hat is, 	3 decreases in β . Thus, we have 	3 ≤ 0 if β ≥ β1 , else if 

≤ β1 then 	3 ≥ 0 , in which β1 is the unique solution of 	3 = 0 , 

hich is given by 

1 = 

1 

δ
− 3 . (EC.33) 

Therefore, if β ≥ β1 , we have 	3 ≤ 0 . Thus, 
∂πTR ∗

m 
∂c 

| c→ ̃ c TR ,γ → ̄γ ≤
 . As a result, together with 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR is convex in γ and 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR ,γ → ̄γ ≤ 0 , we can deduce that 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR ≤ 0 . Again, 

ecall that 
∂πTR ∗

m 
∂c 

increases in c and 

∂πTR ∗
m 

∂c 
| c→ 0 ≤ 0 . Therefore, 

∂πTR ∗
m 

∂c 

ncreases in c from negative to negative, that is, 
∂πTR ∗

m 
∂c 

≤ 0 . 

However, if β ≤ β1 , we have 	3 ≥ 0 . Thus, 
∂πTR ∗

m 
∂c 

| c→ ̃ c TR ,γ → ̄γ ≥
 . As a result, together with 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR is convex in γ and 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR ,γ → ̄γ ≤ 0 , we can deduce that 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR either de- 

reases from positive to negative or first decreases from positive 

nd then increases to negative. In either case, we can deduce that 
∂πTR ∗

m 
∂c 

| c→ ̃ c TR ≥ 0 if γ ≤ γ1 ; else if γ ≥ γ1 then
∂πTR ∗

m 
∂c 

| c→ ̃ c TR ≤ 0 . Here, 

1 is the unique solution of 
∂πTR ∗

m 
∂c 

| c→ ̃ c TR = 0 within the range of 

 ̄γ , γ̄ ] , which is given by 

1 = 

βδ2 − δ + 

√ 

(2(β − 1) β + 1) δ4 − 2((β − 1) β + 1) δ3 + 2 δ

(2 − δ) δ
. 

(EC.34) 

Based on the above analysis, we can conclude two results as 

ollows. 

On the one hand, if β ≤ β1 and γ ≥ γ1 , then 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR ≤ 0 . 

gain, recall that 
∂πTR ∗

m 
∂c 

increases in c. Thus, we have 
∂πTR ∗

m 
∂c 

≤ 0 . 

On the other hand, if β ≤ β1 and γ ≤ γ1 , then 

∂πTR ∗
m 

∂c 
| c→ ̃ c TR ≥ 0 . 

ecall that 
∂πTR ∗

m 
∂c 

increases in c and 

∂πTR ∗
m 

∂c 
| c→ 0 ≤ 0 . Therefore, 

∂πTR ∗
m 

∂c 

ncreases in c from negative to positive, that is, πTR ∗
m 

first decreases 

nd then increases with the increase of c. In particular, 
∂πTR ∗

m 
∂c 

≤ 0 
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f c ≤ c 1 ; else if c ≥ c 1 then 

∂πTR ∗
m 

∂c 
≥ 0 , in which c 1 is the unique

olution of 
∂πTR ∗

m 
∂c 

= 0 within the range of [0 , ̃  c TR ] , which is given

y 

 1 = 

2 δq ((β − 1) δ + 1)(βδ − 1) 

δ2 (β + γ − 1) 2 − 2(γ − 1) γ δ − 1 

. (EC.35) 

In sum, if β ≤ β1 and γ ≤ γ1 , we have πTR ∗
m 

first decreases and 

hen increases with c. Otherwise, we have 
∂πTR ∗

m 
∂c 

≤ 0 . 

(ii) Since 

∂(π TR ∗
m 

) 2 

∂ 2 q 
= − c 2 (δ2 (β + γ − 1) 2 − 2(γ − 1) γ δ − 1) 

2 δq 3 ((β − 1) δ + 1)(1 − βδ) 
. 

et 	4 = δ2 (β + γ − 1) 2 − 2(γ − 1) γ δ − 1 , as we have 	1 ≥ 0 

rom (i), thus 

∂	4 

∂γ
= 2 δ(δ(β + γ − 1) − 2 γ + 1) = 2 δ	1 ≥ 0 , 

hat is, 	4 increases in γ . Together with 

4 | γ → ̄γ = −2(1 − β) βδ2 + 2(1 − δ) 

2 − δ
≤ 0 , 

e can deduce that 	4 ≤ 0 . Thus, 
∂(πTR ∗

m ) 2 

∂ 2 q 
≥ 0 . In other words, 

∂πTR ∗
m 

∂q 
increases in q . 

From the precondition that c ≤ ˜ c TR = 

δq (1 −(1 −β) δ)(1 −βδ) 

1 −(1 −β) 2 δ2 −γ (2 −δ) δ
we can 

btain the lower bound of q , that is, 

 ≥ c(1 − (1 − β) 2 δ2 − γ (2 − δ) δ) 

δ(1 − (1 − β) δ)(1 − βδ) 
(= q TR ) , 

o we have 

∂π TR ∗
m 

∂q 
| q → q TR = 

δ((β − 1) δ + 1)(βδ − 1)(−δ2 (β + γ − 1) 2 + 2(γ

4(1 − (β − 1) 2 δ2 + γ (δ − 2) δ) 2 

Since we have 	2 ≥ 0 from (i), thus 

∂( ∂π TR ∗
m 

∂q 
| q → q TR ) 

∂γ
= −δ2 ((β − 1) δ + 1) 2 (1 − βδ) 2 (δ(1 − β − γ ) + 2

2	3 
2 

hat is, 
∂πTR ∗

m 
∂q 

| q → q TR decreases in γ . Together with 

∂πTR ∗
m 

∂q 
| q → q TR ,γ → ̄γ = 

1 
δ−2 

+ 1 ≥ 0 , we can deduce that 
∂πTR ∗

m 
∂q 

| q → q TR ≥
 . Together with the fact that 

∂πTR ∗
m 

∂q 
increases in q , we know that

∂πTR ∗
m 

∂q 
increases from positive, that is, 

∂πTR ∗
m 

∂q 
≥ 0 . 

(iii) Since 

∂(π TR ∗
m 

) 2 

∂ 2 δ
= 

c 2 

2 q 

(
β2 (1 − γ ) 2 

(1 − βδ) 3 
+ 

(1 − β) 2 γ 2 

((β − 1) δ + 1) 3 
+ 

1 

δ3 

)
≥ 0 , 

hat is, 
∂πTR ∗

m 
∂δ

increases in δ. Next, we will show that whether 
∂πTR ∗

m 
∂δ

s negative or positive at the boundary point. 

On the one hand, from γ ≥ γ̄ (= 

βδ+ δ−1 
δ

) , we have δ ≤ 1 
β−γ +1 

(= 

¯
1 ) . So we obtain 

∂πTR ∗
m 

∂δ
at the upper bound is 

∂π TR ∗
m 

∂δ
| δ→ ̄δ1 

= 

βc 2 (1 − β)(γ − β)(β − γ + 1) 2 

q (γ − 2 β) 2 
. 

hus, we have 
∂πTR ∗

m 
∂δ

| 
δ→ ̄δ

≥ 0 if γ ≥ β; else if γ ≤ β , then 

∂πTR ∗
m 

∂δ
| 
δ→ ̄δ1 

≤ 0 . Therefore, if γ ≤ β , we know that 
∂πTR ∗

m 
∂δ

increases 

n δ to negative, that is, 
∂πTR ∗

m 
∂δ

≤ 0 . 

However, if γ ≥ β , we know that 
∂πTR ∗

m 
∂δ

may increases in δ to 

ositive, so we will discuss the value of 
∂πTR ∗

m 
∂δ

on the other hand, 

.e., when γ ≤ γ̄ (= 

1+ βδ−δ
2 −δ

) . In this scenario, it follows that δ(1 −
− γ ) ≤ 1 − 2 γ . So we have the following two cases: 
148 
 γ δ + 1) + 

1 

2 

. 

 1) ≤ 0 , 

1. If γ ≤ 1 
2 , we have 1 − β − γ ≥ 0 , then we obtain the other 

upper bound of δ, i.e., δ ≤ ( ̄δ2 =) 1 −2 γ
1 −β−γ

(≤ 1) . Thus, we have 

∂π TR ∗
m 

∂δ
| δ→ ̄δ2 

= − c 2 (γ − β)(1 − β − γ ) 3 

q (1 − 2 β) 2 (1 − 2 γ ) 2 
≤ 0 , 

which implies that 
∂πTR ∗

m 
∂δ

also increases in δ to negative, that 

is, 
∂πTR ∗

m 
∂δ

≤ 0 . 

2. If γ ≥ 1 
2 , to guarantee γ ≤ γ̄ (= 

1+ βδ−δ
2 −δ

) , we must have 1 −
β − γ ≤ 0 and δ ≥ 2 γ −1 

β+ γ −1 
(≥ 1) , which is conflict with δ ≤ 1 . 

In other words, this case is not exists. 

In conclude, in the feasible domain, we always have 
∂πTR ∗

m 
∂δ

in- 

reases in δ to negative, that is, 
∂πTR ∗

m 
∂δ

≤ 0 . 

(iv) Recall from (i) that 	1 ≥ 0 . So we can directly have 
∂πTR ∗

m 
∂γ

= 

c 2 	1 
2 q ((β−1) δ+1)(1 −βδ) 

≤ 0 . 

(v) Let 	5 = 1 − β(2 γ − 1) δ + γ δ − δ. Since we have 

∂	5 

∂γ
= (1 − 2 β) δ, 

hich implies that 	5 is either increases or decreases in γ . To- 

ether with the fact that 	5 | γ → ̄γ = 2 β(1 − βδ) ≥ 0 and 	5 | γ → ̄γ =
2(1 −β) βδ2 +2(1 −δ) 

2 −δ
≥ 0 , we can deduce that 	5 ≥ 0 . Recall from (i) 

hat 	1 ≥ 0 , so we have 
∂πTR ∗

m 
∂β

= 

c 2 δ	1 	5 

4 q ((1 −β) βδ2 +1 −δ) 2 
≥ 0 . 

In conclude, we have 
∂πTR ∗

m 
∂c 

≥ 0 if β ≤ β1 , γ ≤ γ1 , and c ≥
 1 ; otherwise, we have 

∂πTR ∗
m 

∂c 
≤ 0 . Moreover, 

∂πTR ∗
m 

∂q 
≥ 0 , 

∂πTR ∗
m 

∂δ
≤ 0 , 

∂πTR ∗
m 

∂γ
≤ 0 and

∂πTR ∗
m 

∂β
≥ 0 . �

roof of Proposition 4. (i) Using Lemmas 2 and 1 , we compare 

he results for Models T and N and deduce that 

p T ∗n 1 − p N ∗n 1 = 0 ; (EC.36) 

 

T ∗ − r N ∗ = r T ∗ ≥ 0 ; (EC.37) 

p T ∗r − p N ∗r = 0 ; (EC.38) 

 

T ∗
B − Q 

N ∗
B = 0 ; (EC.39) 

 

T ∗
T − Q 

N ∗
T = Q 

T ∗
T ≥ 0 ; (EC.40) 

 

T ∗
R − Q 

N ∗
R = 0 ; (EC.41) 

T ∗
m 

− πN ∗
m 

= 

(c − δq ) 2 

4 δq 
− F t . (EC.42) 

Recall from Lemma 2 that c ≤ ˜ c T (= δq ) . It follows from 

∂ 
(
π T ∗

m 

− πN ∗
m 

)
∂c 

= 

1 

2 

(
c 

δq 
− 1 

)
≤ 0 , 
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t

π

(

hat πT ∗
m 

− πN ∗
m 

decreases in c. 

Since we have 

π T ∗
m 

− πN ∗
m 

)| c→ 0 = 

δq 

4 

− F t , 

nd 

π T ∗
m 

− πN ∗
m 

)| c→ ̃ c T = −F t ≤ 0 . 

herefore, if F t ≥ δq 
4 , then (πT ∗

m 

− πN ∗
m 

) | c→ 0 ≤ 0 , that is πT ∗
m 

− πN ∗
m 

ecreases in c from negative to negative, i.e., πT ∗
m 

≤ πN ∗
m 

. However, 

f F t ≤ δq 
4 , then (πT ∗

m 

− πN ∗
m 

) | c→ 0 ≥ 0 , that is, πT ∗
m 

− πN ∗
m 

decreases 

rom positive to negative. Thus, πT ∗
m 

≥ πN ∗
m 

if c ≤ c 2 ; else if c ≥ c 2 ,

hen πT ∗
m 

≤ πN ∗
m 

, in which c 2 is the unique solution of πT ∗
m 

− πN ∗
m 

= 

 within the range of [0 , ̃  c T ] , that is 

 2 = δq − 2 

√ 

δqF t . (EC.43) 

In conclude, when F t ≥ δq 
4 , we have πT ∗

m 

≤ πN ∗
m 

. However, when 

 t ≤ δq 
4 , we have πT ∗

m 

≥ πN ∗
m 

if c ≤ c 2 ; else if c ≥ c 2 , we have πT ∗
m 

≤
N ∗
m 

. �

roof of Proposition 5. (i) Using Lemmas 3 and 2 , we compare 

he results for Models TR and T and deduce that 

p TR ∗
n 1 − p T ∗n 1 = 0 ; (EC.44) 

 

TR ∗ − r T ∗ = 0 ; (EC.45) 

p TR ∗
r − p T ∗r = p TR ∗

r ≥ 0 ; (EC.46) 

 

TR ∗
B − Q 

T ∗
B = − c(δ(β + γ − 1) − 2 γ + 1) 

2(2 − δ) q (1 − βδ) 
; (EC.47) 

 

TR ∗
T − Q 

T ∗
T = 0 ; (EC.48) 

 

TR ∗
R − Q 

T ∗
R = Q 

TR ∗
R ≥ 0 ; (EC.49) 

TR ∗
m 

− π T ∗
m 

= 

c 2 (δ(β + γ − 1) − 2 γ + 1) 2 

4 q (2 − δ)((β − 1) δ + 1)(1 − βδ) 
− F r . (EC.50) 

(i) Recall from the proof in Proposition 3 that 	1 = 

(β + γ − 1) − 2 γ + 1 ≥ 0 , so we can directly have Q 

TR ∗
B 

− Q 

T ∗
B 

=
c	1 

2(2 −δ) q (1 −βδ) 
≤ 0 . 

(ii) It follows from 

∂(π TR ∗
m 

− π T ∗
m 

) 

∂c 
= 

c(δ(β + γ − 1) − 2 γ + 1) 2 

2 q (2 − δ)(1 − (1 − β) δ)(1 − βδ) 
≥ 0 , 

hat πTR ∗
m 

− πT ∗
m 

increases in c. 

Recall from Lemma 3 that we have c ≤ ˜ c TR (= c T ) . So we have 

π TR ∗
m 

− π T ∗
m 

)| c→ 0 = −F r ≤ 0 , 

nd 

π TR ∗
m − π T ∗

m 

)| 
c→ ̃ c TR = 

δ2 q ((1 − β) βδ2 + 1 − δ)(δ(β + γ − 1) − 2 γ + 1) 2 

4(2 − δ)(1 − (β − 1) 2 δ2 + γ (δ − 2) δ) 2 
− F r . 

Let 

 r, 1 = 

δ2 q ((1 − β) βδ2 + 1 − δ)(δ(β + γ − 1) − 2 γ + 1) 2 

4(2 − δ)(1 − (β − 1) 2 δ2 + γ (δ − 2) δ) 2 
. 

(EC.51) 

herefore, if F r ≥ F r, 1 , then (πTR ∗
m 

− πT ∗
m 

) | c→ ̃ c TR ≤ 0 , that is, πTR ∗
m 

−
T ∗
m 

increases in c from negative to negative, i.e., πTR ∗
m 

≤ πT ∗
m 

. How- 

ver, if F r ≥ F r, 1 , then (πTR ∗
m 

− πT ∗
m 

) | c→ ̃ c TR ≥ 0 , that is, πTR ∗
m 

− πT ∗
m 

in- 

reases from negative to positive. Thus, πTR ∗
m 

≤ πT ∗
m 

if c ≤ c 3 ; else 
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f c ≥ c 3 , then πTR ∗
m 

≥ πT ∗
m 

, in which c 3 is the unique solution of 
TR ∗
m 

− πT ∗
m 

= 0 within the range of [0 , ̃  c TR ] , that is 

 3 = 

2 

√ 

q (2 − δ)((1 − β) βδ2 − δ + 1) F r 

δ(β + γ − 1) − 2 γ + 1 

. (EC.52) 

In conclude, when F r ≥ F r, 1 , we have πTR ∗
m 

≤ πT ∗
m 

. However, when 

 r ≤ F r, 1 , we have πTR ∗
m 

≤ πT ∗
m 

if c ≤ c 3 ; else if c ≥ c 3 , we have
TR ∗
m 

≥ πT ∗
m 

. �

roof of Proposition 6. (i) Using Lemmas 3 and 1 , we compare 

he results for Models TR and N and deduce that 

p TR ∗
n 1 − p N ∗n 1 = 0 ; (EC.53) 

 

TR ∗ − r N ∗ = r TR ∗ ≥ 0 ; (EC.54) 

p TR ∗
r − p N ∗r = p TR ∗

r ≥ 0 ; (EC.55) 

 

TR ∗
B − Q 

N ∗
B = − c(δ(β + γ − 1) − 2 γ + 1) 

2(2 − δ) q (1 − βδ) 
; (EC.56) 

 

TR ∗
T − Q 

N ∗
T = Q 

TR ∗
T ≥ 0 ; (EC.57) 

 

TR ∗
R − Q 

N ∗
T = Q 

TR ∗
R ≥ 0 ; (EC.58) 

TR ∗
m 

− πN ∗
m 

= 

q − 2 c 

2 

+ 

c 2 (1 − (1 − β − γ ) 2 δ2 − 2(1 − γ ) γ δ) 

4 δq (1 − (1 − β) δ)(1 − βδ) 

− ((2 − δ) q − c) 2 

4 q (2 − δ) 
− F t − F r . (EC.59) 

(i) Recall from the proof in Proposition 3 that 	1 = 

(β + γ − 1) − 2 γ + 1 ≥ 0 , so we can directly have Q 

TR ∗
B 

− Q 

N ∗
B 

=
c	1 

2(2 −δ) q (1 −βδ) 
≤ 0 . 

(ii) Let 	6 = 

γ 2 

1 −(1 −β) δ
+ 

(1 −γ ) 2 

1 −βδ
− 1 

2 −δ
+ 

1 
δ

. It follows that 

∂(π TR ∗
m 

− πN ∗
m 

) 

∂c 
= 

c	6 

2 q 
− 1 

2 

, 

nd 

∂(π TR ∗
m 

− πN ∗
m 

) 2 

∂ 2 c 
= 

	6 

2 q 
. 

Recall from Lemma 3 that γ̄ ≤ γ ≤ γ̄ . Since we have 

∂	2 
6 

∂ 2 γ
= 

2 − δ

q ((1 − β) βδ2 + 1 − δ) 
≥ 0 , 

hat is, 
∂	6 
∂γ

increases in γ . Together with 

∂	6 
∂γ

| γ → ̄γ = 0 , we 

an deduce that 
∂	6 
∂γ

≤ 0 , that is, 	6 decreases in γ . As 

e have 	6 | γ → ̄γ = 

1 
2 δq 

≥ 0 , we can deduce that 	6 ≥ 0 . Thus, 

∂(πTR ∗
m −πN ∗

m ) 
2 

∂ 2 c 
≥ 0 , which implies that 

∂(πTR ∗
m −πN ∗

m ) 
∂c 

increases in c. 

Further, recall from Lemma 3 that c ≤ ˜ c TR (= 

δq (1 −(1 −β) δ)(1 −βδ) 

1 −(1 −β) 2 δ2 −γ (2 −δ) δ
) , and recall from the proof in Proposition 3 that 

1 ≥ 0 and 	2 ≥ 0 . So we have 

∂(π TR ∗
m 

− πN ∗
m 

) 

∂c 
| c→ c TR = −δ(1 − βδ + γ (2 − δ))	1 

2(2 − δ)	2 

≤ 0 , 

hat is, 
∂(πTR ∗

m −πN ∗
m ) 

∂c 
increases to negative, i.e., 

∂(πTR ∗
m −πN ∗

m ) 
∂c 

≤ 0 . Thus, 
TR ∗
m 

− πN ∗
m 

decreases in c. 

Since we have 

π TR ∗
m 

− πN ∗
m 

) | c→ 0 = 

δq − F t − F r , 

4 
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P  
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nd (
π TR ∗

m 

− πN ∗
m 

)| c→ ̃ c TR 

= 

δ2 q (δ((1 − β) βδ + 1 − δ) + 1)(δ(β + γ − 1) − 2 γ + 1) 2 

4(2 − δ)(δ(γ (δ − 2) − (β − 1) 2 δ) + 1) 2 

−F t − F r . 

Let 

 t,r = 

δ2 q (δ((1 − β) βδ + 1 − δ) + 1)(δ(β + γ − 1) − 2 γ + 1) 2 

4(2 − δ)(δ(γ (δ − 2) − (β − 1) 2 δ) + 1) 2 
. 

(EC.60) 

herefore, if F t + F r ≥ δq 
4 , then (πTR ∗

m 

− πN ∗
m 

) | c→ 0 ≤ 0 , that is, πTR ∗
m 

−
N ∗
m 

decreases in c from negative, i.e., πTR ∗
m 

≤ πN ∗
m 

. If F t + F r ≤ F t,r , 

hen (πTR ∗
m 

− πN ∗
m 

) | c→ ̃ c TR ≥ 0 , that is, πTR ∗
m 

− πN ∗
m 

decreases in c to 

ositive, i.e., πTR ∗
m 

≥ πN ∗
m 

. However, if F t,r ≤ F t + F r ≤ δq 
4 , then πTR ∗

m 

−
N ∗
m 

decreases in c from positive to negative. Thus, πTR ∗
m 

≥ πN ∗
m 

if 

 ≤ c 4 ; else if c ≥ c 4 , then πTR ∗
m 

≤ πN ∗
m 

, in which c 4 is the unique

olution of πTR ∗
m 

− πN ∗
m 

= 0 within the range of [0 , ̃  c TR ] , that is 

 4 = 

δq − 4(F t + F r ) √ 

	7 + 1 

, (EC.61) 

n which 	7 = 

4(F t + F r )(δ(2 γ (δ−2)((β−1) δ+1)+ δ(β(2 β(δ−1) −3 δ+4)+ δ−1)+ γ 2 (δ−2) 2 −2)+2) −δ2 q (δ(β+ γ −1) −2 γ +1) 2 

(δ−2) δq ((β−1) βδ2 + δ−1) 
. 

In conclude, when F t + F r ≥ δq 
4 , we have πTR ∗

m 

≤ πN ∗
m 

. When F t + 

 r ≤ F t,r , we have πTR ∗
m 

≥ πN ∗
m 

. However, when F t,r ≤ F t + F r ≤ δq 
4 , we

ave πTR ∗
m 

≥ πN ∗
m 

if c ≤ c 4 ; else if c ≥ c 4 , we have πTR ∗
m 

≤ πN ∗
m 

. �
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