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ABSTRACT 

The essays in this dissertation examine closed-loop supply chains from multiple 

perspectives: strategic/tactical processes and behavioral aspects with extensions to 

economic implications. The first chapter of this dissertation outlines the links and 

overlaps among the various CLSC research perspectives in a broad overview. 

Specifically, the first chapter starts with a general discussion of closed-loop supply chains 

and an overview of research topics within two general activities of a closed-loop supply 

chain: the market (i.e., the back-end of a closed-loop supply chain) and the engine (i.e., 

the remanufacturing processes). The second chapter delves more deeply into the 

behavioral aspects of closed-loop supply chains through multiple studies designed to 

elicit the potential of consumer markets for remanufactured products. The third chapter 

focuses on the strategic and tactical priorities of business-to-business remanufacturing 

firms through a delayed differentiation model in the engine portion of the closed-loop 

supply chain. The fourth chapter ties the discussion together with an analysis of the 

resulting research stream. The fourth chapter includes a market-based discussion that 

deals with both empirically derived behavioral findings and empirically driven economic 

implications of these behavioral findings. The fourth chapter also describes the relatively 

undocumented role of original equipment manufacturers (OEM) in closed-loop supply 

chains. The overall result is a holistic set of essays covering a range of interrelated topics 

in closed-loop supply chains.  
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Chapter 1  
 

AN OVERVIEW OF CLOSED -LOOP SUPPLY CHAINS 

A closed-loop supply chain (CLSC) incorporates design, control, and operation of 

a system to maximize value creation over the entire lifecycle of a product with dynamic 

recovery of value from different types and volumes of returns over time (Guide and Van 

Wassenhove 2009). A properly designed CLSC can be both environmentally and, more 

importantly, economically beneficial for firms. 

As the description above indicates, a CLSC must adapt to the entire lifecycle of a 

product to take advantage of return rates, types, and volumes. The CLSC must also adapt 

to ever evolving market conditions. In other words, managers must regularly evaluate and 

evolve the design, operation, and control of CLSC processes.  

As with many business processes, CLSC processes require multiple decisions at 

the operational, tactical, and strategic levels. Additionally, a CLSC often provides 

opportunities for improving environmental performance while simultaneously allowing 

increased profitability through a product portfolio. In other words, a CLSC is not mere 

environmental philanthropy. Finally, a well implemented CLSC gives managers the 

opportunity to move away from a cost-avoidance mentality and toward a profit-

generation focus. 
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1. Closed-Loop Supply Chain Fundamentals 

A fundamental diagram of the CLSC processes appears in figure 1.1. 

Figure 1.1: The Closed-Loop Supply Chain Process 

 

Figure 1.1 displays that a closed-loop supply chain consists of three interrelated 

functions: a front-end to collect returned products (also called cores), an engine to 

convert returned products into a marketable form, and a back-end that returns the product 

into the market. This dissertation focuses on two of these three CLSC functions: the 

back-end market for remanufactured products and the engine remanufacturing processes. 

The macro-processes involved in a CLSC can be further analyzed in process 

form. Figure 1.2 (adapted from Abbey and Guide 2011) provides process level 

information in the form of a forward and reverse supply chain. 
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Figure 1.2: Closed-Loop Supply Chain Processes 

 

Figure 1.2 displays that a CLSC first contains a forward supply chain, which 

consists of processes such as raw materials extraction, primary materials product, 

component manufacture, and final product assembly. The forward supply chain is often 

focused on metrics such as cost, quality, lead-time, and other relatively easy to measure 

business conditions.  

After the forward supply chain, a cycle of product demand and use occurs for 

some length of time. Following a cycle of product demand and use, the product is either 

disposed of at the end-of-life or reclaimed for product collection and inspection. One 

example of a common end-of-use product is the commercial return. In many cases, 

commercial returns are false failuresðproducts that are returned due to some 

dissatisfaction, not a defect (Ferguson, Guide, and Souza 2006). In most cases, such 

commercial returns can be easily sent back to the market as the product is still in the 

current generation. Alternatively, end-of-use products also include functional but no 

longer current generation products that have lesser value, but still have the potential for 
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profitability in certain markets. Finally, end-of-lif e products include products that for 

whatever reason are no longer viable for the market. Such products could include 

computers from beyond a certain technological threshold (e.g., a 386SX IBM personal 

computer). In most cases, the end-of-life products are best suited for some form of 

materials reclamation/processing, such as recycling. 

If a product is reclaimed through a reclamation/return process, the returned 

product is collected and inspected. After collection and inspection, the product is sent on 

for materials re-processing (i.e., recycling), component re-processing, or product re-

processing. Product and component level re-processing are often considered synonymous 

with the terms remanufacturing for mechanical products and refurbishing for technology 

products. However, the definitions of remanufacturing and refurbishing are not firmly set 

and vary by industry. In general, remanufacturing, through product and component level 

re-processing, tends to be more economically and environmentally friendly than 

recycling through material re-processing. The latter tends to require greater energy 

intensity to reclaim value (Abbey and Guide 2011). 

2. Analyzing a CLSC: The Back-End and Engine 

As noted in section 1, a CLSC has three macro activities: the front-end, the 

engine, and the back-end. Guide and Van Wassenhove (2009) discuss that the literature 

regarding the back-end of closed-loop supply chains is fairly scant. As such, the market 

or back-end of a closed-loop supply chain is a prime focus of this dissertation in chapter 

2. Specifically, chapter 2, which is under review at Production and Operations 
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Management, focuses on the remanufactured consumer products market. Chapter 4 

expands the discussion of chapter 2 with additional future research directions and open 

questions. 

Though the engine portion of a CLSC has been a topic in the engineering and 

operations literature for decades (see Lund 1984; Abbey and Guide 2011), some open 

questions remain. One open question pertains to the realm of original equipment 

manufacturer (OEM) remanufacturing. Chapter 3, which is forthcoming in Production 

and Operations Management, addresses a tactical/operational process control model 

pertaining to delayed differentiation for multiple lifecycle products in such an OEM 

remanufacturing context. Chapter 4 provides a brief examination of future directions for 

continued research into OEM remanufacturing. 

3. Comments and Research Directions 

Chapter 4 will outline the specific links between the various research streams that 

are partially covered in chapters 2 and 3. Figure 1.3 displays a brief overview of the 

overall research directions through three broad research topics: behavioral CLSC, CLSC 

strategy, and economic implications for a CLSC. Each topic covered in figure 1.3 has at 

least one associated paper with multiple potential inter-disciplinary projects. 
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Figure 1.3: Research Topics 

 

Chapter 2 fits squarely in the behavioral CLSC portion of the research triangle. 

Chapter 3 fits within the CLSC strategy portion of figure 1.3. Chapter 4 gives additional 

links and content for the economic implications of chapters 2 and 3. Chapter 4 also 

provides a preview of the research that stems from the links and synergies among the 

three research topics outlined in figure 1.3. 
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Chapter 2  
 

THE BACK -END: CONSUMER PERCEPTIONS OF 

REMANUFACTURED PRODUCTS IN CONSUMER CLOSED-LOOP 

SUPPLY CHAINS 

Chapter 2 investigates consumer closed-loop supply chains and consumer 

perceptions of remanufactured products through two preliminary studies and an 

experimental study. The first preliminary study asked consumers to free associate to the 

term ñremanufacturedò and revealed misunderstandings and lack of familiarity regarding 

remanufactured products. The second preliminary study revealed that consumers have 

generally negative perceptions of remanufactured products relative to comparable new 

products. To gain insight into the drivers of these negative perceptions and test existing 

assumptions and theory in supply chain literature, the experimental study randomly 

assigned a national panel of participants to treatment combinations from a broad range of 

price discounts and varying brand equities. The studies reveal that market demand for 

remanufactured products is not consistent across different types of products and may be 

minimal even at the highest discount levels; that brand equity generally does not play a 

significant role in driving perceptions; and that self-identified green consumers generally 

do not find remanufactured products more attractive. Additionally, perceptions of quality 

and negative attributes strongly influenced attractiveness of remanufactured products. 

The results give evidence that not all products are viable for remanufacturing and may be 

better suited for component or materials reclaimation.  
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1. Introduction and Motivation  

In the last decade, businesses have increasingly realized the need for sustainability 

in all aspects of business practice (Bansal and Hoffman 2012; Berns et al. 2009). One 

potential solution that facilitates sustainable business practices comes through the process 

of remanufacturing products for resale into the market (Atasu, Sarvary, and Van 

Wassenhove 2008; Blackburn et al. 2004). The market for remanufactured products is 

large, with sales estimated at over $100 billion per year, though consumer markets 

represent only 5-10% of this sales volume (Giuntini 2012; Hauser and Lund 2003). 

Though the processes involved in remanufacturing have been discussed for many 

years (Kleindorfer, Singhal, and Van Wassenhove 2005), research examining consumer 

perceptions of remanufactured products has been scarce, and such perceptions are not 

well understood (Abbey and Guide 2012; Guide and Van Wassenhove 2009). In 

particular, Guide and Van Wassenhove (2009) called for research that acknowledges that 

a closed-loop supply chain (CLSC) is a regenerative, reversed process with three main 

functions: a front-end that collects products through product acquisition management 

(PrAM), an engine that remanufactures the product to a ñlike newò marketable form, and 

a back-end that puts the product back into the market for another lifecycle. As shown in 

Figure 2.1, the remanufactured products market plays a core role in a CLSC as both the 

beginning and end of the loop. Specifically, a regenerative CLSC begins, ends, and 

begins again (closes the loop) after a use cycle in the market.  
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Figure 2.1: The Regenerative Closed-Loop Supply Chain Process 

 

Despite the importance of understanding the back-end market for consumer 

closed-loop supply chains, the body of consumer focused closed-loop supply chain 

literature is relatively sparse. What literature does exist has made many assumptions and 

broad statements regarding how consumers should perceive remanufactured products. 

However, systematic empirical testing of these assertions has been limited. The current 

work addresses this gap by empirically examining consumer closed-loop supply chains 

through multiple data collections. The empirical implications of this research move 

beyond the technical feasibility of remanufacturing into the realm of as of yet 

undocumented issues and constraints for consumer closed-loop supply chains. As such, 

this research empirically examines consumersô overall perceptions of remanufactured 

products and examines various cues that consumers use to evaluate remanufactured 

products.  
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2. Remanufactured Products: Literature and Theory 

Multiple literature streams relate to the hypotheses posited in this research. For 

instance, the remanufacturing literature offers various definitions and assumptions about 

remanufactured products in consumer supply chains. Literature regarding the effect of 

pricing discounting, brand equity, green products, and perceptions of negative attributes 

also play a crucial role in our model development. 

2.1 Remanufactured Products 

Remanufactured products take on different names in different markets, such as 

ñremanufacturedò for mechanical products and ñrefurbishedò for technology products. 

Before remanufacturing/refurbishing (hereafter referred to as ñremanufacturingò for 

simplicity) can occur, a consumer must return the product. The remanufacturer 

disassembles the returned product to the extent necessary to determine the productôs 

condition and assess recoverable value. The remanufacturer then cleans the disassembled 

product to remove rust, corrosion, or other defects. The disassembled product has all 

missing, defective, worn, or broken parts replaced or restored. The remanufacturer then 

reassembles and tests the rebuilt product to ensure operation comparable to a similar new 

product (The Remanufacturing Institute 2011). Once the product is restored to ñlike newò 

condition, it re-enters the market for resale (Guide and Van Wassenhove 2001; Lund 

1984b). Though the literature has discussed the technical/engineering feasibility 

constraints of remanufacturing products to like new condition, constraints on the types of 

products that are viable for resale is largely unknown. Market viability aside, federal law 
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requires remanufacturers to clearly label these products as ñremanufacturedò (Federal 

Trade Commission 1999). In many cases, a remanufactured product carries the same 

warranty as a new product (Guide and Li 2010). Because remanufactured products derive 

from direct reuse (in contrast to new or recycled products), the environmental impacts of 

production are typically reduced. This reduction of environmental impacts makes 

remanufacturing a sustainable business practice (Bansal and Hoffman 2012; Kleindorfer 

et al. 2005).  

Unfortunately, little research has focused on whether consumers understand 

remanufactured products or how attractive consumers find the products. Empirical 

research regarding remanufactured consumer products is particularly scarce (Guide and 

Van Wassenhove 2009). What little can be inferred about consumer perceptions of 

remanufactured products derives largely from consumersô preferences toward ñgreenò or 

environmentally friendly products (Atasu et al. 2008). In the green products literature, 

consumers report preferring products that are more environmentally friendly, green, or 

contain recycled content (Chan 2001; Laroche, Bergeron, and Barbaro-Forleo 2001; 

Mobley et al. 1995). In an interesting twist, Griskevicius, Tybur, and Van den Bergh 

(2010) found that though consumers indicated an intention to buy green products, the 

primary impetus was not the altruistic social benefit of helping the environment. Rather, 

consumers in the study bought the green product to improve their social status. Luchs et 

al. (2010) also found that consumers are reluctant to admit an aversion to buying 

sustainable products. 

In one of the first studies to examine consumersô preferences for remanufactured 

products, Guide and Li (2010) examined willingness-to-pay for both remanufactured and 
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new power tools. The field experiment simultaneously offered both new and 

remanufactured power tools in eBay auctions. The study showed that the market clearing 

price for a Skil Jigsaw was about 15% lower for the remanufactured product than an 

identical new product. Unfortunately, the reader can only conjecture that the consumersô 

perceptions of product quality, greenness, or other attributes differed between the new 

and remanufactured products. Through use of market response data, other researchers 

have inferred that seller reputation and other product characteristics influence 

remanufactured product sales (Ovchinnikov 2011; Subramanian and Subramanyam 

2012). To date, the authors know of no research that has explicitly asked consumers to 

reflect on their thoughts and feelings toward remanufactured products across different 

product categories.  

Because remanufactured consumer products are not always sold in mainstream 

supply chain channels (e.g., brick and mortar retail stores), consumersô initial responses 

to remanufactured products may not be altogether positive (Titchener 1915; Zajonc 

1968). Lack of familiarity often leads to feelings of uncertainty, which can cause 

consumers to turn to other cues that will signal the value of the product (Bornstein and 

DôAgostino 1992; Lee 2001). Two commonly used alternative cues that often affect 

product attractiveness are price discounts and brand equity. In the absence of additional 

information, consumers may rely on price discounts and brand equity cues to draw 

conclusions about the remanufactured products. The following discussion briefly 

addresses how each of these cues might impact consumer perceptions.  
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2.2 Price Discounts 

One of the fundamental principles of economic theory is that as the price of a 

product decreases, the quantity demanded should increase. In theory, firms should drop 

the price of their remanufactured products to increase sales. In practice, many firms have 

adopted this discounting strategy by pricing their remanufactured products between 10% 

and 80% lower than the price of an equivalent new product, with some firms discounting 

even more (Lund 1984b; Ovchinnikov 2011). Ovchinnikov (2011) also asserts that a 

price-quality inference might cause a non-linearity in the form of an inverted U shape at 

higher discount levels. Discounting choice is also a function of the marginal value of time 

as firms must bring rapidly depreciating products back to the market quickly or risk 

losing all value (Blackburn et al. 2004; Guide, Muyldermans, and Van Wassenhove 

2005). As such, the current closed-loop supply chain literature generally holds that higher 

levels of discounting should increase attractiveness of the remanufactured product, which 

leads to hypothesis one: 

H1: As the magnitude of the price discount increases relative to the price of a 

comparable new product, the attractiveness of the remanufactured product will 

increase. 

2.3 Brand Equity and Quality 

Brand equity is another cue that consumers use to evaluate less familiar products 

(Park and Lessig 1981). By definition, brand equity is a consumerôs perception of the 

relative value of a brand in terms of quality, awareness, and loyalty (Aaker 1991; Keller 
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1993, 2007). Consumers tend to view high brand equity brands as more valuable, higher 

in quality, and more reliable in performance (Aaker 1991). High brand equity may help 

buffer brands against the negative associations created when the brand fails (Aaker, 

Fournier, and Brasel 2004; Keller 1993). In the context of remanufactured products, such 

negative associations could include the unknown reason for the previous return or the 

perceived prior failure of the returned product. 

 For a consumer considering the attractiveness of a remanufactured product, the 

brand equity of the original brand manufacturer likely will serve as a product quality cue. 

Building on insights from new product branding, the authors expect that a 

remanufactured product offered by a higher brand equity firm will be evaluated more 

favorably than a comparable remanufactured product offered by a lower brand equity 

firm. Thus, the second hypothesis states: 

H2a: Remanufactured products offered by higher brand equity original brand 

remanufacturers will be more attractive to consumers when compared to similar 

remanufactured products offered by lower brand equity original brand 

remanufacturers. 

Theoretical models that have tried to estimate the market for remanufactured 

products often have assumed that demand is a function of price and brand equity. The 

general assumption has been that a remanufactured product will be attractive enough to 

buy if the price is sufficiently discounted, and the brand equity (as a surrogate of quality 

ï see Guide and Li 2010) is sufficiently high (Debo, Toktay, and Van Wassenhove 2005). 

This leads to the potential of an interaction effect between price discount and brand 

equity as well. If an interaction effect exists, the expectation would be that higher brand 
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equity products would yield an even greater increase to attractiveness as a function of 

discounts (i.e., a higher slope as a function of discounting). To date, no research has 

empirically tested these assumptions across a variety of productsða gap the current work 

seeks to address.  

In similar fashion to the brand equity assumptions, the literature often assumes 

that direct quality perceptions (Debo et al. 2005; Ferguson and Souza 2010; Thierry et al. 

1995) should play a strong role in the evaluation of remanufactured products. Though 

brand equity (H2a) can be a cue for product quality, remanufactured product quality 

perceptions will be measured and tested directly in the experiment. As such, the next 

hypothesis addresses the quality perceptions: 

H2b: As perceptions of remanufactured product quality increase, the 

attractiveness of the remanufactured product will also increase. 

2.4 Negative Attributes 

Various factors beyond brand equity and price may influence how consumers 

perceive remanufactured products. For instance, consumers may believe that the product 

is somehow contaminated or dirty due to the prior ownershipða concept embodied in the 

literature regarding disgust and confirmed in the preliminary studies discussed below. 

Therefore, negative attributes, such as disgust, represent another factor that may reduce 

the attractiveness of remanufactured consumer products. For example, an individual who 

reads the question, ñWould you buy a remanufactured toothbrush?ò might feel somewhat 

repulsed. The perceptions of such negative attributes could provide insight into such 
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reactions and serve as an important determinant of attractiveness for remanufactured 

products.  

Specifically, disgust is an evolutionary-based emotion (Fallon, Rozin, and Pliner 

1984; Rozin and Fallon 1987; Rozin, Haidt, and McCauley 2008; Rozin et al. 1997) that 

motivates a strong repulsion response, coupled with withdrawal from the cause of the 

disgust. Contact, no matter how brief, with a disgusting object may result in perceptions 

of contamination that are irrational (Morales and Fitzsimons 2007; Rozin, Millman, and 

Nemeroff 1986; Siegal 1988). Many consumers prefer to garner product information by 

touching products. However, those same consumers also report lower purchase intentions 

for products that were previously touched because the products are contaminated (Argo, 

Dahl, and Morales 2006).  

The research described above makes examination of negative attribute 

perceptions particularly relevant. Not only has another person touched the 

remanufactured product, but that person has previously owned and used the product. This 

leads the authors to conjecture that the mere idea that a remanufactured product has 

previously been used could elicit disgust-based reactions related to contamination 

through contagion. In addition, feelings of uncertainty with a product can also heighten 

feelings of disgust (Faulkner et al. 2004; Kurzban and Leary 2001; Li et al. 2011). This 

uncertainty likely heightens a consumerôs negative perceptions of remanufactured 

products. In light of the previous points, the authors predict: 

H3: As negative attribute perceptions of remanufactured products increase, the 

attractiveness of the remanufactured product will decrease. 
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2.5 Green Attributes and Green Beliefs 

According to the literature discussed in Sections 1 and 2.1, the green nature of 

remanufactured products should play a role in how consumers perceive remanufactured 

products (Atasu et al. 2008; Ferguson and Souza 2010). There are two types of green 

perceptions related to remanufactured products: green perceptions of remanufactured 

products and a general belief in self as a green consumer (see Laroche et al. 2001 for a 

green consumer discussion). Thus, the authors posit the following additional hypotheses: 

H4a: As green attribute perceptions of remanufactured products increase, the 

attractiveness of the remanufactured product will increase. 

H4b: Self-identified green beliefs will have a positive effect on remanufactured 

product attractiveness. 

2.6 Hypothesis Summary and Study Overview 

To delve deeper into the outlined hypotheses, the current work investigates 

consumer perceptions of the attractiveness of remanufactured products. The first 

preliminary study examines consumersô overall reactions to remanufactured products by 

asking consumers to free associate to the term ñremanufactured.ò The second preliminary 

study investigates adjectival ratings regarding both new and remanufactured products. 

The experimental study then randomly assigns a national panel of participants to 

treatment combinations from a broad range of price discounts (20%, 40%, 60%, 80%, 

and 95%) and varying brand equities (high and low). The experiment measures 

remanufactured product attractiveness ratings across technology, household, and personal 
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care products in a ten-cell between subjects design. The experimental study also collects 

responses to a series of adjectives related to remanufactured product quality, ñgreenò 

perceptions of remanufactured products, self-identified ñgreenò beliefs, and negative 

attributes related to the products. See figure 2.2 for an overall model of the hypotheses. 

Figure 2.2: Overall Model with Predicted Effects 

 

Before turning to the specifics of the experimental study, two preliminary studies 

provide useful insights into consumersô general perceptions of remanufactured products 

along the dimensions of uncertainty, misunderstanding, and confusion. 

3. Preliminary Studies: Remanufactured Product Perceptions 

The following preliminary studies helped establish a ground level understanding 

of consumersô general perceptions regarding remanufactured products. The first 

preliminary study asked participants to provide free associates to the term 

remanufactured products. The second study directly assessed various adjectival measures. 
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Before delving into the preliminary study results, a brief pretest provided an overall sense 

of consumer familiarity with remanufactured products. Sixty-eight undergraduates at a 

large university in the Northeast participated in the study. Participants were asked to 

indicate if they had ever bought or owned a remanufactured product. Results revealed 

that 72% of the participants had never bought or owned a remanufactured product, 

indicating a relatively low level of familiarity in general. Based on this lack of familiarity 

and likely uncertainty regarding remanufactured products, the preliminary studies were 

designed to determine what consumers know, what they do not know, and what they 

think they know about remanufactured products. 

3.1 Preliminary Study 1: Uncertainty and Confusion among Consumers 

The first preliminary study assessed consumersô free associates to remanufactured 

products. The study was designed to understand what immediately comes to consumersô 

minds when they think about remanufactured products in general. 

3.1.1 Participants 

Three hundred twenty-nine student participants at a large university in the 

Northeast completed the study. Participants received extra course credit for completing 

the study. 
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3.1.2 Methods and Results 

The first preliminary study asked participants to, ñWrite at least three adjectives 

that you associate with the words óremanufactured product.ôò The responses were widely 

varied. Some participants associated ñremanufacturedò with words such as unreliable, 

used, worn, broken, garbage, cheap, dirty, faulty, and even dangerous. Other participants 

indicated that remanufactured products were better, redesigned, good value, enhanced, 

renewed, and improved. Of the free associates recorded, the most popular responses 

included ñusedò, ñoldò, ñbrokenò, and ñdirty.ò When combined, these four free associates 

represented over 16% of the total responses. Interestingly, not a single free associate 

indicated that the participants perceived remanufactured products as environmental or 

green.  

The authors then had two independent coders systematically categorize the free 

associates as positive, negative, or indeterminate with an agreement rate over 92%. 

Almost 37% of the responses were deemed negative, 34% were coded as positive, and 

29% could not be classified. The free associates revealed strong disparities in perceptions 

and general confusion over what the term ñremanufacturedò means. 

3.2 Preliminary Study: Adjectival Measures 

Preliminary study 2 used the insights gained from the first preliminary study to 

further isolate consumer perceptions of the remanufactured products in a more structured 

study. In the second preliminary study, participants rated how well a series of adjectives 

described new and remanufactured products. 
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3.2.1 Participants 

Two hundred sixty-one students at a large university in the Northeast participated 

in the study for extra credit. Each participant rated twelve adjectives with respect to both 

new and remanufactured products. 

3.2.2 Methods 

To better understand consumersô overall perceptions of remanufactured products 

and contrast those perceptions to new products, the second preliminary study asked 

participants to, ñPlease rate each of the following adjectives to tell us how well the 

adjective describes what you believe about new [remanufactured] products.ò Measures 

were taken on a scale from ñDoes not Describe (1)ò to ñDescribes Well (7).ò The 

adjectives, presented in random order for both new and remanufactured products, 

included: green, dirty, disgusting, worn, unattractive, environmentally friendly, risky, 

safe, reliable, environmentally conscious, high quality, and good value. 

3.2.3 Results 

A factor analysis of the twelve adjectives related to remanufactured products 

revealed three distinct factors. As shown in table 2.1, all loadings were greater than 0.5, 

with all cross-loadings no greater than 0.26. The factor loadings indicated that the three 

factors fit well, both theoretically and statistically (RMSEA = 0.067). The first factor, 

Negative Attributes, contained significant loadings for adjectives that related to dirtiness, 
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riskiness, and general disgust toward remanufactured products. The second factor, Green 

Attributes, included three significant loadings for the related adjectives including green, 

environmentally friendly, and environmentally conscious. The third factor, Quality 

Attributes, contained significant loadings for adjectives related to the safety, value, 

reliability, and high quality of the product. These three factors together explained quality 

(33.9%), negative (19.8%), and green (11.4%) of the variance for a total of 65.1% of the 

variance explained. 

Table 2.1: Preliminary Study Adjective Ratings 

 

Table 2.1 displays a mean difference score for each adjective comparing the new 

and remanufactured product adjectival ratings. Nine of the twelve mean differences were 

statistically significant, even with the use of the highly conservative Bonferroni adjusted 

multi-comparison error corrected p-value of 0.004. The mean difference in perceptions 

between new and remanufactured products indicated that remanufactured products were 

consistently perceived as, in order of magnitude, more worn, lower in quality, dirtier, less 

safe, more unattractive, less reliable, more disgusting, and riskier than new products. 
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Additionally, none of the Green Adjectives showed that remanufactured products were 

perceived as better for the environment than new products. In fact, the participants 

indicated that new products were actually more environmentally friendly than 

remanufactured products on averageða direct contradiction of the literature and reality. 

The results of the adjective ratings study indicate that overall perceptions of 

remanufactured products are predominantly negative. In particular, participants 

persistently had negative associations (e.g., dirty and disgusting) to remanufactured 

products and positive associations (e.g., reliable, safe, and high quality) to new products. 

Moreover, the participants lacked knowledge that remanufactured products are typically 

greener than their new counterparts and even perceived new products as more 

environmentally friendly than remanufactured products. 

4. Experimental Study: Remanufactured Product Attractiveness 

The preliminary studies discussed in Section 3 allowed development of an 

experimental study to systematically isolate and analyze the determinants of consumer 

perceptions of remanufactured product attractiveness. In particular, the experimental 

study randomly assigned participants to treatment groups to examine the roles of price 

discounts and the brand equity of the original brand manufacturer on the remanufactured 

consumer product attractiveness. Manipulations of price discount had five levels (20%, 

40%, 60%, 80%, and 95%) to get a broad view of price discounting effects, and 

manipulation of brand equity had two levels (high and low). The result was a five by two 

(ten cell) between subjects design. To evaluate a variety of products and determine if 
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product category would alter attractiveness perceptions, the experimental study 

incorporated three product categories: technology, household, and personal care products. 

The experimental study also isolated multiple perceptions related to quality attributes, 

green attributes, negative attributes, and self-identified green beliefs. To control for 

general participant traits, various demographics were also collected. 

4.1 Participants 

Participants were sampled from a nationwide panel of over thirty-thousand 

potential participants with a resulting sample size of 1502. The study terminated after the 

desired number of responses was reached. Participants received the equivalent of 

approximately one dollar for successfully completing the study. The lack of statistical 

difference between early and late responders (all split-half analysis p > 0.1) came as no 

surprise as the four day time frame to complete collection was brief. Participants were 

67% female. Participantsô incomes ranged from less than $40,000 to over $120,000 per 

year, with roughly three quarters earning less than $80,000 per year. Participantsô ages 

ranged from 20 to over 88 years old, with an average age of 49.5 (SD = 13.1) years. Over 

40% of participants had at least a four-year college degree. Only 20% of participants had 

just a high-school diploma or less. Slightly less than half of the participants had at least 

one child. Finally, over 70% of participants self-identified being environmentally minded 

or ñgreenò consumers with 86% percent of participants reporting recycling at home and 

53% reporting purchases of recycled products specifically because the product contained 

recycled content. 
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4.2 Methods 

Before responding to any queries regarding remanufactured product 

attractiveness, all participants received an educational control description of the basic 

remanufacturing process. The description made clear that the products under 

consideration were remanufactured by the original brand manufacturer (not a third party 

remanufacturer) and that the warranty was the same as a new product (see Guide and Li 

2010). The description read: 

ñBefore we continue, we want to give you a basic definition of a remanufactured 

product. A remanufactured/refurbished product is a product that has been returned 

to the manufacturer by a consumer for a variety of reasons. For example, a 

consumer might find a defect requiring return of the product, or the consumer 

might simply change their mind about owning the product. After a product is 

refurbished by the original brand manufacturer, the manufacturer offers the 

product for sale as a ñremanufacturedò product. The remanufactured product often 

carries the same warranty as a new product and the warranty is offered by the 

original brand manufacturer.ò 

Participants were randomly assigned to a single discount level of 20%, 40%, 60%, 

80%, or 95% for all products. In terms of overall variance explained, extensive testing of 

the functional form for discounting revealed that linearity was not statistically 

significantly different from multiple other functional forms, such as quadratic and cubic, 

and was actually superior to many other forms, such as exponential. Thus, for simplicity, 

discounting was modeled as linear for all regression models. The brand equity 
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manipulation used real brand names, which were available to the participants in national 

retail stores at the time of data collection. The study included three product categories: 

technology, household, and personal care products. All products examined in the study 

were available in a remanufactured form and sold in consumer markets at the time of data 

collection. An example question for a high brand equity remanufactured coffee maker 

was, ñHow attractive is a remanufactured Krups coffee maker that is being sold at a 

discounted price 40% below the retail price of a new Krups coffee maker of the same 

make and model priced at $100 (new)?ò Participants provided their perceptions of 

product attractiveness by responding to queries measured on a scale that ranged from 

ñnot attractive at allò (1) to ñextremely attractiveò (9). Each product description carried a 

real brand name that corresponded to either high or low brand equity (see table 2 for a list 

of brand names). Participants were assigned to either all high or all low brand equity 

products. Each participant saw only one price discount level for all products. The new 

product reference prices were based on pricing at major retailers during the time of data 

collection.  
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Table 2.2: Products and Brands 

 

In addition to providing the attractiveness ratings for the various products, 

participants completed a series of adjectives derived from preliminary study 2. The 

participants also responded to a series of demographic queries and other general control 

measures. 

4.3 Results 

The results section presents model fit for the various measures and some 

diagnostics. Additionally, the results of the hierarchical regression model appear in 

section 4.3.3. 
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4.3.1 Product Category Measures and Manipulation Checks 

As expected, factor analysis revealed that the products loaded into three separate 

factor categories: technology, household, and personal (see table 2.3). The latent factor 

(product category) showed that the three factors had no significant cross-loadings 

(maximum cross-loading of 0.22) and the choice of three factors was appropriate under 

both scree plot analysis and Velicerôs MAP test (see OôConnor 2000; Zwick and Velicer 

1986). The preliminary exploratory factor analysis (EFA) showed a reasonably good fit 

with an RMSEA of 0.062. To be conservative, only factor loadings greater than 0.70 

were considered sufficiently large for inclusion in the model. The follow-up confirmatory 

factor analysis (CFA) showed a good fit under multiple tests (RMSEA = 0.071; CFI = 

0.98; NFI = 0.98; all SMC > 0.6). Composite reliabilities were 0.916 (technology), 0.894 

(household), and 0.865 (personal) with nearly identical Cronbach alpha values. The 

average variance extracted (AVE) was 73.15% for technology, 80.82% for household, 

and 68.18% for personal care products. All AVE values were larger than their companion 

squared inter-factor correlations. Thus, both convergent and discriminant validity appear 

to be reasonable. In addition, the manipulation check for brand equity revealed that the 

brand manipulation choices were appropriate both for in this study and earlier pre-

studies. 
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Table 2.3: Product Category EFA and CFA 

 

4.3.2 Adjectival Measures 

The results for the adjectival measures in the experimental study largely mirrored 

the results from the second preliminary study (see table 2.4). An EFA revealed three 

distinct factors (RMSEA = 0.068) with a combined total of 76.3% of variance explained: 

negative attributes (18.9% of variance explained), quality attributes (49.3% of variance 

explained), and green attributes (8.1% of variance explained). A follow-up CFA showed 

a reasonably good fit with an RMSEA of 0.061, CFI of 0.99, NFI of 0.98, and all SMC 

greater than 0.58. Convergent validity was also good with composite reliabilities of 0.885 

for negative attributes, 0.917 for quality attributes, and 0.883 for green attributes. As was 
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the case with the product category factors, the Cronbach alpha values for the adjective 

factors were nearly identical to the composite reliabilities. The average variance extracted 

was 72.04% for negative attributes, 78.65% for quality attributes, and 71.53% for green 

attributes. All AVE values were larger than their companion squared inter-factor 

correlations. Thus, the CFA appears to fit well in overall terms as well as in convergent 

and discriminant validity. 

Table 2.4: Adjective Measurement Model Latent Factors EFA and CFA 

 

4.3.3 Overall Model: Product Attractiveness 

Table 2.5 displays the results of three hierarchical regression models for each of 

the product categories. Predicting the remanufactured product attractiveness starts with 

the core model of price discounting (H1), brand equity (H2a), and their interaction in 
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model 1. Model 2 expands this core model to include quality attributes (H2b), negative 

attributes (H3), green attributes (H4a), and self-identified green consumers (H4b). Model 

3 expands the analysis yet again by including an array of potential covariates including 

demographics. 

Table 2.5: Regression Results for Remanufactured Product Attractiveness 

 

The regression analyses yielded consistently highly significant results (p < 0.01) 

for price discounting (H1), quality attributes (H2b), and negative attributes (H3). 

However, brand equity (H2a), which was coded as binary with 0 for low and 1 for high, 

and the interaction between discount and brand equity only showed significant results for 

technology products. Green attributes (H4a) were significant for technology and 

household products but not for personal products. Additionally, green self-identification 

(coded as a binary variable with 0 as not green-minded and 1 as green-minded) ðin 

response to the query, ñDo you consider yourself environmentally or ógreenô minded?òð
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failed to show a significant effect in any of regression models. Of the covariates, only age 

and education were consistently significant across all product categories. Specifically, 

more educated participants tended to find remanufactured products less attactive than less 

educated participants. Likewise, older participants tended to find remanufactued products 

less attactive than younger participants. From a diagnostics standpoint, all models 

showed no discernable signs of multicollinearity (all variance inflation factors were less 

than 7 with most near 1) and residual analyses yielded no discernable issues. Common 

method bias for the measures was not an issue as the Harmanôs single common factor 

yielded only 21.8% of variance explained while a single factor CFA yielded a poor fit 

with an RMSEA of 0.26 and CFI of 0.61 (Podsakoff et al. 2003; Podsakoff and Organ 

1986). The subsections that follow delve more deeply into the results for each product 

category followed by an overall discussion of the model results in Section 4.4. 

4.3.4 Technology Product Attractiveness 

The analyses revealed significant effects of price discounting, brand equity, and 

their interaction on the attractiveness ratings of technology products (all p < 0.01) in 

hierarchical models 2 and 3. As expected, both price discounting (H1) and brand equity 

(H2a) had positive effects on the attractiveness of remanufactured products. Specifically, 

in the full model (model 3), price discounting (H1: t1487 = 7.50, p < 0.001) had a positive 

effect on the attractiveness of remanufactured technology products. In contrast to H2a, 

which posited a positive brand equity effect, the results revealed that moving from low to 

high brand equity decreased the attractiveness ratings of the remanufactured technology 
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products (H2a: t1487 = -2.63, p < 0.01) ï an effect only partially compensated for by the 

positive interaction between discounting and brand equity (t1487 = 2.68, p < 0.01). Figure 

2.3 displays the interaction plot between brand equity and price discounts. 

Figure 2.3: Interaction Plot Discount x Brand Equity for Technology Products 

 

The primary point of interaction appears to be at the 95% discount level. At the 

95% discount level, low equity products have a steep downward slope when moving from 

the 80% discount level, whereas the high brand equity products continue their effectively 

linear increase as a function of discounts. This unexpected brand equity and interaction 

between brand equity and discount effect occurred even though participants viewed the 

new version of high brand equity products as higher in quality according to the 

manipulation check. The results for quality attributes (H2b: t1487 = 15.01, p < 0.001), 

negative attributes (H3: t1487 = -2.48, p < 0.01), and green perceptions (H4a: t1487 = 4.52, 
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p < 0.001) were all confirmed. However, a participantôs green self-identification (H4b: 

t1487 = 0.65, p = 0.515) failed to show a significant result.  

Standardized betas from the full model (model 3) provided additional insights into 

the relative contribution of each explanatory variable. In particular, quality attributes 

(0.43) had the largest impact on attractiveness ratings in terms of standardized beta, 

followed by discounting (0.22), the interaction of discount and brand equity (0.14), brand 

equity (-0.13), green attributes (0.12), and negative attributes (-0.06). As shown in the 

standardized betas, the reversal of the brand equity effect was actually fairly strong even 

in relative comparison to the other significant explanatory variables. 

There were a number of significant covariates in the technology products model 

(see table 2.5). In particular, age (t1487 = -3.33, p < 0.01), education (t1487 = -2.57, p < 

0.01), and gender (t1487 = -2.04, p < 0.05) were all significant. Inclusion of the covariates 

in the full model resulted in a statistically significant .7% improvement (p < 0.01) in the 

adjusted R-square when moving from the simpler model 2 (34%) to the full model 3 

(34.7%). 

4.3.5 Household Product Attractiveness 

As was the case for technology products, the full model (model 3) found that 

discounting (H1: t1487 = 6.13, p < 0.001), quality attributes (H2b: t1487 = 11.32, p < 0.001), 

and green attributes (H4a: t1487 = 2.77, p < 0.01) had positive effects on the attractiveness 

of the remanufactured household products. As predicted, negative attributes (H3: t1487 = -

3.23, p < 0.001) had a negative impact on attractiveness for the household products. 



35 

 

Brand equity (H2a: t1487 = -0.54, p > .1) and green self-identification (H4b: t1487 = 0.16, p 

= 0.987) failed to show significant effects on remanufactured product attractiveness. 

In terms of relative contributions to the overall model, quality attributes had the 

largest effect on remanufactured household product attractiveness (0.36), followed by 

discounting (0.19), negative attributes (-0.09), and green attributes (0.08). As was the 

case with remanufactured technology products, the perceptions of quality attributes 

related to remanufactured household products again ranked the highest in relative 

importance. 

The results for household goods in the full model (model 3) showed multiple 

significant covariates such as education (t1487 = -3.99, p < 0.01), income (t1487 = 2.69, p < 

0.01), and number of children in the household (t1487 = 3.06, p < 0.01) with lesser effects 

from age (t1487 = -2.34, p < 0.05), recycling practices (e.g., recycling at home) (t1487 = 

1.80, p < 0.1), and recycling purchases (e.g., buying products because the product 

contains recycled content) (t1487 = 1.79, p < 0.1). The addition of these covariates yielded 

a 1.7% improvement in the adjusted R-square (p < 0.001) when moving from model 2 

(20.9%) to model 3 (22.6%). 

4.3.6 Personal Care Product Attractiveness 

The regression in the full model (model 3) for personal care products again 

revealed significant effects for discounting (H1: t1487 = 3.32, p < 0.01), quality attributes 

(H2b: t1487 = 12.89, p < 0.001), and negative attributes (H3: t1487 = -3.38, p < 0.01). 

Unlike the prior two models, green attributes (H4a: t1487 = 1.49, p > 0.1) failed to show a 
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significant impact on perceived remanufactured product attractiveness in the full model. 

As was the case with household products, brand equity (H2a: t1487 = -1.49, p > 0.1) failed 

to show a significant effect. Green self-identification (H4b: t1487 = 0.003, p > 0.1) once 

again failed to show a significant effect.  

The relative importance gauged by standardized beta coefficients indicate that 

perceptions of remanufactured product attractiveness for personal care products were 

heavily influenced by quality attributes (0.41), discounting (0.11), and negative attributes 

(-0.09). In terms of standardized beta relative importance, discounting was far less 

important than was observed in either the technology (0.22) or household (0.19) models. 

Examination of the coefficient for discounting (0.01) reveals that the effect of even a 

100% discount would only be a single scale point improvementða statistically 

significant result with relatively smaller practical implications. In contrast, the relative 

importance of the negative attributes (e.g., dirtiness and disgust related perceptions) was 

more pronounced than in either the technology or household product models. 

The results for personal products in the full model (model 3) showed two highly 

significant covariates including age (t1487 = -2.92, p < 0.01) and education (t1487 = -4.61, p 

< 0.001) with lesser effects from gender (t1487 = -2.49, p < 0.05) and recycling purchases 

(t1487 = 2.34, p < 0.05). In terms of overall model fit, the addition of the covariates when 

moving from model 2 to model 3 improved the modelôs adjusted R-square by 1.7% (p < 

0.001) from 19.4% to 21.1%. 
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4.4 Model Discussion 

The experimental study found that price discounts do play a significant role in 

influencing attractiveness of remanufactured products. However, quality attributes 

displayed a relatively larger effect on attractivenessðin terms of standardized betasð

than price discounting in every model. Brand equity, an often assumed surrogate for 

quality (Guide and Li 2010), only showed significant results for technology products. 

Surprisingly, the result was a reversal from theory (i.e., the brand equity effect was 

negative). Perhaps this is due to a punishment of the original brand for offering a 

remanufactured version of the product as speculated by Agrawal, Atasu, and Van 

Ittersum (2011) in the context of Apple iPod MP3 players. In addition, green perceptions 

of remanufactured products played a significantly positive role in influencing 

remanufactured product attractiveness. Self-identified beliefs of being a green or 

environmentally-minded consumer failed to have an effect for any product category. 

Finally, measures of the negative attribute perceptions (e.g., dirty and disgusting) were a 

consistently statistically significant explanatory variable for remanufactured product 

attractiveness across all product categories. Perceptions that the remanufactured products 

were somehow dirty due to the prior ownership add a previously undocumented and 

powerful predictor of remanufactured product attractiveness. The fact that only 

discounting, quality attributes, and negative attributes were consistently significant in 

every model indicates that previous theory that omitted the negative attribute perceptions 

gave an incomplete (i.e., inherently biased) perspective on the remanufactured product 

market.  
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In terms of demographics, older consumers found remanufactured products less 

attractive than their younger counterparts. The gender effect for females only had a 

significant reduction in attractiveness for remanufactured technology and personal 

products. Education level also played a role in reducing attractiveness of remanufactured 

products across all product categories. The other demographic covariates were only 

sporadically significant. 

For firms that remanufacture technology products, the findings suggest that 

remanufacturing by high brand equity original brand manufacturers may actually be 

detrimental to consumer perceptions of the products. Ensuring that consumers are aware 

of specific quality attributes (e.g., reliability and safety) of the products appears to be one 

of the most important elements for a technology product remanufacturer. As expected, 

the remanufacturing firm must also carefully evaluate the discounting strategy and should 

attempt to accentuate the green nature of the remanufactured product. Negative attributes, 

such as perceptions of dirtiness, disgust, and the generally unattractive nature of 

remanufactured products, also represent hurdles for a technology product remanufacturer. 

In terms of demographics, younger male consumers with lower levels of education 

appear to be an overall better target demographic. 

For firms that remanufacture household products, the findings indicate that the 

brand equity of the original brand is not a driver of consumer perceptions. As was the 

case for technology products, discounting, green attributes, and particularly quality 

attribute perceptions drive the overall attractiveness of remanufactured household 

products. Mitigating the negative perceptions that the remanufactured products are dirty 

and disgusting appears to be even more important for household products than for 
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technology products. The full household products model showed that families with 

multiple children, relatively lower education, and higher incomes may be more viable as 

a target demographic segment. Recycling minded consumersðconsumers who both 

recycle and tend to buy recycled productsðmight prove to be a better target demographic 

for remanufactured household products. 

Firms that remanufacture personal care products need to be particularly careful 

regarding quality perceptions. As was the case for both technology and household 

product remanufacturers, personal care product remanufacturers need to assess carefully 

discounting level choices. Further, personal care product remanufacturers need to pay 

particularly close attention to the means available to mitigate negative attribute 

perceptions. Curiously, unlike technology and household products, the personal products 

showed no effect from green perceptions of the product. Younger males with relatively 

low education but proclivities toward buying recycled products seem to be a good target 

demographic. 

5. Overall Findings and General Discussion 

This research empirically examines the key drivers of consumersô reactions to the 

remanufactured products in consumer closed-loop supply chains. The research also fills a 

void in literature regarding consumer perceptions of remanufactured products. The results 

of the two preliminary studies and the experimental study show that consumers are 

confused and generally uncertain about remanufactured products. In particular, most 

consumers do not understand the green nature of remanufactured products, view 
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remanufactured products as lower in quality, and tend to believe that remanufactured 

products are dirty, disgusting, and generally unattractive. The free association 

preliminary study revealed general confusion surrounding remanufactured products and a 

complete lack of environmental or green perceptions in relation to remanufactured 

products. The adjectival preliminary study revealed that consumers viewed 

remanufactured products as lower in quality, dirty, unattractive, and even less 

environmentally friendly than new products. 

The experimental testing of price discounts and brand equity effects revealed that 

greater price discounts had a positive effect on remanufactured consumer product 

attractiveness in all product categories. In contrast, moving from low to high brand equity 

either had no statistically significant effect or an unexpected negative effect on 

attractiveness in the case of technology products. Based on the results of the preliminary 

study, the experimental study also found that adjectives related to quality attributes, 

negative attributes, and green attributes played significant roles in determining 

remanufactured product attractiveness. Curiously, the experiment also revealed that self-

identified environmentally or green-minded consumers did not show a propensity to find 

remanufactured products more attractive over their less environmentally-minded 

counterparts. A summary of the findings appears in table 2.6. 
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Table 2.6: Hypothesized Effects and Summary Results from Full Model 

 

5.1 Theoretical Contributions and Managerial Contributions 

Previous theoretical models in the supply chain literature that relied on brand 

equity and particularly price as the key drivers in predicting the demand for 

remanufactured products appear to paint an incomplete picture. The current work reveals 

that though the prevailing assumption is that consumers should perceive remanufactured 

products as environmentally friendly, this assumption may not be accurate (see Atasu et 

al. 2008 for a related discussion). The second preliminary study revealed a direct reversal 

from literature and realityðconsumers indicated that new products were actually more 

environmentally friendly than remanufactured products on average. In the experimental 

study, self-identified beliefs of being a green consumer failed to have an effect on the 

remanufactured consumer product attractiveness for any product category. In other 

words, consumersô views of themselves as green had no effect on their attractiveness 

ratings for the remanufactured products. Taken in combination with the results from the 

preliminary studies, such a finding indicates that environmentally friendly or green 

attributes of a remanufactured product largely may be unknown to the general population. 
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Conversely, if the consumer recognizes that a remanufactured product is likely to be 

green, their attractiveness rating for the product was significantly higher. This is an 

important distinction not seen in the supply chain literature to dateðthe difference 

between the perception of self as green and the perception of the product as green. 

When models employ price discounts as the sole lever to predict remanufactured 

product demand, as willingness-to-pay studies often assume, the results could be 

misleading or worse. The results of the various hierarchical regressions indicate that 

though discounting has a statistically significant effect, the practical implications as seen 

in the relative importance from the standardized betas may be less significant. Many 

firms seem to believe that they must offer large price discounts (relative to new product 

prices) to generate remanufactured products sales (Atasu, Guide, and Van Wassenhove 

2009). Yet, some managers believe that over-discounting can also lead to potential 

cannibalization of new product sales (Rysavy 2001). To avoid such cannibalization, 

perhaps managers should keep the products in distinctly separate supply chain channels 

or employ a product portfolio approach that uses both new and remanufactured products 

to control a larger portion of the market. Additionally, the preliminary studies 

demonstrated that consumers view remanufactured products less positively than new 

products. Over-discounting could actually exacerbate the negative perceptions of 

remanufactured products (i.e., the price-quality inference). Future research needs to 

explicitly examine the potentially damaging effects of over-discounting and new product 

sales cannibalization as well as the potential solution of better controlling the supply 

chain channels for such deeply discounted remanufactured products. 
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An additional contribution of the current work is the finding that consumers hold 

incorrect and seemingly irrational beliefs that remanufactured products are dirtier and 

more disgusting than new products. On the contrary, as is well established in the supply 

chain and operations literature, most remanufactured products are like new with respect 

to quality and other attributes (Guide and Van Wassenhove 2001; Lund 1984b). Yet, 

these negative attribute perceptions of dirtiness and disgust persisted despite the 

education about the remanufacturing process, and appear to play a significant role in 

shaping consumersô perceptions of the attractiveness of remanufactured products for all 

types of products tested. Due to the ñusedò nature of remanufactured products, mitigating 

or reducing these negative perceptions may prove difficult. Such a finding indicates that 

markets may be limited for some types of remanufactured products. As such, managers 

for products that elicit such negative perceptions may find that materials 

reclamation/recycling, as opposed to remanufacturing, provides a more viable choice for 

returned products in their consumer market closed-loop supply chain processes. 

The studies found that brand equity plays a relatively small role in consumersô 

attitudes toward remanufactured products. Studies commonly assume that a 

remanufactured product must have high brand equity (Guide and Li 2010). The data 

indicates that brand equity was only highly significant for remanufactured technology 

products and was actually reversed in the negative direction. Such a finding may be 

sobering for high brand equity technology firms that are considering remanufactured 

products as part of their product portfolioða concern seen manifest for HP, which 

sometimes sells de-branded versions of their remanufactured products (Rysavy 2001). 

High brand equity household and personal care product firms need to carefully evaluate 
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remanufacturing strategies as the lack of a brand equity effect indicates that the brand 

name provides no attractiveness gain, and new product sales cannibalization becomes a 

threat. An open question that may deserve future experimental work is the effect of 

original brand remanufacturing versus third party remanufacturing. There could be 

differences in consumer perceptions of remanufactured products put into the supply 

channels by the original brand manufacturer versus third party remanufacturers. When 

the product is remanufactured by a third party, does the consumer associate the 

remanufactured product with the original manufacturer or with the third party 

remanufacturer? Both of these questions remain for future research. 

Still other open questions remain regarding environmental perceptions. Though 

the literature demonstrates that remanufactured products are environmentally friendly, the 

empirical findings show that self-identified green consumers do not show an increased 

preference for such products. The lack of effect for self-identified green consumers was a 

surprise as such consumers will generally resist reporting a disinterest in green products 

(Luchs et al. 2010). Do consumers view remanufacturing as a truly sustainable initiative 

or an attempt to extract more profit by selling inferior products? As seen in the 

preliminary studies of Section 3, consumers view remanufactured products as cheap, old, 

and dirty with no indication of green associations. The question of how to change these 

perceptions remains open. Perhaps the issue is again a supply chain channel choiceð

should firms place remanufactured products in deep discounting channels, or would 

higher-priced green channels provide a better market? Future research should examine 

the effects of channel choice for a portfolio of products in a closed-loop supply chain. 



45 

 

Overall, the studies reveal that the drivers of market demand for remanufactured 

products are not consistent across different types of products. Morever, the regression 

models indicate that even at the highest discount levels, the attractiveness of the 

remanufactured products may be minimal as the regression models do not even reach the 

scale midpoint of five based on discounting alone. Even more disconcerting for many 

firms are the findings that brand equity generally does not play a significant role in 

driving consumer perceptions, and that self-identified green consumers generally do not 

find remanufactured products more attractive. Firms do have an opportunity to increase 

attractiveness of the remanufactured products by educating consumers about the like new 

quality of remanufactured products as both simple and standardized regression 

coefficients for quality perceptions were consistently the largest coefficients. However, 

previously unrecognized negative attributes, such as perceptions that the remanufactured 

products are still dirty and disgusting from the prior ownership, had a strong negative 

influence on the attractiveness of remanufactured products. As such, firms will continue 

to face a major challenge in convincing consumers about the remanufacturing process 

and the like new condition of the remanufactured products. Until the various challenges 

outlined above are managed, firms may find that component or material reclamation is a 

better overall strategy than a full product level reuse through remanufacturing. 

6. Summary Comments and Conclusion 

Consumer perceptions of remanufactured products represent an understudied area 

in sustainability and closed-loop supply chains that provide a rich opportunity for future 
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research, particularly as firms look for ways to become more sustainable. This paper is 

one of the first to examine some of the drivers of consumer perceptions of 

remanufactured products. The findings indicate that perceptions of remanufactured 

product quality actually surpass discounting in overall importance. Further, consumers 

hold strongly negative perceptions of remanufactured products and often do not 

understand the inherently green nature of remanufactured products. As such, managers 

must actively seek to understand and control consumersô perceptions of remanufactured 

products to enhance quality perceptions and reduce negative perceptions that the 

remanufactured products are somehow still dirty from the prior ownership. Because most 

consumers in the studies were unaware that remanufactured products are inherently 

green, educating consumers about the environmentally friendly nature of remanufactured 

products may prove valuable as well. In light of the various misconceptions regarding 

remanufactured products, firms may find that some products should be designed to have 

components or materials reclaimed rather than a full product level reuse through 

remanufacturing in a closed-loop supply chain. 
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Chapter 3  
 

THE ENGINE: DELAYED DIFFERENTIATION FOR MULTIPLE 

LIFECYCLE PRODUCTS  

Chapter 3 switches gears to engine portion of the CLSC processes by analyzing 

OEM business-to-business, large equipment remanufacturing. In particular, modular 

product design allows several generations of products to co-exist in the installed base as 

product designs change to take advantage of improved performance via modular 

upgrades. Use of a common base platform and modular design approach allows a firm to 

offer updates for improved performance and flexibility via remanufacturing when 

products have multiple lifecycles. However, as the product evolves through multiple 

lifecycles, the large pool of product variants leads to the curse of product proliferation. In 

practice, product proliferation causes high levels of line congestion and results in longer 

lead times, higher inventory levels, and lower levels of customer service. To offer 

insights into the product proliferation problem, the authors employ a delayed 

differentiation model in a multiple lifecycle context. The delayed differentiation model 

gives flexibility to balance trade-offs between disassembly and reassembly costs by 

adaptively changing the push-pull boundary. An adaptive, evolving push-pull boundary 

provides flexibility for a remanufacturing firm to meet changing customer demands. The 

delayed differentiation model includes both a mixed-integer linear program and an 

analytical investigation of the evolutionary nature of the push-pull boundary. Both field 

observations and experimental results show that the nature of product proliferation and 
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changing demand structures play significant roles in the cost and flexibility of the 

evolving delayed differentiation system. 

1. Introduction  

In various business-to-business (B2B) and business-to-consumer (B2C) markets, 

continually updating products to provide the latest performance capabilities is a 

competitive requirement. Regular technology changes and refinements are the norm for 

multiple products such as imaging equipment, semiconductor fabrication equipment, 

diesel locomotives, and jet turbine engines. Many firms in these industries employ 

modular product design to allow for continuous technological updates for specific 

modules without the need for design changes in other modules. GE Transportation, 

Cummins diesel engines, Xerox high speed imaging equipment, and Caterpillar all use a 

modular design approach that allows for frequent, easy updates for improved 

performance. Additionally, instead of selling products, these companies often provide 

leasing arrangements for a sizeable proportion of their product lines. All of the above 

mentioned firms employ some form of remanufacturing to recover the sizeable value 

remaining in end-of-lease or end-of-use product returns. These firms design many of their 

products to facilitate disassembly and remanufacturing processes. The use of a modular 

design platform combined with remanufacturing allows for a wide variety of product 

configurations, which offer a wide range of capabilities and technology choices. A firm 

can offer greater product variety as time passes due to regular innovations via modular 
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upgrades. These modular upgrades can significantly reduce material usage and labor 

inputs while improving overall environmental performance. 

Unfortunately, the remanufacturing processes for such a modular product can 

become highly complex and congested as the number of variants increases (Banaszak 

2008; Westerson 2008). Additionally, the use of modular design practices represents a 

necessary but not sufficient condition for firms to employ delayed differentiation. Firms 

must also consider how to build and source components/modules that will support 

multiple lifecycles. The continued updates of a base frame through multiple lifecycles, 

which creates a portfolio of production variants, leads to remanufactured product 

proliferation and increasing pressure on remanufacturing operations to evolve. The 

proliferation of product variants can cause flow times to grow rapidly, make workflows 

complex, and increase system wide variability. Observations in practice reveal that the 

issues of increasing system variability and lengthening flow times can quickly result in 

decreased customer service, large amounts of finished goods inventories, and excessively 

long lead times. To help cope with these various issues, this research addresses the use of 

delayed differentiation in a multiple lifecycle context, which allows a firm to balance 

disassembly and reassembly costs by use of an evolutionary push-pull boundary. 

Both forward and reverse supply chains use delayed differentiation as a means to 

lower lead time to meet customer demands. A forward supply chain procures 

materials/components to assemble a product to some intermediate build state in the push 

phase for storage before the arrival of customer demands. A reverse supply chain also 

procures some components but requires returned cores as a primary source of materials 

from multiple lifecycle products. In contrast to the forward supply chain, the reverse 
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supply chain must first disassemble the return cores to some intermediate state in a push 

phase for storage before the arrival of customer demand. The intermediate state is called 

the push-pull boundary. In other words, delayed differentiation in a forward supply chain 

requires that a manufacturer assembles a semi-complete product from components and 

delays for final customer differentiation. Delayed differentiation in a reverse supply chain 

requires that a remanufacturer disassembles a return to a semi-complete product and 

delays for a final customer differentiation. After demand arrives, both forward and 

reverse supply chains incorporate required components, materials, software, or other 

customizations to meet specific customer demands in the pull phase. 

Though the concepts involved in delayed differentiation for forward and reverse 

supply chains are similar, the reverse supply chain has markedly different material inputs, 

lifecycle implications, evolution of the push-pull boundary, and requirements to prepare 

the inputs for use in a final build product. As will be described throughout this 

manuscript, the results of a well-executed delayed differentiation system for multiple 

lifecycle products can provide significant cost savings for the reverse supply chains and 

the broader closed-loop supply chain systems. Specifically, we assess how to determine 

the push-pull boundary for multiple lifecycle products with an additional exploration of 

the boundaryôs evolution in various multi-period scenarios. A deeper level of disassembly 

(i.e., disassembly closer to the part level) in the push phase provides a firm greater 

flexibility to meet customer demands. However, greater flexibility to meet customer 

demands comes with the cost of a more disassembled and thus less complete intermediate 

kit to meet customer demands in the pull phase. 
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To address the delayed differentiation issue, we present an expanded motivation 

based on numerous on-site visits and work with various firms in section 2. Section 3 

covers some areas of relevant literature. Section 4 describes the model. Section 5 

describes multiple scenarios to assess the ramifications for the evolution of the delayed 

differentiation choices. Section 6 outlines various managerial implications and 

conclusions. 

2. Motivation 

This research originates from recent interactions with a group of managers at 

original equipment manufacturers (OEMs) that offer remanufactured versions of their 

products. In May of 2008 a two day roundtable, Issues for OEMs that Offer 

Remanufactured Products, met at The Pennsylvania State University. Managers from 

both capital and consumer goods companies met to discuss their current needs to become 

more effective, value creating business units. For instance, Xerox high speed imaging 

equipment and GE transportation locomotive remanufacturing business units allow 

equipment upgrades through remanufacturing processes. The remanufacturing can range 

from a simple addition of a software controller to a full tear-down and overhaul of the 

equipment. The range of possible improvements allows the sales force greater flexibility 

in customer offerings. Additionally, the customer receives added value as the 

remanufactured equipment provides improved performance at a more competitive price. 

This research focuses on data and observations from an ongoing series of projects with 

the Xerox Corporation. Xerox designs, manufactures, services, remanufactures, and 
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leases its high speed imaging equipment through a vertically integrated supply chain. 

Xerox designs the imaging equipment to maintain high image quality, high reliability, 

ease of serviceability, and maintainability. Moreover, Xeroxôs design paradigm supports 

multiple lifecycles for their equipment via remanufacturing operations. The Xerox high 

speed imaging equipment business model strongly supports selling the service of imaging 

rather than the physical product. Xerox often leases rather than sells the equipment to 

customers. By maintaining ownership of the equipment, Xerox can continuously 

incorporate technological and other changes that improve the customer experience 

through field service or more extensive overhauls. The base frame supports a modular 

design so that improvements may be made in one function without requiring the 

replacement of an adjacent module. For example, the paper feed module may require 

changes to accommodate different paper styles (e.g., thickness and fiber content) or input 

speeds without the replacement of the imaging module or the document output module. 

Over time, as managers gain more knowledge about the various user performance 

requirements, Xerox introduces new modules with improved capabilities.  

As a specific example, Xerox produced the DocuTech monochrome printing 

platform from 1988 to 1998 with remanufacturing still occurring in 2009. By 2009, 

DocuTech equipment could be remanufactured to any of six variants from a base frame 

common to all platforms. In fact, Xerox offers new, newly manufactured (blended), and 

remanufactured versions of multiple lines of their equipment. The scope of options 

creates many possible configurations. Newly manufactured (blended) equipment 

maintains state-of-the-art performance through a blend of new and remanufactured 

modules and parts. Remanufactured equipment also consists of new and remanufactured 
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modules and parts but does not meet the newest performance standards. Because all the 

units use a common frame and a mix of modules, Xerox can use a set of modules with 

multiple configurations. Maintaining an inventory of the appropriate modules, harvested 

from returns, allows firms to reduce reassembly and configuration lead times.  

Figure 3.1 displays the nature of the product proliferation throughout the product 

lifecycle from introduction through end-of-life considerations. In the beginning of a 

product lifecycle, only a single base model (M1) exists. In the next period, a revised 

model M2 with new technology in one or more modules comes into the market. Through 

a product acquisition management (PrAM) system, end-of-lease, or other recovery 

method, a returned product of type M1 either can be remanufactured back to M1 

specifications or blended to the newer model M2 specifications through a mix of older M1 

and newer M2 specific modules (Guide and Van Wassenhove 2001). The pattern then 

grows through future periods with introductions of models M3, M4, é, Mn, all of which 

leads to eventual end-of-life (EOL) considerations. Figure 3.1 displays a simple case with 

the introduction of a new model coinciding exactly with the end of the lease for a 

previous model. This simplification need not be the case as leasing and sales occur 

continuously over time. The simplification helps display one of this paperôs main 

objectivesðto present firms with a delayed differentiation decision support model to aid 

in finding the appropriate push-pull boundary for products returning at the end of their 

use with customers. 
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Figure 3.1: General Product Proliferation Concept 

 

Though the problem of delayed differentiation in the large equipment (B2B) 

context is fairly clear from the preceding discussion, the consumer market (B2C) 

application may seem less obvious. Fortunately, Medtronic generously shared some 

insight into the remanufacturing of medical goods and particularly the challenges faced in 

the remanufacturing of B2C diabetic insulin pumps (Jones 2009). When pumps return, 

the variants can be of a wide range of ages and models. The multiple returning variants 

require updates to meet current specification of pumps still in the market. Through use of 

the model presented below, the impacts of decisions in disassembly and reassembly of 

the pumps are made more transparent. 

Our model addresses the problem of planning for delayed differentiation in 

remanufacturing for products that evolve over multiple product lifecycles. The problem 
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of managing delayed differentiation in remanufacturing is not a static, one-time decision. 

Specifically, at an operational level, the firm must decide on a particular push-pull 

boundary in the remanufacturing process for each product variant. The decision depends 

on disassembly costs (and times) for each variant at each level of disassembly as well as 

reassembly costs (and times) to turn a product variant disassembled at a certain level into 

a specified product variant. Additionally, demand for each of the variants, volume of the 

return stream, and capacity for both disassembly and reassembly constrain the production 

choices. As product variety increases, the problem must be reexamined to determine if 

the optimal choice for the push-pull boundary has changed. 

The examples from Xerox and other B2B/B2C remanufacturers reveal many 

challenges faced by OEM remanufacturing operations. Fortunately, several past studies 

have provided insight into some of the complexities seen in our research. Hence, before 

presenting our model, we discuss some relevant literature not already covered. 

3. Literature  

Several streams of literature relate to our research questions. Guide (2000) 

presents a set of seven complicating characteristics for production planning and control 

for remanufacturers. However, the work does not mention the problem of increasing 

product variety for multiple lifecycle products. At the time of the research, third-party 

remanufacturers dominated the results. Presumably, a third-party remanufacturer (3PR) 

does not have the required expertise to change the design of a product. A third-party 

remanufacturer may also be restricted from making changes to a product due to patent 
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restrictions. In contrast, our experiences with a large number of capital goods OEMs 

engaging in remanufacturing revealed various issues not faced by 3PRs. For example, 

OEM remanufacturing managers only revisited the delayed differentiation issues after 

experiencing high finished goods inventories, as opposed to more flexible module or 

component inventory, and low levels of customer service caused by increasing product 

variety (Banaszak 2008; Westerson 2008). Guide and Van Wassenhove (2009) and Atasu 

et al. (2008) call for research that explicitly examines the impact of multiple product 

lifecycles on business functions. 

Remanufacturing operations differ significantly from regular manufacturing 

operations because product returns, the basic input in remanufacturing, can be non-

standard and uncertain in terms of quality and supply (Guide and Van Wassenhove 

2001). Leasing along with field service helps mitigate the uncertainty in the supply of 

products returns that are necessary to sustain a profitable remanufacturing operation. For 

OEMs that sell their products, uncertainty in the supply of product returns can also be 

actively managed through PrAM. PrAM helps firms control the quantity, timing, and 

quality of product returns through techniques such as offering differential pricing for 

product returns or a trade-in rebate system (Guide and Van Wassenhove 2001). In 

addition, Hauser and Lund (2003) show that remanufacturing can be significantly 

profitable and offer substantial environmental benefits from reduced materials and energy 

consumptionðbenefits that many OEMs increasingly seek to capture. For example, 

Caterpillar reported revenue growth of 115% for their remanufacturing division along 

with a 676% increase in certified rebuild revenue from 2001 to 2009 (Caterpillar 2009), 
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which totals in the billions of dollars. At the same time, Caterpillar reduced water 

consumption by billions of gallons and reduced energy use by thousands of gigajoules. 

3.1 Disassembly Planning 

The two streams of literature most closely related to this paper are disassembly 

planning in the remanufacturing literature and design for postponement in the classical 

supply chain literature. The disassembly planning literature deals with finding the 

minimal cost, or maximum recovery, disassembly plan. In effect, the disassembly 

planning literature examines the depth and sequence of disassembly for a used product, 

typically for repair and maintenance purposes. Each disassembly operation has associated 

costs/revenues and times. The disassembly sequencing literature has its roots in the 

traditional assembly line balancing literature. The disassembly models often use graph 

theory to express precedence relationships and generate feasible disassembly sequences 

that minimize disassembly time or maximize net revenues. Clegg et al. (1995) recognized 

the need to examine disassembly and reassembly through use of a large linear program in 

a combined cost minimization context. Meacham et al. (1999) created a revenue 

maximizing linear time algorithm for optimal disassembly configurations of a single 

product. Earlier work by Boothroyd and Alting (1992), Jovane et al. (1993), and Harjula 

et al. (1996) examined the need to recognize appropriate design and lifecycle principles 

for disassembly (a concept that also applies to our model), which can be used at any time 

in the product lifecycle from the design phase to full product maturity. For additional 
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reviews of the literature related to disassembly, see Gungor and Gupta (1999) and 

Lambert (2003).  

The goal of this research is to minimize total costs of meeting demand for 

multiple variants of remanufactured products by balancing the disassembly and 

reassembly operations given a set of feasible push-pull boundary/disassembly levels. 

Such an objective represents a contrast to the disassembly sequencing literature, which 

does not model the use of the disassembled sub-modules or parts to meet demand for 

various remanufactured product variants. Additionally, the disassembly sequencing 

literature does not consider multiple lifecycle issues and the related product proliferation 

problem. Further, the remanufactured products in our case are not identical to previous 

generation products because the technology evolves over time. 

A large body of literature discusses delayed product differentiation, which is 

usually synonymous with postponement. The delayed differentiation literature focuses on 

finding the optimal ñpush-pullò boundary for products that have some level of common 

subassemblies with an associated end product demand uncertainty. The literature also 

examines points of storage in the supply chain for intermediate subassemblies, which are 

common to a subset of products that experience uncertainty of end product demand. 

When demand arrives, the firm then can assemble the finished products from the 

subassemblies. The interested reader can examine recent reviews by van Hoek (2001), 

Swaminathan and Lee (2003), and Yang et al. (2004).  

The most closely related paper in delayed differentiation literature concerns the 

vanilla boxes approach proposed by Swaminathan and Tayur (1998). In agreement with 

our findings, Swaminathan and Tayur found the appropriate quantities of intermediate 
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subassemblies (vanilla boxes) for later final assembly to meet specific customer demands. 

Both models employ capacity constraints in terms of assembly time. Yet, the problem of 

delayed differentiation in forward supply chain and delayed differentiation in a closed-

loop remanufacturing supply chain differ in multiple ways. Perhaps most importantly, the 

input stream in a closed-loop remanufacturing supply chain consists of used products that 

need to be disassembled to a certain level. 

Table 3.1 provides an overview of literature from the three main streams of 

literature covered above. 

Table 3.1: Summary of Related Literature 
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4. The Model 

This model addresses delayed differentiation for a remanufacturing line at an 

operational level via a dynamic push-pull boundary for various levels of product 

disassembly and module commonality. Extensions to multiple periods are also possible 

through scenario analysis as seen in section 5.1. The planning horizon for our model is 

one period (say, period t) in the productôs lifecycle. For simplicity, we assume periods 

coincide with the standard duration of a leasing contract. In practice, the duration of a 

period may be far shorter as technological updates occur in a nearly continuous fashion, 

and the model provides immediate, actionable operational level information for the 

production line. A user of the model merely needs a finer level of cost and time data to 

derive shorter planning horizon results. During period t, there are J product variants of a 

model (variants for short) offered in the market by the OEM. For example, the third 

column in figure 3.1 represents the third remanufacturing periodða period in which 

returns should start to flow consistently in line with the general lifecycle concepts 

outlined in Jia et al. (2011). In the third remanufacturing period, the firm offers J=3 

variants in the market (i.e., variants 1, 2, and 3). In the simple case outlined in figure 3.1, 

these variants appear as M1, M2, and M3. Variants are numbered such that a higher index 

represents a newer variant. As a result, j = 1 is the oldest variant offeredðthe first variant 

introduced to the market. There are I variants returning from customers during the period, 

which consist of the variants offered in the market in the previous period t ï 1. In our 

previous example, I = 2, corresponding to variants 1 and 2 or M1 and M2 in figure 3.1. 

Demand for variant j in the period is Dj, which derives from a forecast. Through in-depth 
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conversations with sales managers, we learned that the high-end markets are often 

segmentable based on price and product characteristics to meet different customer 

requirements (in line with Guide and Li 2010; Gwaltney 2009). The assumption that the 

forecast provides a sufficient basis for planning the production variants is also reasonable 

due to the relatively long sales horizons, which allow both aggregated forecasts across 

product variants and alignment of inventory to sales force incentives. Hence, we assume 

that the model can use the forecast in a deterministic fashion. The firm receives Ri returns 

of variant i during the period and can (in principle) remanufacture a return to any one of 

the J variants through sufficient disassembly, though downgrades of 

components/modules were not observed in practice (e.g., reducing a module speed 

through a software downgrade). Here, Ri is assumed to be known, which is a reasonable 

assumption as the firm has some form of a PrAM system in place to manage the quality, 

quantity, and timing of product returns. The firm disassembles a return variant i to a 

certain level of disassembly k, which is a key decision variable. After disassembly, the 

firm keeps the disassembled modules in stock for some length of time. Demand then 

drives reassembly of the disassembled variant i into the required demand for variant j. 

The decision variable k is the push-pull boundary or level of disassembly for variant i 

that will eventually become variant j.  

The core concept of the product line flow appears in figure 3.2. Units are pushed 

into core remanufacturing operations, such as cleaning and required disassembly, as well 

as scrap, waste, recycling, and EOL disposition for obsolete parts and consumables. 

Reusable inventory/kits are then pushed to storage or pulled directly to reassembly with 
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any necessary updates to parts/consumables, subassemblies, and testing of the full build. 

The cycle then repeats through some planning horizon (i.e., a leasing period). 

Figure 3.2: Production Timeline in Period t 

 

An illustration of the levels of disassembly and conversion from single return 

variant i to demand variant j appears in figure 3.3. The number of push-pull boundary 

choices (K) has been observed to be as little as two in high-speed imaging equipment and 

as much as eight in the automotive/heavy equipment industries. In other words, the 

number of possible disassembly levels (K) can vary across product types and even 

product generations. 
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Figure 3.3: Converting Variant i into a Newly Manufactured Product Variant j 

 

The concept embodied in figure 3.3 could certainly be applied at the bill-of-

materials level, though such detail often goes beyond the planning requirements for 

delayed differentiation at the modular level. The figure is only representative of the 

possible disassembly levels for sub-modules and does not require that every sub-module 

yield the same final level of disassembly. Again, the disassembly operations include 

thorough cleaning and disposal of consumable and obsolete parts. Reassembly operations 

include replacement of consumable and/or obsolete parts, as well as testing of the 

finished product and any necessary rework. Hence, a certain fixed cost is incurred under 

any choice of disassembly level k. Time and cost to disassemble a unit of variant i into 



64 

 

level k are denoted by dikt  and ikd , respectively. Time and cost to reassemble a unit of 

(inbound) variant i, disassembled at level k, into (outbound) variant j are denoted by aikjt  

and ikja , respectively. Note that the reassembly cost, ikja , includes replacement of 

consumable and/or obsolete parts. Due to the extensive client site field service and repair 

operations at the observed firms, we assume that all returns of a given variant have 

roughly comparable quality so that disassembly and reassembly costs are similar at an 

aggregate level. This assumption can easily be relaxed by redefining each i as a 

combination of variant (i.e., product type) and quality grade. We maintain our original 

definition of i as a product variant and employ a single quality grade in this paper for 

simplicity of exposition. 

The older the inbound variant i, the more costly it is to reassemble into a newer 

variant j due to the increased number of modules to upgrade or replace. In other words, a 

firm may face a relatively low cost to remanufacture variant i = 1 into variant j = 2 but a 

more sizeable cost (and time) for both disassembly and reassembly to remanufacture 

variant i = 1 to a more updated variant (e.g., j = 3). Greater levels of disassembly (i.e., 

higher values of the push-pull boundary k) generate higher disassembly cost, but these 

greater levels of disassembly also provide greater flexibility to meet demand for a wider 

range of outbound variants j. Any outbound variant j can, along with necessary updates, 

be built from the base components of any other inbound variant i disassembled to the 

maximum disassembly levelðthe part level k = K. Intermediate levels of disassembly 

provide intermediate levels of flexibility.  



65 

 

Figure 3.4 illustrates the assembly cost structure through a representative example 

of a reassembly cost matrix ikja , where X denotes a very large value. The matrix in 

Figure 4 has three inbound variants (I = 3) and four outbound variants (J = 4) along with 

two possible levels of disassembly (k = 1, 2). As Figure 4 shows, certain 

disassembly/reassembly combinations are not feasible as indicated by X. Such 

infeasibility not only makes the model more tractable but is also reasonable due to 

technical limitations or managerial overrides to prevent undesirable configurations. For 

simplicity, we assume that at the minimum push-pull boundary of k = 1, inbound variant i 

can only be reassembled into outbound variants j Ò i (i.e., same technology or older). For 

example, some returns past a certain age or technological capability may be viable only 

for minimal remanufacturing as the required updates for a more advanced model may be 

prohibitively expensive. As such, the firm would employ minimal disassembly due to the 

sheer costs of greater disassembly and commensurate reassembly. For example, 

upgrading an older generation monochrome imaging unit to a color unit would generally 

not occur even with base frame commonality. On the other hand, we assume that at a 

push-pull boundary of k = 2, inbound variant i = 1 can be reassembled into the same 

technology outbound variant 1 at a cost a121, or into a (newer) outbound variant j = 2 at a 

cost of a122 (where a122 > a121 or more generally aik, j+1 > aikj). 

Figure 3.4: Assembly Cost Matrix for Disassembly Level k=1 and k=2 
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Ca and Cd represent reassembly and disassembly capacity, respectively. Both 

capacities are measured in units of time. If the firm does not have enough capacity (of 

disassembly, reassembly, or both) in the period for a given demand, return stream, and 

chosen set of push-pull boundaries, the firm incurs a penalty cost jp  for each unit of 

demand not met from remanufacturing. In practice, this penalty cost is often the cost of 

manufacturing a (brand new) unit from exclusively new components, which is 

considerably more expensive than remanufacturing. 

4.1 Mixed Integer Linear Program 

As an input, the mixed-integer linear program (MILP) uses forecast demand and 

return streams for each of the variants. The MILP requires disassembly and reassembly 

costs and related capacities. Additionally, the MILP requires feasible push-pull 

boundaries for each combination of inbound and outbound variants. The MILP then 

provides the firm with the optimal push-pull boundary k for each inbound variant i that 

minimizes total disassembly, reassembly, and penalty costs. This decision is denoted by 

the binary variableiky , which takes the value of 1 if k is the chosen push-pull boundary 

for inbound variant i, and 0 otherwise. The MILP determines the number of disassembled 

units for each inbound variant i / push-pull boundary k combination, given by ikx , and 

the number of reassembled units for each inbound variant / outbound variant / push-pull 

boundary combination, given by ikjz . We summarize our notation in Table 3.2. 
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Table 3.2: Model Notation 

 

The mixed integer linear program balances costs of meeting demand in the 

planning period through a mix of disassembly, reassembly, and penalty costs for missing 

demand during the planning period. 
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Table 3.3: The Mixed Integer Linear Program 

 

The objective function (1) minimizes total cost of meeting demand in the planning 

period. The total cost is the sum of disassembly, reassembly, and penalty costs. 

Constraint (2) is a logical constraint: the firm can only disassemble units from variant i 

into level k if k is the chosen push-pull boundary for variant i. Constraint (3) enforces that 

the firm never remanufactures more than demand in the period (i.e., this is an assemble-

to-order model). Constraint (4) ensures that total disassembly time and total 

reassembly/remanufacturing time do not exceed their respective capacities of Cd and Ca. 

Constraint (5) guarantees that there is a unique push-pull boundary for product variant i. 

This constraint is in place for simplicity of shop floor control. At the extreme, a firm 

could greatly simplify the choice of k by setting a single push-pull boundary for all 

inbound variants i. Constraint (6) ensures that a firm can only reassemble from sub-
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modules obtained through disassembly of existing returns. Finally, constraint (7) provides 

both the integrality and non-negativity constraints. 

To provide additional insights, we analytically investigated our model to 

demonstrate how the optimal push-pull boundary k* changes with respect to model 

parameters. As a simple case, consider the scenario in which there is only one return 

variant (I = 1) and two demand variants (J = 2). Following a simpler version of the logic 

described in Figure 4 with one return variant, there are two possible disassembly levels, k 

= 1 and k = 2. In other words, to upgrade the unit to j = 2, the firm must use the push-pull 

boundary k = 2 while less involved like-to-like remanufacturing to j = 1 requires a push-

pull boundary of k = 1. Assume, for simplicity, that there is unlimited disassembly and 

reassembly capacity. The firmôs choices therefore simplify to choosing either k = 1 or k = 

2 for all returns. If the firm chooses k = 1, then a manager can only meet demand D1 for 

variant 1, incurring a unit penalty cost 2́ for each unit of demand D2 of variant 2. If the 

firm chooses k = 2, then it meets all demands for both variants, (as there are no capacity 

constraints), avoiding penalty costs for variant 2, but incurring higher assembly and 

reassembly costs. As penalty costs rise, the threshold for higher disassembly and 

reassembly costs increases. 

Denote by 1TC  ( 2TC ) the firmôs objective function if it chooses k = 1 (k = 2). 

Then, 1 11 111 1 2 2( ) p= + +TC d a D D , and 2 12 121 1 12 122 2( ) ( )= + + +TC d a D d a D . Thus, the 

firm chooses k = 1 iff 1 2¢TC TC , or  

 

 11 111 12 121 1 2 12 122 2( ) ( ) 0d a d a D d a Dp+ - - + - - ¢. (8) 
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Based on observed costs and times, we assume that a greater disassembly level 

implies higher disassembly (and reassembly) costs and commensurate times, and thus 

11 12d d<  (and 111 121a a< ). As a result the first term in the LHS of (8) is negative. 

However, the second term in the LHS of (8) can be positive or negative, depending on the 

relative values of the parameter values. To generate further insights, assume that the 

disassembly cost ikd  increases roughly linearly in the disassembly level k (see Section 

5.1), so that we can write12 11d d d= +, where d > 0. Likewise, as found in practice, 

assume that reassembly cost increases roughly linearly in k, so that 121 111a a a= +, where 

a > 0. Finally, the reassembly cost for variant 2 is higher than the reassembly cost for 

variant 1 because it is more expensive to turn an older variant (i = 1) into a newer variant 

(j = 2) than it is to remanufacture an older variant (i = 1) into the same variant (j = 1). 

Again, consistent with observations in practice, 122 111a a a b= + +, where ɓ > 0 

represents the added cost of remanufacturing to a more updated variant. After some 

algebra, (8) becomes:  

 

 

2 1

2 11 111
1
/

1
D D

d ap b
a d

- - -
+ ²

+
. (9) 

Thus, k* = 1 iff (9) is satisfied, otherwise k* = 2. This condition is shown 

graphically in figure 3.5. Figure 3.5 clearly shows the movement of the push-pull 

boundary as a function of model parameters. A more attractive variant 2 (in the form of 

higher penalty cost and higher demand relative to variant 1) expands the region where k* 

= 2. The result is intuitive as the firm is more likely to meet demand for variant 2 under 

such conditions. 
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Figure 3.5: Movement of the Push-Pull Boundary where J = 2, I  = 1 

 

As seen in equation 9 and the example in figure 3.5, the intercepts strictly increase 

as the penalty cost increases because remanufacturing becomes more appealing due to the 

increased cost of missing a remanufactured product sale. More generally, if there are J 

variants in the market with only one return variant (i = 1), the analysis above is easily 

extended with 1 11 ( 1)d= + -kd d k  and 1 111 ( 1) ( 1)a b= + - + -kja a k j  when k > 1. The 

analysis results in the configuration seen in figure 3.6. The intercepts in the horizontal 

and vertical axes are functions of the penalty costs and demand ratios among the different 

variants. 
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Figure 3.6: Movement of the Push-Pull Boundary with More Than Two Variants 

 

This simple analytical case provides some insights into how the push-pull 

boundary depends on disassembly cost, reassembly cost, penalty cost, and demand ratios 

for a simple scenario when the firm has no capacity constraints and there is only one 

return variant. For more complicated and realistic scenarios, firms will need to 

parameterize and solve the MILP. The following section provides some insights into the 

optimal solution with a numerical study. The numerical study demonstrates how the 

push-pull boundary changes as the product moves through its modular update, product 

proliferation lifecycle. 

5. Assessing Model Performance 

In this section, we present a realistic, pattern-based numerical study derived from 

data provided by Xerox and other OEMs that participated in the remanufacturing 
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roundtable. Two distinctly different product evolution scenarios, high proliferation and 

low proliferation, allow a period-by-period examination of model behavior. The 

discussion also contains cost contrasts for a dynamic push-pull boundary strategy versus 

a full disassembly strategy. Some remanufacturing firms employ the full disassembly 

(i.e., tear-down to the part level) strategy by policy even when such a policy is not 

required. Other firms require full disassembly to ensure that the product is mechanically 

sound and when fault tolerances are near zero (e.g., jet turbine engines). However, at 

least for the observed large equipment firms, full tear-down policies were not the norm as 

found in some previous literature (see Lambert 2003). 

As noted before, the model uses forecast demand. As in any forecast of demand, 

error may occur, though the impact of the error can often be mitigated through sales force 

incentives. Field observation revealed that the impact of forecast error drives increased 

tear-down requirements. In other words, if the user of the model cannot trust in the 

forecast, the result is a managerial override that forces a further tear-down of the product. 

The greater tear-down of the products allows greater future flexibility for meeting the 

uncertain demands at increased current expense. In the worst case scenario, a user of the 

model would simply prompt full tear-down of all products for the maximum flexibility, 

which is the baseline case examined in the cost analyses of section 5.2. 

5.1 Experimental Design 

As we discussed earlier, the evolution of a product over its lifecycle is almost 

continuous with frequent updates to product modules based on respective technology 
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changes. The firm can choose to maintain in the market any combination of variants 

previously offered, or choose to discontinue older variants. Two evolution scenarios, 

which can be viewed as two ends of the spectrum of product evolution, provide insights 

into the evolution of the optimal push-pull boundary during the product lifecycle. These 

scenarios appear in Figures 7 and 8. Scenario A, shown in figure 3.7, displays complete 

product proliferation over time with any prior variant available for customers, and one 

new product variant introduced each period. The sales force has the ability to sell any 

product variant in any period as long as demand exists. In contrast, Scenario B, shown in 

figure 3.8, restricts proliferation over time to only two variants to be offered in any 

period. The general idea behind reduced proliferation is to decrease complexity of 

product offerings in the market, reduce variability in production, and make service easier 

to implement at the expense of offering a wider portfolio of products for different 

customer segments. As noted earlier, the markets are often highly segmentable (Gwaltney 

2009). 
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Figure 3.7: Full Product Proliferat ion Scenario A 

 

 

Figure 3.8: Restricted Product Proliferation Scenario B 
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Based on observations and data from multiple weeks of on-site work with Xerox, 

several experimental scenarios display the behavior of the model. Through the lifecycle 

evolution scenarios described in figures 3.7 and 3.8, model analysis explores two 

experimental factors: demand profile and disassembly cost. The demand profiles employ 

different distributions of demand across product variants over time. Disassembly cost in a 

period is a function of disassembly level k.  

The demand profiles for each period are normalized to 100 units across all 

variants with segmentable markets (Gwaltney 2009). Even though the model is focused at 

the operational decision horizon, multi-period demand can be modeled by use of 

normalized market demand of 100 units in each period to assess model behavior across 

periods. Observations at Xerox show that the demand distributions tend to be skewed 

with higher demand for newer product variantsðdemand for older product variants is 

always less than or equal to demand for the newest product variant. For the restricted 

proliferation profile, where there are always two variants offered in the market, demand 

for the older variant is { }10,20,30jD Í , and demand for the newer variant 

1 100j jD D+= - . The high proliferation scenario A employs several demand profiles as 

displayed in table 3.4. The demand profiles shown in table 3.4 model 64 possible demand 

realizations in period four (t=4), from no demand for early variants (e.g., D1=D2=0; 

D3=D4=10; D5=80) to consistent demand across product variants (e.g., D1=D2=10; 

D3=D4=20; D5=40).  

For any demand profile at a given period t, returns are equal to respective 

demands in the previous period. For example, let us formulate our model for period 3 of 
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the high proliferation scenario A with 3 20D =  and 4 70D = . Then, for period 4, 3 20R =

, 4 70R = . This procedure allows us to solve the problem sequentially for each period, 

and observe the evolution of the optimal push-pull boundary for each product variant as 

time progresses. 

Table 3.4: High Proliferation Experimental Demand Patterns 

 

As described previously in the discussion of Figure 3, observation at the various 

OEMs reveals that the maximum disassembly level K seems to vary between 2 and 8, 

depending on the type of product. As a result, the experimental design explores a system 

with K = 4 to maintain realistic scenarios without becoming too complex. Disassembly 

cost is highly correlated to disassembly time, and as a result, we consider a disassembly 

cost standardized to a base of 100 that grows as a function of k due to increased time 

requirements. Observation from the OEMs revealed that reassembly cost and time often 

increase roughly linearly with k, with a large fixed cost component comprised of final 

product testing, diagnosis, replacement of consumable parts, and overhead allocation. 

The reassembly operations are often not the same as new build operations due to 

modularity differences and incompatibilities across product generations (Banaszak 2008). 

The model parameterizations were based on observations and cost data from the 

various OEMs. However, because of the wide variety of product lines and varied cost 

structures, the cost and time matrices are representative of general practice. Therefore, for 
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the base reassembly cost matrix with k = 1, costs were set at 100 per hour with a 

standardized 10 unit cost per step increase based on the number of steps between variant i 

to j. Reassembly cost increases as a function of k, so parameters were set such that each 

step in k had a minimum of a ten percent increase when reassembling from least 

expensive base k = 1. In practice, the cost increases across levels of k were typically 

aggregated across product variants and were generally larger than the minimum ten 

percent increase.  

Other parameters were set such that the standardized costs would behave in a 

fashion consistent with field observations. Therefore, fixed disassembly capacity Cd was 

set to 1000 hours, and assembly capacity Ca was set to 2500 hours, though not all 

assembly capacity would be dedicated to remanufacturing under ordinary circumstances 

as the reassembly/assembly line was shared with new product builds. Disassembly 

actually occurred on a separated line with specialized equipment. In general, capacity was 

not a binding constraint but was a concern to ensure feasible planning outcomes. Penalty 

costs were set such that newer variants j have higher penalty costs (i.e., j́+1 > ˊj for all j). 

We comment on the impact of varying these parameters later. As a result, our numerical 

analysis include two disassembly cost patterns (linear and non-linear), which yields 190 

total unique demand profile combinations explored across all periods. Of particular 

interest is period 4 (t = 4), which yields 64 realizations for each disassembly cost pattern. 
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5.2 Results: Delayed Differentiation versus Full Disassembly 

The first set of graphs, seen in figures 3.9 and 3.10, compare the total cost 

obtained via the MILP model against a full disassembly policy. Firms using the full 

disassembly policy disassemble all returns to the part level. In this case, the firm solves 

the linear program that results from setting, for all i, 4 1iy =  and 0iky =  for k < 4. 

Figures 3.9 and 3.10 display the cost comparisons for the full proliferation scenario A of 

figure 3.7. The horizontal axis, labeled replicates, denotes different demand profiles. 

Clearly, the model produces much lower costs than the full disassembly case. The gap 

only widens for the non-linear disassembly costðnot a surprising result as greater levels 

of disassembly cost increasingly more in the non-linear case. The observed variability in 

the cost gap across demand profiles can be explained as follows. In demand profiles 

where demand for newer models is considerably higher than for older models, the firm 

needs to disassemble older variant returns at deeper levels. As seen in figure 3.4, some 

inbound/outbound variant combinations are not feasible at lower levels of disassembly 

(i.e., small values of k), but all combinations are feasible at deeper levels of disassembly 

(i.e., large values of k). Conversely, when demand remains strong for older product 

variants, the model shows lower costs as products require less disassembly. 
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Figure 3.9: Cost Comparison for Full vs. Optimal Disassembly under Full 

Prolifer ation (Scenario A) 
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Figure 3.10: Cost Comparison for Full vs. Optimal Disassembly under Restricted 

Proliferation (Scenario B) 

 

The linear disassembly costs were strictly lower for both full (scenario A) and 

restricted proliferation (scenario B). Within the restricted proliferation scenario B, the 

main difference is that the variability in the cost gap observed across demand profiles is 

lower because of the restricted offerings in each period (only two variants in each 

period). In line with the experiences of the roundtable firms, full disassembly is sub-
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optimal in the scenarios analyzed. Of course, some firms may have technical limitations 

or design issues that only permit full disassembly. However, even in these cases, the 

model can provide useful insights as a design tool when projecting the costs/benefits of 

employing delayed differentiation. 

Figure 3.11: Full Proliferation (Scenario A) Non-Linear Costs by Period 

 

Figure 3.11 provides an aggregated look at the cost information by period under 

full proliferation with the maximum, average, and minimum costs for both the full tear-

down and the optimal choices across the 95 realizations. As the figure displays, the upper 

bound on the optimal costs begins to rise dramatically in the last period as the earliest 

generation units have to be torn-down fully to salvage usable parts for newer products. 


























