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ABSTRACT

The essays ithis dissertatiorexamineclosedloop supply chains from multiple
perspectivesstrategic/tactical processes dmhavioral aspectsith extensions to
economic implicationsT he first chapter of this dissertation outlines limks and
overlaps among theaviousCLSCresearclperspectives a broad overview
Specifically, the first chaptestarts with a general discussion of clo$aap supply chains
and an overview of research topics within two general activities of a elospdupply
chain: the marketi.e., the baclend of a closetbop supply chain) and the engine (i.e.,
the remanufacturing processeB)e second chapter delves more deeply into the
behavioral aspects of closémbp supply chains through multiple studies designed to
elicit the potentibof consumer marke for remanufactured produci®&e third chapter
focuses on the strategic and tactical priorities of busiteebasiness remanufacturing
firms through a delayed differentiation modethe engine portion of the closéabp
supply chan. The fourth chapter ties the discussion together with an analysis of the
resulting research streaifhe fourth chapteincludes a markdbased discussion that
deals with both empirically derived behavioral findings and empirically driven economic
implications of theebehavioral findingsThe fourth chapteslso describes thelatively
undocumentedole of original equipment manufacturers (OEM closedloop supply
chains.The overall result is a holistic set of essaysecimg a range of interrelatedgics

in closedloop supply chains.
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Chapter 1

AN OVERVIEW OF CLOSED -LOOP SUPPLY CHAINS

A closedloop supply chain (CLSC) incorporates design, control, and operation of
a system to maximize vaicreation over the entirgdcycle of a product with dynamic
recovery of value from different types and volumes of returns over timelé@nd Van
Wassenhove 2009 properly designed CLSC can be both environmentally anle
importantly,economically beneficial for firms.

As the description above indicates CLSC musadapt to the entire lifecycle of a
productto take advantage oéturn rates, typesnd volumesThe CLSC must also adapt
to ever evolving market conditions. In other words, managers must regularly evaluate and
evolve the designgperation, and control of CLSC processes.

As with many business process€£,SC processes requiraultiple decisions at
the operationalatctical, and strategic levels. Additionally, a CLSC often provides
opportunities for improving ensonmental 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 cestoidance mentality and toward a profit

generation focus.



1. ClosedLoop Supply Chain Fundamentals

A fundamental diagram of tHeLSC processeappears in figure 1.1.

Figure 1.1: The ClosedLoop Supply Chain Process
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Figure 1.1 displays that a closkxbp supply chain consists of three interrelated
functions: a frontend to collect returned products (also called cores), an engine to
convert returned products into a marketable form, and adradkhat returns the product
into the marketThis dissertatioiocuses on two of these three CLSC functions: the
backend market for remanufactured products and the engine remanufacturing processes.
The macreprocesses involved in a CLSC can beHar analyzed in process
form. Figure 1.2(adapted from Abbey and Gui@@11)provides process level

information in the form of a forward and reverse supply chain.



Figure 1.2:ClosedLoop Supply Chain Processes
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Figurel.2 displays that a CLSC firsbntainsaforward supply chain, which
consists of processes such as raatamals extraction, primary materials product,
component manufacture, and final product assenilily forward supply chain is often
focused ometrics such asost, quality, leadime, and otherelatively easy to measure
business conditions

After the brward supply chaira cycle ofproduct demand and use oczor
some length of time. Following cycle of product demand and use, the product is either
disposed of at the eraf-life or reclaimed for prodct collection and inspection. One
example of a ammon enedof-use product is the commercial return. In many cases,
commercial returnarefalse failure® products that are returned due to some
dissatisfactionnot a defect (Ferguson, Guide, and Souza 2006). In most sasks
commercial returnsan beeadly sent back téhe market as the product is still in the
current generation. Alternatively, eiodtuse products also includienctional but no

longercurrent generation products that have lesser value, but still have the potential for
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profitability in certain markets. Finally,red-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 mostases, the endf-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 iscollected and inspected. After collection and irtdjo®, the product isent on
for materials regorocessing (i.e., recycling), componerfprecessg, or product re
processingProduct and component lewetprocessing are often considered synonymous
with the terns remanufacturing for mechanical products and refurbishing for technology
products. However, the definitions of remanufacturing and refurbishing are niyt$em
and vary by industryin generalremanufacturing, througbroduct and component level
re-processingtendsto be more economically and environmentally friendly than
recycling throughmaterial reprocessing. The lattéends to require greatenergy

intensity to reclaim value (Abbey and Guide 2011).

2. Analyzing a CLSC: The BackEnd and Engine

As notedin section 1, a CLSC has three macro activities: the-iadithe
engine, and the baand.Guide and Van Wassenhove (20@8%cuss thathe literature
regarding théackendof closedloop supply chains is fairly scant. As such, the market
or bad-end of a closetbop supply chain is a prime focus of this dissertation in chapter

2. Specifically, chapter,avhich is under review &roduction and Operations



Managementocuses on the remanufactured consumer predoatket.Chapter 4
expands the dcussion of chapter 2 with additional future research directions and open
guestions.

Though the engine poaoin of a CLSC has been a topic in #rggineering and
operations literature for decades (see Lund 1984; Abbey and Guide 2011), some open
guestions mnain. One open question pertains to the realm of original equipment
manufacturer (OEM) remanufacturing. Chaptew8ich is forthcoming ifProduction
and Operations Managememidresses a tactical/operational process control model
pertaining to delayed fierentiation for multiple lifecycle products in such an OEM
remanufacturing contex€Chapter 4 provides a brief examination of future directions for

continued research into OEM remanufacturing.

3. Comments andResearchDirections

Chapter 4 will outline tl 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 directionisrough thredroad research topickehavioral CLSC, CLSC
strategy, and economiimplications for a CLSCEach topic covered in figure 1.3 has at

least one associated paper with multiple potential-ahaiplinary projects.



Figure 1.3:ResearchTopics
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Chapter 2 fits squarely in the behavioral CLSC portion of the rest@uople
Chapter 3 fis within the CLSC strategy portion of figure 1Ghapter 4 gives additional
links and content for the economic implications of chepf and 3. Chapter 4 also
providesa preview of the research that stems from the linkssgndrgies amonthe

threeresearchopics outlined in figure 1.3



Chapter 2

THE BACK -END: CONSUMER PERCEPTIONS OF
REMANUFACTURED PRODUCTS IN CONSUMER CLOSED-LOOP
SUPPLY CHAINS
Chapter dnvestigates consumer closkxbp 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 Ar e man uVealedmisundecstandiags anhd lac& 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 intthe 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 andavying 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 rde in driving perceptions; and that salentified green consumggenerally
do not find remanwafctured 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 rda@uaring and may be

better suited for component or materials reclaimation.



1. Introduction and Motivation

In the last decade, businesses have increasingly realized the need for slistainab
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, Saaraty/an
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-80% 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 undestood (Abbey and Guide 2012; Guide and Van Wassenhove 2009). In
particular, Guide and Van Wassenhove (2009) called for research that acknowledges that
a closedoop supply chain (CLSC) is a regenerative, reversed process with three main
functions: a froneend that collects products through product acquisition management
(PrAM), an engine that remanufactures the
a backend that puts the product back into the market for another lifecycle. As shown in
Figure2.1, 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.



Figure 2.1: The Regenerative Closd-Loop Supply Chain Process
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Despite the importance of understanding the tawk market for consumer
closedloop supply chains, the body of consumer focused clasmasupply chain
literature is relatively sparse. What literature does exist has madeassumptions and
broad statements regarding how consurskaildperceive remanufactured products.
However, systematic empirical testing of these assertions has been limited. The current
work addresses this gap by empirically examining consumer elospdsupply 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 diogedupply chainsis such,
this research empirically examines consume
products and examines various cues that consumers use to evaluate remanufactured

products
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2. Remanufactured Products: Literature and Theory

Multiple literaturestreams 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 discountig, 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
Aremanuf act uriecdad fporo dnuecctchsa and fArefurbi shed
Before remanufacturing/refurbishing (herea
simplicity) can occur, a consumer must return the product. The remanufacturer
disassembles the returned produdttb e ext ent necessary to det
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 brek 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 201
condition, it reentes the market for resale (Guide and Van Wassenhove 2001; Lund
1984). 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 vidfor resale is largely unknown. Market viability aside, federal law
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requires remanufacturers to clearly | abel
Trade Commission 1999). In many cases, a remanufactured product carries the same
warranty as a newrpduct (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 austainable 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 Wassenhov2009). What little can be inferred about consumer perceptions of
remanufactured products derives | argely fr
environmentally friendly products (Atasu et al. 2008). In the green products literature,
consumers repopreferring products that are more environmentally friendly, green, or
contain recycled content (Chan 2001; Laroche, Bergeron, and Bd&rbden 2001,

Mobley et al. 1995). In an interesting twist, Griskevicius, Tybur, and Van den Bergh
(2010) found thathough 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.

I n one of the first studies to examine

products, Guide and Li (2010) examined willingrespay for both remanufactureshd
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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
idental new product. Unfortunately, the read:e
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 the 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., brickseand mor
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 an
D6 A g o $9097; lre® 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 dereases, 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 19&4 Ovchinnikov 2011)Ovchinnikov (2011) also asserts that a
price-quality inference might cause a nlmearity in the form of an inverted U shape at
higher discount level®iscounting 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 Wass&enhov
2005). As such, the current closledp 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 @ages 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
(Parkand Lessig1981B.y def inition, brand equity 1is

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 mee 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 assaations 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 likslly 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 offeraddayer 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 lovieeand 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 remanuéthroduct will be attractive enough to
buy if the price is sufficiently discounted, and the brand equity (as a surrogate of quality
T see Guide and Li 2010) is sufficiently high (Debo, Toktay, and Van Wassenhove 2005).
This leads to the potential of artenaction effect between price discount and brand

equity as welllf 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 highstope as a function of discountind@p date, no research has
empirically tested these assumptions across a variety of prédagap the current work
seeks to address.

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

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 ownedshiponcept 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 prodtat&xample, an individual who
reads the question, AWould you buy a reman

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

Specifically, disgust is an evolutionabased 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, coupidid 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 consemprefer 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 contamiirgaed (
Dahl, and Morale2006).

The researchescribed 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 ttiet mere idea that a remanufactured product has
previously been used could elicit disgbsised reactions related to contamination
through contagion. In addition, feelings of uncertainty with a product can also heighten
feelings of disgustFaulkner et al2004; Kurzban and Leary 2001; Li et al. 2011). This
uncertainty |ikely heightens a consumer s
products. In light of the previous points, the authors predict:

H3: As negative attribute perceptions of remanufactured ypcts 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 howuwmess 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 congse®taroche 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: Selfidentified 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 consumerso6 over
askingconsumr s t o free associate to the term fr
study investigates adjectival ratings regarding both new and remanufactured products.
The experimental study then randomly assigns a national panel of participants to
treatment comibations 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 tecell between subjects design. The experimental study also collects
responses to a series of adjectives relate
perceptions of remanufactured products-setf e nt i fi ed fAgreend belie

attributes relaed to the products. Seigiire 22 for an overall model of the hypotheses.

Figure 2.2 Overall Model with Predicted Effects

Adjectival Measures

Quality Negative Green Green Self-
Attributes Attributes Attributes Identification
Experimental Manipulations (H2b) (H3) (H4a) (H4b)

7
\!

Price Discount
(H1) B

Attractiveness

Brand Equity | 1
(H2a)

— [

Demographic
Controls

Before turning to the specifics of the experimental study, two preliminary studies
provide useful i nsi gdrdemions af rervanufacturesl prodeciss 6 g e

along the dimensions of uncertainty, misunderstanding, and confusion.

3. Preliminary Studies: Remanufactured Product Perceptions

The following preliminary studies helped establish a ground level understanding
ofconEmer s6 gener al perceptions regarding r el
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 intdhe preliminary study results, a brief pretest provided an overall sense
of consumer familiarity with remanufactured products. Seightundergraduatest a

large university in the Northeast participated in the stédyticipants were asked to
indicateif 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 gener&@ased on this lack of familiarity
andlikely 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.

3.1Preliminary Study 1: Uncertainty and Confusion among Consumers

The first preliminary study assessed co
products. The study was designed to unders

minds when they think about remanufactured products in general.

3.11 Participants

Three hundred twentgine student participants at a large university in the
Northeast completed the studdarticipants receiveektra course credibr completing

the study
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3.1.2 Methods and Results

The first preliminary study asked partip ant s t o, AWrite at | ec:
that you associate with the words O6remanuf
varied. Some participants associated frema
used, worn, broken, garbage, cheapydfdulty, 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 fAusedo,AidAoltdyd,0 AWhreonk ecnoombiannedd, t he
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 hadid 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. Thee associates revealed strong disparities in perceptions

and gener al confusion over what the term A

3.2 Preliminary Study: Adjectival Measures

Preliminary study 2 used the insights gained from the first preliminary study to
furtherisolate 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 sixtyonestudents 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 c¢ cemanufaceuredpioduts er al |
and contrast those perceptions to new products, the second preliminargsitedy
participants to, APl ease rate each of the
adjective describes what you believe about new [remanufaffunedic t s . 6 Measur e:
weretakenona c al e f matbne fiddroielse (1) 0 to fADescri bes
adjectives, presented in random order for both new and remanufactured products,
included: green, dirty, disgusting, worn, unattractive, environmentatydty, 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 factorss shown inable2.1, all loadings were greater than 0.5,
with all crossloadings 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 Attributescontained sigficant loadings for adjectives that related to dirtiness,
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riskiness, and general disgust toward remanufactured products. The secon&faetor,
Attributes included three significant loadings for the related adjectives including green,
environmentally fiendly, and environmentally conscious. The third fad@arality

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

variance explained.

Table 2.1: Preiminary Study Adjective Ratings

Latent Factors? Mean Difference: New - Remanufactured
Negative Quality Green New Mean Remanufactured Mean

Adjective Attributes | Attributes | Attributes [s-e.] Mean [s.e.] Differenceb
Dirty 92 16 -10 1.92 [.08] 3.06 [.09] L 14w
Disgusting .83 12 -.09 2.03 [.08] 2.63 (.08) -0.60% %%
Worn 58 -.20 16 2.02[.10] 4.13 [.11] 2 11k
Unattractive .56 -.14 .09 2.70 [.10] 3.66 [.09] -0.96% %
Risky 51 -11 05 3.83 [.10] 4.39[.10] 0,564+
High Quality -10 85 07 5.10 [.08] 3.70 [.09] | a0#+
Safe 12 84 02 488 [.08] 3.84 [.08] | O4#+
Reliable -07 82 01 468 [.09] 3.84[.09] 0.84%+%
Good Value 01 55 14 4.46 [.09] 4.53 [.09] 0.07
Green 00 01 78 164 [.09] 457 [.10] 0.07
Environmentally Friendly -.03 .26 .59 4.92 [.08] 4.45[.09] 0.47%%%
Environmentally Conscious .05 -.04 .58 4.06 [.09] 4.15[.10] -0.09

a. EFA using MLE with Oblique (Promax) Rotation: RMSEA = 0.067
b. ***Significant at Bonferroni Error Corrected p < 0 = 0.004 | **p < 0.05 | * p<0.1

Table2.1 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 correctgavalue 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, digger, le

safe, more unattractive, less reliable, more disgusting, and riskier than new products.



23

Additionally, none of th&reen Adjectiveshowed that remanufactured products were
perceived as better for the environment than new products. In fact, the patsicipa
indicated that new products were actually more environmentally friendly than
remanufactured products on aver@dgedirect contradiction of the literature and reality.

The results of the adjective ratings study indicate that overall perceptions of
remandiactured 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 Praluct 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, threreal
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 lealg¥es (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 produddgt@nchine if



24

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 itycitaibutes,

green attributes, negative attributes, andisielfitified 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 thiotysand
potential participants with a resulting sample size of 15602.study terminated after the
desired number of responses was readRadicipants received the equivalent of
approximately one dollar for successfully completing the study. Theofestiatistical
difference between early and late responders (altisalitanalysigp > 0.1) came as no
surprise as the four day time frame to complete collection was brief. Participants were
67% female. Participantsod itoover#i@0000rparnged f
year, with roughly three quarters earning
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 fg@ar college dage. Only 20% of participants had
just a highschool diploma or less. Slightly less than half of the participants had at least
one child. Finally, over 70% of participants seléntified being environmentally minded
or fAgreeno cons umfgartgipants reporting G&pclingatrhemeand o
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 pacipants 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 thatehvarranty was the same as a new product (see Guide and Li
2010). The description read:
ABefore we continue, we want to give yo
product. A remanufactured/refurbished product is a product that has been returned
to themanufacturer 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 bramdanufacturer, the manufacturer offers the
product for sale as a Aremanufacturedo
carries the same warranty as a new product and the warranty is offered by the
original brand manufacturer. o
Participants were randdynassigned to a single discount level of 20%, 40%, 60%,
80%, or 95% for all product#n terms of overall variance explained, extensive testing of
the functional form for discounting revealed that linearity was not statistically
significantly different fom 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 motleésbrand equity
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manipulation used redrand 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 availal# 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, fAHow attractive is a remanufactured K
discounted pce 40% below the retail price of a new Krups coffee maker of the same

make and model priced at $100 (new)?0 Part
product attractiveness by responding to queries measured on a scale that ranged from
Anot atarhot{( Lk BO fAextremely attractivebo
real brand name that corresponded to either high or low brand éspetfible 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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Proposed Category | Product Type High Brand Equity Low Brand Equity
Technology Printer HP (Hewlett-Packard) | Epson
Laptop Computer Dell Acer
Digital Camera Nikon Kodak
Camcorder Sony Samsung
Keyboard Logitech Staples
MP3 Player Apple Centon
Household Electric Mixer KitchenAid Sunbeam
Toaster Cuisinart GE (General Electric)
Coffee Maker Krups Mr. Coffee
Power Drill Bosch Black and Decker
Vacuum Cleaner Electrolux Kenmore
Personal Electric Toothbrush | Sonicare OralB
Electric Razor Braun Remington
Flat Iron Chi Clairol
Foot Spa HoMedics Dr. Scholl's

In addition to providing thetlractiveness 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 resultsection 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 personaiaisie®.3). Thelatent factor
(product category) showed that the three factorsioagignificant crosoadings
(maximum crosgoading of 0.22) and the choice of three factors was appropriate under
both scree plot analysis and Velicerdés MAP
1986). The preliminary exploratory factor analysis (EFA) showed a reasonably good fi
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 fellpweonfirmatory
factor analysis (CFA) showed a good fit under multiple tests (RMSEA = 0.07% CFlI
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 intefactor correlations. Thus, both convergent and discriminant validity appear
to be reasonable. In addition, the manipulation check for brand equity rethesti¢ue
brand maniplation choices were appropriate both ifothis study and earlier pre

studies.
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Latent Factor
Remanufactured Product Technology EFA? [CFAP] | Household EFA2 [CFAY] | Personal EFA2 [CFAP]
Digital Camera 97 [.92] -.03 -.05
Camcorder .87 [.89] .08 -.05
Printer .80 [.84] -.02 .07
Laptop 9 [77] -.02 .00
MP3 Player .55 .09 21
Drill 49 .19 18
Keyboard 43 .20 23
Toaster .05 .81 [.90] .07
Mixer 22 72 [.90] -.02
Vacuum 32 46 A1
Coffee Maker a2 43 33
Razor .09 14 92 [.86]
Electric Toothbrush .00 .00 .81 [.81]
Foot Spa .00 .06 .76 [.80]
Flat Iron -.04 29 .59
CFAP Composite Reliability [Cronbach's o] 916 [.915] 894 [.894] 865 [.864]
CFAP Average Variance Extracted 73.15% 80.82% 68.18%
CFAP Inter-Factor Correlations [Squared]
Household .855[0.73]
Personal .720[0.52] 799 [0.64]

a. EFA using MLE with Oblique (Promax) Rotation: RMSEA = 0.062
b. CFA using MLE: RMSEA = 0.071; CFI = 0.98; NFI = 0.98; All SMC = 0.6

4.3.2 Adjectival Measures

The results for the adjectival measures in the experimental study largely mirrored
the results from the second preliminary st(se able2.4). 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% ofoearia
explained), and green attributes (8.1% of variance explained). A foilo@FA 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 relialofife835

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. aMezage 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 squaredfauiar

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

and discriminant validity.

Table 2.4:Adjective Measurement ModelLatent Factors EFA and CFA

Latent Factor

Negative Attributes EFA? Quality Attributes EFA2 | Green Attributes EFA?
Adjectival Remanufactured Product Measure [CEAP] [CFAP] [CFAP]
Dirty .94 [.90] .07 -.02
Disgusting 93 [.88] .16 -.07
Unattractive 71 1.76] -.07 -.05
Worn 62 -.26 A2
Risky A1 -35 13
High Quality .04 .91 [.92] .04
Reliable -.04 .90 [.90] -.02
Safe -.02 .80 [.84] .05
Good Value -.03 .68 17
Green 01 .03 87 [.83]
Environmentally Friendly .00 .10 .81 [.88]
Environmentally Conscious .00 .04 79 [.81]
CFA? Composite Reliability [Cronbach's a] 885 [.880] 917 [.916] 883 [.880]
CFAP Average Variance Extracted 72.04% 78.65% 71.53%
CFAP Inter-Factor Correlations [Squared]
Quality Attributes -.50 [.25]
Green Attributes -.23 [.05] .64 [.41]

a. EFA using MLE with Oblique (Promax) Rotation: RMSEA = 0.068
b. CFA using MLE: RMSEA = 0.061; CFI =10.99; NFI = 0.98; All SMC = (.58

4.3.3 Overall Model: Product Attractiveness

Table2.5 displays the results of three hierarchical regression models for each of
theproduct 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)iveegat
attributes (H3), green attributes (H4a), and-sidhtified 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 &activeness

Technology Household Personal
Model Model Model

Term 1 2 3 1 2 3 1 2 3
Adjusted R? (A-sig) 0.10%+%  34ess 35#5 | 006+ ol B Ll N U
Intercept 3.40%E -.58% 43 2.75%%% .38 27 2.04%%4 00 1,81 %k
Discount 0.02%#* Q2 N 2 028 | 0.0 % O] 01
Brand Equity -0.48% - b 640,03 -17 -15 -0.25 -41 -41
DiscountxBrand Equity |  0.00 Oree O 0,00 00 00 0.00 00 00
Quality Attributes g TG QR G9HE Rk F5Rk
Negative Attributes - 14%%F - 11%% - 1Rk TR L0 1 T7EEE
Green Attributes 22%FF 21 10 5 10% 08
Green Self-Identification 14 10 14 01 10 05
Age ) R L NEE
Gender -22%% 00 S3EE
Education - 10%* - 1gEE® S0k
Recycling Practices 13 34 .04
Recycling Purchases 11 24% 30%*
Income .09 1gEEE 07
Number of Children .03 1%k 06
s4p < (0] | #4p < 0.05| *p<0.1

The regression analyses yielded consistently highly significant reguit8.01)
for price discounting (H1), quality attributes (H2b), and negative attributes (H3).
However, brand equity (H2a), which was coded as binary with O for lovt &rchigh,
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, greerdsatification
(coded as a binary variable with 0 as not greémded and 1 as greeminded)d in

response to the query, ADo you consdder yo
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failed to show a significant effect in any of regression models. Ofvariates, 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, oldertmapants tendd to find remanwaictued 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 analyselsled no discernable issues. Common

met hod bias for the measures was not an i
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 (Podsakeifal. 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 produgts<{@l01) in
hierarchical models 2 and 3. As expected, both price discounting (H1) and bragd equit
(H2a) had positive effects on the attractiveness of remanufactured products. Specifically,
in the full model (model 3), price discounting (Hlist= 7.50,p < 0.001) had a positive
effect on the attractiveness of remanufactured technology productmthast to H2a,
which posited a positive brand equity effect, the results revealed that moving from low to

high brand equitglecreasedhe attractiveness ratings of the remanufactured technology
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products (H2a:1ks7=-2.63,p < 0.01)i an effect only pdially compensated for by the

positive interaction between discounting and brand equify €& 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
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The primary point of interaction appears to be at the 95% discount level. At the
95% discount level, low equity products have a steep downwardwlogre moving from
the 80% discount levelvhereas the high brand equity products continue their effectively
linear increase as a function of discouifitsis unexpected brand equity and interaction
between brand equity and discoeffect occurred even though participants viewed the
new version ohigh brand equity products as higher in quality according to the
manipulation check. The results for quality attributes (Hzb;+ 15.01,p < 0.001),

negative attributes (H3i47=-2.48,p < 0.01), and green perceptions (H4asA= 4.52,
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p<000) were all confirmed. H-wentfivaton (H4ba par t i

t14g7= 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 ea 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), gren attributes (0.12), and negative attribut®é0g). 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 significant covariates in the technology products model
(see able2.5). In particular, age {is7=-3.33,p < 0.01), education {tg;=-2.57,p <
0.01), and genderigg7=-2.04,p < 0.05) were all significant. Inclusion of the covariates
in the fullmodel resulted in a statistically significant .7% improvempnt Q.01) in the
adjusted Rsquare 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, tiieriodel (model 3) found that
discounting (H1:g7= 6.13,p < 0.001), quality attributes (H2h4$7= 11.32,p < 0.001),
and green attributes (H4axd;= 2.77,p < 0.01) had positive effects on the attractiveness
of the remanufactured household products. As predicted, negative attributegd#$3: t

3.23,p < 0.001) had a negative impact on attractiveness for the household products.
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Brand equity (H2a:1ts;=-0.54, p > .1) and green seiflentification (H4b: {457= 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 remafactured household product attractiveness (0.36), followed by
discounting (0.19), negative attribute8.09), and green attributes (0.08). As was the
case with remanufactured technology products, the perceptions of quality attributes
related to remanuféared 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 educatiags{t -3.99,p < 0.01), income (7= 2.69,p <
0.01), and omber of children in the householdgy= 3.06,p < 0.01) with lesser effects
from age (ss7= -2.34,p < 0.05), recycling practices (e.g., recycling at home}t
1.80,p < 0.1), and recycling purchases (e.g., buying products because the product
contains recycled contenty 7= 1.79,p < 0.1). The addition of these covariates yielded
a 1.7% improvement in the adjusteesguare | < 0.001) when moving from model 2

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

4.3.6 Personal Care Product Attractiveness

The regressioin the full model (model 3) for personal care products again
revealed significant effects for discounting (Hksi= 3.32,p < 0.01), quality attributes
(H2b: t1487=12.89,p < 0.001), and negative attributes (H3st=-3.38,p< 0.01).

Unlike theprior two models, green attributes (H4agi= 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 (dga t1.49,p > 0.1) faled

to show a significant effect. Green siléntification (H4b: 1457= 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 prodatttactiveness 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 observedaither 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 improvednardtatistically
significant result with relativglsmaller 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 practs in the full model (model 3) showed two highly
significant covariates including ages;=-2.92,p < 0.01) and educatiomgg;=-4.61,p
< 0.001) with lesser effects from gendekdi=-2.49,p < 0.05) and recycling purchases
(tas7= 2.34,p < 0.05). In terms of overall model fit, the addition of the covariates when
moving from model 2 t o modedsqude by im0 v e d

0.001) from 19.4% to 21.1%.

t

h
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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 attractivedessterms of standardized bedas
than pice 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
negatve). 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 playbraddition, green perceptions
of remanuéctured products played a significantly positive role in influencing
remanufactured product attractiveness.-#kdhtified beliefs of being a green or

environmentallyminded consumer failed to have an effect for any product category.

Finally, measures dhe 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 sonehow 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 modelndicates 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
attrective 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 magilgdia
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 remantgacAs 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 theg@gnenattractive 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
attributeperceptions 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 poducts. 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 cons@neerssumers who both
recycle and tend to bugcycled products might 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 asehodd
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 negétel
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 seemdabed target

demographic.

5. Overall Findings and General Discussion

This research empirically examines the
remanufactured products in consumer cleleeg supply chains. The research also fills a
void in literaure 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 doat 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 revealegeneral 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 inlgyadirty, unattractive, and even less
environmenthy 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
attractveness 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 pyelimina
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 reveaseti-that
identified environmentally or greeminded consumers did not show a propensity to find
remanufactured products more attractive over their less environmemialigd

counterparts. A sumany of the findings appears ialile2.6.
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Table 2.6:Hypothesized Effects and Summary Results from Full Model

Product Category

Suminary of Hypotheses Technology Household | Personal
H1: Higher Price Discount Levels Increase Attractiveness HAE wAE HEE
H2a: Higher Brand Equity Increases Attractiveness ##% [Reversal)
H2b: Higher Levels of Perceived Quality Attributes Increase Attractiveness HAE FEE FEE
H3: Higher Levels of Perceived Negative Attributes Decrease Attractiveness | #%# o R
H4a: Higher Levels of Perceived Green Attributes Increase Attractiveness Hkk Hk
H4b: Self-Identified Environmental or Green Beliefs Increase Attractiveness

Higher Order Effects

Discount by Brand Equity Interaction ek

wip < (.01 | *¥p < 0.05 | *p < 0.1

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 praaticthe demand for
remanufactured products appear to paint an incomplete picture. The currenévealls
that though the prevailing assumption is that consumers should perceive remanufactured
products as environmentally friendly, this assumption mayeatccurate (see Atasu et
al. 2008 for a related discussion). The second preliminary study revealed a direct reversal
from literature and realiy consumers indicated that new products were actually more
environmentally friendly than remanufactured prodwt average. In the experimental
study, seHidentified beliefs of being a green consumer failed to have an effect on the
remanufactured consumer product attractiveness for any product category. In other
words, consumer s0 Vi e wes effecton thdiratirestednese s a s
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 f@ 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 supphain literature to dadethe 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 willingnesspay studies ofteassume, 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 standaedi betas may be less significaviany
firms seem to believe that they must offnge price discounts (relative to new product
prices) to generate remanufactured products sales (Atasu, Guide, and Van Wassenhove
2009). Yet, some managers believe that-aiscounting 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 thaes 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. Ovediscounting could actually exacerb#te negative perceptions of
remanufactured products (i.e., the pripelity inference). Future research needs to
explicitly examine the potentially damaging effects of esiscounting and new product
sales cannibalization as well as the potential smudif 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 proaectirtier 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 20ad 1984). 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 consumersdé percepti oedprodudtsfordlie at tr

types of productstestetD.ue t o t he fAusedod nature of rema

or reducing these negative perceptions may prove difficult. Such a finding indicates that
markets may be limited for some types of remanufadtpreducts. 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 cldeeg supply bain processes.

The studies found thatband equi ty plays a relativel

attitudes toward remanufactured products. Studies commonly assume that a
remanufactured product must have high brand equity (Guide and Li 2010). The data
indicaes 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
productsas part of their product portfooa concern seen manifest for HP, which
sometimes sells deranded versions of their remanufactured products (Rysavy 2001).

High brand equity household and personal care product firms need to carefully evaluate

Y
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remanufactting 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 isemanufactured 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 regardemyironmental perceptionshdugh
the literature demonstrates that remanufactured products are environmentally friendly, the
empirical findings show that seilientified green consumers do not show an increased
preference for such products. The lack oéeffffor selfidentified green consumevgs a
surprise as such consumers will generally resist reporting a disinterest in green products
(Luchs et al. 2010Do consumers view remanufacturing as a truly sustainable initiative
or an attempt to extract mopeofit 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.rRaps the issue is again a supply chain channel @oice
should firms place remanufactured products in deep discounting channels, or would
higherpriced green channels provide a better market? Future research should examine

the effects of channel choice faportfolio of products in a closddop supply chain.
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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 thighest discount leveldhe¢ attractiveness of the
remanuéctured 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 bramdjuity generally does not play a significant role in
driving consumer perceptions, and that-ggditified green consumegenerally do not
find remanuéctured products more attractive. Firms do have an opportunity to increase
attractiveness of the remdagatured 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 neigee 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 dilenge in convining consumers about the remaamifiring process
and the like new condition of the remdactured productdJntil the various challenges
outlined above are managed, firms may find that component or material reclamation is a

better overalktrategy 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 closddop supply chains that provide a rich oppottyfor 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 remaredactu

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 contr
products to enhance quality perceptions and reduce negative perceptions that the
remanufactured products are somehow still dirty from the prior ownership. Because most
corsumers 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 closddop 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 businesdgo-business, large equipment remanufacturingparticular, nedular
product design allows several generations of products texist 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
pracice, 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 tradeffs between disassembly and reassembly costs by
adaptively changing the pustull boundary. An adaptive, evolving puphll boundary
provides flexibility for a remanufacturing firm to meet changing customer demands. The
delayed differentiation model includes both a mix&@ger linear program and an
analytical investigation of the evolutionary nature of the gudhboundary. 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 businest-business (B2B) and businessconsumer (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 theeed 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, instdeof 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 @manufacturingo recover the sizeable value
remaining in engf-lease or endf-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 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 ovell 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 designigga 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 througtple 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 napnahke 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 gocgaries, 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 @atenary puskpull 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 intermediatstataldh 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 sygplain, 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 pushkpull boundary. In other words, delayed diffietiation in a forward supply chain
requires that a manufactur@ssemblea semicomplete product from components and
delays for final customer differentiation. Delayed differentiation in a reverse supply chain
requires that a remanufactutksassembleareturn to a seratcomplete 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 causter demands 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 pugiull boundary, andequirements to prepare
the inputs for use in a final build product. As will be described throughout this
manuscript, the results of a wetkecuted delayed differentiation system for multiple
lifecycle products can provide significant cost savings feréverse supply chains and
the broader closeldop supply chain systems. Specifically, we assess how to determine
the pushkpull boundary for multiple lifecycle products with an additional exploration of
t he boundar yods e v-peliod €enanias.A deapenieset af disassembiyu | t i
(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 disaseehaimd 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 @ite visits and work with various firms in section 2. Section 3
cowvers 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

conclwsions.

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 roundtalidsues for OEMs that Offer
Remanufactured Produgtsiet at The Pennsylvania State University. Managers from
both capital and consumer goods companies met to discuss their current needs to become
more effectiveyalue creating business uniEor instance, Xerox high speed imaging
equipment and GE transportation locomotive remanufacturing business units allow
equipment upgrades thugh remanufacturing processése remanufacturing can range
from a simple addition of a software controller to a full {daewn 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 performaha more competitive price.
This reseech 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 desigs the imaging equipment to maintain high image quality, high reliability,
ease of serviceability, and maintainabilit
multiple lifecycles for their equipment via remanufacturing operations. The Xerox high
speedmaging 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
incorporde 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 aafent 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 managegain 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 stdtarring 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 equipmBme scope of options
creates many possible configurations. Newly manufactured (blended) equipment
maintains statef-the-art performance through a blend of new and remanufactured

modules and parts. Remanufactured equipment also consists of new andfaetaeed
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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 moduegested
from returns, allows firms to reduce reassembly and configuration lead times.
Figure3.1 displays the nature of the product proliferation throughout the product
lifecycle from introduction through enaf-life considerations. In the beginning af
product lifecycle, only a single base moddh) exists. In the next period, a revised
modelM; with new technology in one or more modules comes into the market. Through
a product acquisition management (PrAM) system;arldase, or other recovery
metod, a returned product of typ either can be remanufactured baclkip
specifications or blended to the newer mddekpecifications through a mix of olden
and neweM; specific modules (Guide and Van Wassenh2@@1). The pattern then
grows through future periods with introductions of modéisM,,  #,, all of which
leads to eventual eraf-life (EOL) considerations. Figui®l displays a simple case with
the introduction of a new model coinciding exactlyhatite 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
objective® to present firms with a delayed differentiatiorcideon support model to aid
in finding the appropriate pugbull boundary for products returning at the end of their

use with customers.
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Figure 3.1: General Product Proliferation Concept
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Though the problem of delayed differentiation in the large eqeiy (B2B)

context is fairly clear from the preceding discussion, the consumer market (B2C)
application may seem less obviobsrtunately, Medtronigenerously shared some
insight into the remanufacturing of medical goods and patrticularly the challerugesin
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 mahketigh 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 oreiritiple product lifecycles. The problem
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of managing delayed differentiation in remanufacturing is not a statigjrapedecision.
Specifically, at an operational level, the firm must decide on a particularpolish
boundary in the remanufacturing presdor 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 vamt. 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 chie for the pustpull 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 se@ur 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 characterigtigerdduction 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; plairty
remanufacturers dominated the results. Presumalihirdparty remanufacturer (3PR)
does not have the required expertise to change the design of a product:paityird

remanufacturer may also be restricted from making changes to a product due to patent
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restrictions. In contrast, our experiences \aitlarge 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, ggased 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 exaesithe 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 tesraf 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 prodig, 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 tradn rebate system (Guide and Van Wassenhove 2001)
addition, Hauser and Lund (2003) show that remanufacturing can be significantly
profitable and offer substantial environmental benefits from reduced materials and energy
consumptiod benefits that man@®EMs increasingly seek to capture. For example,
Caterpillar reported revenue growth of 115% for their remanufacturing division along

with a 676% increase icertified rebuild revenue fror®001 to 2009 (Caterpillar 2009),
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which totals in the billions of di@rs. 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 tlke 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 literatue 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 @sembly 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 ned 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. Eaiker 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 defoand
multiple variants of remanufactured products by balancing the disassembly and
reassembly operations given a set of feasible-puitboundary/disassembly levels.

Such an objective represents a contrast to the disassembly sequencing literature, which
does not model the use of the disassembleehsudiules 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 thepuwlpltd nbadu Mdpaursyh f or products that
subasemblies 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.
Whendemand 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 delaydtedentiation 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 agslg 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 €losed
loop remanufacturing supply chain diffiermultiple ways. Perhaps most importantly, the

input stream in a closddop remanufacturing supply chain consists of used products that

need to be disassembled to a certain level.

Table3.1 provides an overview of literature from the three main stredms o

literature covered above.

Table 3.1: Summary of Related Literature

Category

Research Papers

Comments

CLSC, Lund (1984a) The literature base in CLSC,
Remanufacturing, Gungor and Gupta (1999) remanufacturing, and product
Product Recovery Guide (2000) recovery is quite rich. However,

Guide and Van Wassenhove (2001)
Guide et al. (2003)

Hauser and Lund (2003)

Atasu et al. (2008)

Guide and Van Wassenhove (2009)

the consideration of multiple
lifecycle effects for product re-use
by OEMs remains a topic for
continued research and further
discussion.

Delayed Swaminathan and Tayur (1998) Delayed differentiation in forward
Differentiation van Hoek (2001) supply chains is relatively well
Swaminathan and Lee (2003) understood. However, applying
Yang et al. (2004) delayed differentiation in
remanufacturing operations
represents a relatively unexplored
dimension.
Disassembly Chow (1990) Disassembly literature spans

Boothroyd and Alting (1992)
Jovane et al. (1993)

Clegg et al. (1995)

Harjula et al. (1996)
Meacham et al. (1999)
Lambert (2003)

multiple points in the product
lifecycle, from design to end-of-
life considerations (i.e., recycling).
Applying a balanced model of
both the disassembly and
reassembly in a delayed
differentiation context represents a
distinctly new concept.
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4. The Model

This model addresses delayed differentiation for a remanufacturing line at an
operational level via a dynamic puphll boundary for various levels of product
disassemblyrad 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, periddd i n the productdos | ifecycl e.
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 petjdtere are) product variants of a
model (variants for short) offered in the market by the OEM .example, tk third
column in fgure 3.1 represents the third remanufacturing pe¥i@dperiod 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 filensadf=3
variants in the market (i.e., variants 1, 2, andrBjhe simple case outlined ilgéire 3.1,
these variants appear s, M,, andMs. Variants are numbered such that a higher index
represents a newer variant. As a reguitl is the oldest variant offerédhe first variant
introduced to the market. There &neariants returning from customers during the period,
which consist of the variants offered in the market in the previous periddin our
previous exampld,= 2, corresponding to variants 1 and 2MyrandM in figure3.1.

Demand for variantin the period id;, which derives from a forecast. Throughdepth
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conversations with sales managers, we learned that thehtymarkets are often
segmentable based 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 relavely long sales horizons, which allow both aggregated forecasts across
product variants and alignment of invent to sales force incentiveldence, we assume
that the model can use the forecast in a deterministic fashion. The firm reRe®®sns
of varianti during the period and can (in principle) remanufacture a return to any one of
theJ variants through sufficient disassembly, though downgrades of
components/modules were not observed in practice (e.g., reducing a module speed
through a softwardowngrade). HerdR, 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,
guantity, and timing of product returns. The firm disassembles a return vaoaat
certain level oflisassemblk, 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 variarid the required demand for varignt
The decisiorvariablek is thepushpull boundaryor level of disassembly for variant
that will eventually become variant

The core concept of éhproduct line flow appears ilglire3.2. Units are pushed
into core remanufacturing operations, such as cleaningegpited disassembly, as well
as scrap, waste, recycling, and EOL disposition fmotete 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, subdiesean testing of the full build.

The cycle then repeats through some planning horizon (i.e., a leasing period).
Figure 3.2: Production Timeline in Periodt

Production Timeline in Period t

| Updated Parts/ConsumabIes.'
Updated Subassemblies
 Testing of the Full Build

Push Push/Pull Boundary Pull

/0 9 Storage of Kits: J ~

Reusable Inventory . Reassembly Processes
R. Reusable Subassemblies D

i
Disassembly/Cleaning | '
\_ @ L )

‘Scrap
Waste
Recycling
EOL

Leasing Period or Planning Horizon

Returns in period t come from period t-1

An illustration of the levels of disassembly and conversion from single return
varianti to demand variantappears inigure 3.3. The number of puspull boundary
choices K) has been observed to be as little as two in-bgged imaging equipment and
as much as eight in the automotive/heavy equipment industries. In other words, the
numberof possible disassembly levels)(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

Disassembly Costsand Assembly/Remanufacturing Costs of converting a used productvariantito a newly
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The concept embodied imgtire 3.3 could certainly be applied at the kolf-
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 ssodules and does not require that everysallule
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 levelTime and cost to disassemble a unit of variamtio
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level k are denoted by andd, , respectively. Time and cost to reassemble a unit of
(inbound) variant, disassembled at levelinto (outbound) variantare denoted byiij
and g , respectivelyNote that the reassembly cosj, , 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 thdisassembly and reassembly costs are similan
aggregate level. This assumption can easily be relaxed by redefiningasagh

combination of variant (i.e., product type)dquality grade. We maintain our original
definition ofi as a product variamind employ a single quality grade in this paper for
simplicity of exposition.

The older the inbound variantthe more costly it is to reassemble into a newer
variantj due to the increased number of modules to upgrade or replace. In other words, a
firm may face a relatively low cost to remanufacture vaiiant into varianf = 2 but a
more sizeable cost (and time) for both disassembly and reassembly to remanufacture
varianti = 1 to a more updated variant (ejgs, 3). Greater levels of disassemhlg,
higher values of the pugtull boundaryk) generate higher disassembly cost, but these
greater levels of disassembly also provide greater flexibility to meet demand for a wider
range of outbound variantsAny outbound variarjtcan, along with nessary updates,
be built from the base components of any other inbound vargsassembled to the
maximum disassembly le\@lthe part levek = K. Intermediate levels of disassembly

provide intermediate levels of flexibility.
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Figure34 illustrates the ssembly cost structure through a representative example

of a reassembly cost matrég; , whereX denotes a very large value. The matrix in

Figure 4 has three inbound variants 3) and four outbound variant$£ 4) along with

two possible levels of disassembly=£ 1, 2). As Figure 4 shows, certain
disassembly/reassembly combinations are not feasible as indicaxe@bgh

infeasibility not only makes the model more tractable but is also reasonable due to
technical limitations omanagerial overrides to prevent undesirable configurations. For
simplicity, we assume that at the minimum pysii boundary ok = 1, inbound variant

can only be reassembled into outbound varip®is(i.e., same technology or older). For
example, som 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 cets 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
pushpull boundaryof k = 2, inbound variant= 1 can be reassembled into the same
technology outbound variantat a coshy i, or into a (newer) outbound varignt 2 at a

cost of @z, (Whereasoo> a;21 or more generallgi, j+1 > aiy;).

Figure 3.4: Assembly Cost Matrix for Disassembly Levek=1 and k=2
k=1 k=2

@, X X X |lay ap X X

G @ X X | ap @pn apy X

az;; Az az;3 X dsp1 dzpp dzpz dixy
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C, andCy 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 ofyshpull boundaries, the firm incurs a penalty cpstfor 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

considerably more expensive than remanufacturing.

4.1 Mixed Integer Linear Program

As an input, the mixethteger linear program (MILP) uses forecast demand and
return streams for each of the variants. The MILP requires disassembly and reassembly
costsand related capacitie&dditionally, the MILP requires feasible pusghll
boundaries for each combination of inbound and outbound variants. The MILP then
provides the firm with the optimal pugtull boundaryk for each inbound variamthat
minimizes tdal disassembly, reassembly, and penalty costs. This decision is denoted by

the binary variablg;, , which takes the value of 1kfis the chosen pusbull boundary
for inbound variant, and 0 otherwise. The MILP determines the nends disassembled
units for each inbound variant pushpull boundaryk combination, given by, , and

the number of reassembled units for each inbound variant / outbound varianpupush

boundary combination, given g; . We summarize our notation in Tal3e.
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Table 3.2: Model Notation

Decision Variables
Vik v; = 1 if k is the push-pull boundary chosen for variant 7, and 0 otherwise.
Xix Quantity of variant 7/ disassembled to level £.

Zyj Quantity of variant j reassembled from variant i disassembled to level £.
Parameters

D; Demand for variant j in the period

R Quantity of variant i returns received in the current period

. Unit penalty cost for not meeting demand of variant j via remanufacturing

dy Unit disassembly cost for variant i to disassembly level £

73; Time to disassemble one unit of variant i to disassembly level &

ayj Unit cost to reassemble one unit of variant i into variant j from disassembly level k
Tﬁg Time to reassemble variant i into variant j from disassembly level &

Cy Total capacity in time units available for disassembly

C, Total capacity in time units available for reassembly

The mixed integer linear program balances costs of meeting demand in the
planning period through a mix of disassembly, reassembly, and penalty costs fog missin

demand during the planning period.
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Table 3.3: The Mixed Integer Linear Program

' I K J J I K
min TC=2 > {df}cxﬂc +2 afkaﬁcj}Jf 27 [Dj 22 Zf}cj} (1)

i=1k=1 = = i=1k=1

st xz <ygR., ViVk 2)
Z§=1Zf=1zifg <D;, Vj )

Zg:lzf:l Ti?cixik =Cq; Z;T:lzf:lzjzl TigZitg < Ca 4)
Yiavu =L Vi )

ijlzﬂg <xp, ViVk (6)

Vie €401} x 207 2z, 20 (7

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.
Constrant (2) is a logical constraint: the firm can only disassemble units from variant
into levelk if kis the chosen pugbull boundary for variant Constraint (3) enforces that
the firm never remanufactures more than demand in the period (i.e., thiasseanble
to-order model). Constraint (4) ensures that total disassembly time and total
reassembly/remanufacturing time do not exceed their respective capadiigmoiC,.
Constraint (5) guarantees that there is a unique-pulifboundary for productarianti.

This constraint is in place for simplicity of shop floor control. At the extreme, a firm
could greatly simplify the choice &fby setting a single pugbull boundary for all

inbound variants. Constraint (6) ensures that a firm can only reagse from sub
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modules obtained through disassembly of existing returns. Finally, constraint (7) provides
both the integrality and nemegativity constraints.

To provide additional insights, we analytically investigated our model to
demonstrate how the optal pushpull boundaryk* changes with respect to model
parameters. As a simple case, consider the scenario in which there is only one return
variant { = 1) and two demand variants< 2). Following a simpler version of the logic
described in Figure 4 it one return variant, there are two possible disassembly l&vels,
=1 andk = 2. In other words, to upgrade the unij to2, the firm must use the pughll
boundaryk = 2 while less involved lik¢o-like remanufacturing tp= 1 requires a push
pull boundary ok = 1. Assume, for simplicity, that there is unlimited disassembly and
reassembly capacity. The firmbds kshooki=ces th
2 for all returns. If the firm choosé&s= 1, then a marger can only meet demamy for
variant 1, incurring a unit penalty costfor each unit of demanid, of variant 2. If the
firm choosexk = 2, then it meets all demands for both variants, (as there are no capacity
constraints), avoiding penalty costs f@riant 2, but incurring higher assembly and
reassembly costs. As penalty costs rise, the threshold for higher disassembly and
reassembly costs increases.

Denote byTC, (TC,) t he f i r mdés othposektl({f=2).f uncti on

Then,TC =(d; +&,9) D; #,D, andTC, =(d, +a,) D; (), afp) D. Thus, the

firm choosek = 1 iff TC ¢ TG,, or

(b +aq7 -dip a35) Dy (pr, dpp, a33,D ,0. (8)
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Based on observed costs and times, we assume that a greatemtibaleses|
implies higher disassembly (and reassembly) costs and commensurate times, and thus
di; < dp, (and a 41 < ay,9). 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 codtl, increases roughly linearly in the disassembly l&\gke Section
5.1), so that we can writg, = d;; ¥, whered> 0. Likewise, as found in practice,
assume that reassembly cost increases roughly linedslgahat a,,, = a4, &, 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 varmmni) (nto a newer variant
( = 2) than it is to remanufactuam older varianti(= 1) into the same variant£ 1).

Again, consistent with observations in practieg,,=a,,; # ¥ where b > 0

represents the added cost of remanufacturing to a more updated variant. After some

algebra, (8) becomes:

a+ g2P2” dyy -3qyn £ (9)

1
1+5.m,

Thus,k* = 1iff (9) is satisfied, otherwise® = 2. This condition is shown
graphically infigure3.5. Figure3.5 clearly shows the movement of the pysii
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 regiok*where
= 2. The result is intuitive abé firm is more likely to meet demand for variant 2 under

such conditions.
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Figure 3.5: Movement of the PushPull Boundary whereJ=2,1 =1
Disassembly Cost Slope (&)

T, —dy - -8B

1

Assembly Cost Slope (a)

As seen in equation 9 and the exampligare 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 thkre are

variants in the market with only one retwariant { = 1), the analysis above is easily
extended withdy, =dy; €k BHd anday; =a4, ®(k B #j 1) whenk>1.The
analysis results in the configuration seefignire 3.6. The intercepts in the horizontal

and vertical axes are functiookthe penalty costs and demand ratios among the different

variants.
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Figure 3.6: Movement of the PuskPull Boundary with More Than Two Variants
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This simple analytical case provides some insights into how thepulish
boundary depends on disassemtugt, 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 MILFh&following section provides some insights into the
optimal solution with a numerical study. The numerical study demonstrates how the
pushpull boundary changes as the product moves through its modular update, product

proliferation lifecycle.

5. Assessindviodel Performance

In this section, we present a realistic, patieased numerical study derived from

data provided by Xerox and other OEMs that participated in the remanufacturing
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roundtableTwo distinctly different product evolution scenarios, highlipgoation and

low proliferation, allow a periothy-period examination of model behavior. The

discussion also contains cost contrasts for a dynamicguushoundary strategy versus

a full disassembly strategy. Some remanufacturing firms employ thadaisembly

(i.e., teardown 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 neay g&=g., jet turbine enges).However, at

least for the observed large equipment firms, full-tkawn 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 occy 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
teardown requirements. In other words, if the user of the model cannot trust in the
forecast, the result is a managerial override that forces a furtheddesr of the product.

The greater teadlown of the products allows greater future flexibility for meeting the
uncertain demands at increased current expense. In the worst case scesariof the
model would simply prompt full teadtown 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 ovéfatycle 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 tamolscenarios,

which can be viewed as two ends of the spectrum of product evolution, provide insights
into the evolution of the optimal pugtull boundary during the product lifecycle. These
scenarios appear in Figures 7 and 8. Scenario A, shofigure 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 exmst®ntrast, 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 variabiiityroduction, and make service easier
to implement at the expense of offering a wider portfolio of productdifierent

customer segmentas noted earlier, the markets are often highly segmentable (Gwaltney

2009).



Figure 3.7: Full Product Proliferat ion Scenario A
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Based on observations and data from multiple weeks-sfterwork with Xerox,
several experimental scenarios display the behavior of the model. Through the lifecycle
ewlution scenarios described ilglires3.7 and3.8, 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
periodis a function of disassembly leviel

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, myperiod demandan 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 variéntteemand for oldeproduct 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 iD; i {10,20,3), and demad for the newer variant
D;.+1 =100 -D; . The high proliferation scenario A employs several denpaofiles as

displayed inable3.4. The demand profiles shown ialtie3.4 model 64 possible demand
realizations in period fout£4), from no derand for early variants (e.d>;=D,=0;
D3=D,=10; Ds=80) to consistent demand across product variants Qg,=10;
Ds=D4=20; Ds=40).

For any demand profile at a given pertpdeturns are equal to respective

demands in the previous period. For example, let us formulate our model for period 3 of
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thehigh proliferation scenario A witlb; =20 and D, = 70. Then, for period 4R; =20

, R, =70. This procedure allows us to solve the problem sequentially for each period,

and observe the evolution of the optimal ppsii boundary for each product variant as

time progresses.

Table 3.4: High Proliferation Experimental Demand Patterns

Period ¢ Demand Profile (D)

1 D1=10.2030 D>=70.80.90

2 D1 =10.20 D>=10,20 D3 =60,70,80

3 Dy=10 D;=10.20 D3;=10.20 Dy =50,60.,70

4 Dy =0,10 D>=0.10 D;=10,20 Dy=10,20 Ds=40,50,60,70,80

As described previously in the discussion of Figure 3, observation at the various
OEMs reveals that the maximum disassembly l&vstems 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, as@ result, we consider a disassembly
cost standardized to a base of 100 that grows as a functiafuefto increased time
requirements. Observation from the OEMs revealed that reassembly cost and time often
increase roughly linearly witk, with a lage 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@ss 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 seprtive of general practicd@herefore, for
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the base reassembly cost matrix with 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
toj. Reassembly cost increases as atfan®ofk, so parameters were set such that each
step ink had a minimum of a ten percent increase when reassembling from least
expensive base= 1. In practice, the cost increases across levédsvete typically
aggregated across product variants artevgenerally 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 capacis
set to 1000 hours, and asséyntapacityC, 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 vi¢gh 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 varighisve higher penalty costs (i.&.1 >  for all j).
We comment on thenpact of varying these parameters later. As a result, our numerical
analysis include two disassembly cost patterns (linear andimezr), which yields 190
total unique demand profile combinations explored across all periods. Of particular

interest is priod 4 ¢ = 4), which yields 64 realizations for each disassembly cost pattern.
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5.2Results: Delayed Differentiation versus Full Disassembly

The first set of graphs, seen igdres 3.9 and 3.10, compaithe total cost
obtained via the MILP model agairesfull 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, foi,all, =1 and y;. =0 fork < 4.

Figures 3.9 and 3.1isplaythe cost comparisons for the full proliferation scenariaf A
figure3.7. 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 notinear disassembly cd$tnot a surprising result as greater levels
of disassembly cost increasingly more in the-tinear 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 EgareiB.4, some
inbound/outbound variant combinations are not feasible at lower levels of disassembly
(i.e., small values df), but all combinations are feasible at deeper levetisalssembly
(i.e., large values df). Conversely, when demand remains strong for older product

variants, the model shows lower costs as products require less disassembly.



Figure 3.9: Cost Comparison for Full vs. Optimal Disassemblynder Full
Prolifer ation (Scenario A)

Total Cost

Total Cost

Full Proliferation Non-Linear Disassembly
Costs in Period Four

90000
80000
70000
60000
50000 Fully Disassemble
40000
e Optimal

30000 -

20000

10000
0

Replicates

Full Proliferation Linear Disassembly
Costs in Period Four

60000

50000 v - . S

40000

30000 —M Fully Disassemble
e Cptimal

20000

10000

Replicates

80



81

Figure 3.10:Cost Comparison for Full vs. Optimal Disassemblyinder Restricted
Proliferation (Scenario B)
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The linear disassembly costs were strictly lower for both full (scenario A) and
restricted proliferation (scenario B). Withiine 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 experieas 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 ingits 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
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Figure3.11provides 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 & earli

generation units have to be teslown fully to salvage usable parts for newer products.







































