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ABSTRACT

EFFECTS OF COMPETITION ON PRODUCT RECOVERY DECISIONS

Cetin, Can Barig
M.S., Department of Industrial Engineering
Supervisor : Assoc. Prof. Dr. Zeynep Pelin Bayindir

Co-Supervisor : Assoc. Prof. Dr. Ismail Serdar Bakal

JULY 2018, 139 pages

In this study, we consider a hybrid manufacturing-remanufacturing environment con-
sisting of an Original Equipment Manufacturer (OEM) and Independent Remanufac-
turer (IR). OEM can produce both new and remanufactured products, whereas IR is
only capable of remanufacturing. Market price is deterministic and decreasing lin-
early with total quantity supplied to the market. Remanufacturing yield increases
with remanufacturability investment that has a cost which increases with the level of
remanufacturability. Remanufacturing cost for a successfully remanufactured prod-
uct decreases with increase in remanufacturability. We analyze this system in a two-
period setting. OEM determines the level of investment in remanufacturability and
the quantity of new products in the first period, which determines the quantity of
returns in the second period. OEM and IR simultaneously determine their remanu-
facturing input quantities considering opponent’s action in the second period. Our
objective is to investigate the effects of competition, sorting information availabil-
ity and competition awareness on environmental and economic performances of this
system. For this environment, models that differ in competition, sorting information

availability and competition awareness are considered. Total system-wide profit and



ratio of remanufacturing output to total returns are used to represent economical and
environmental performances, respectively. We explore the effects of various settings

via a computational study.

Keywords: Closed Loop Supply Chain, Remanufacturing, Sales Competition
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REKABETIN URUN GERI KAZANIM KARARLARINA ETKIiSI

Cetin, Can Barig
Yiiksek Lisans, Endiistri Mithendisligi Bolimii
Tez YOneticisi : Dog¢. Dr. Zeynep Pelin Bayindir
Ortak Tez Yoneticisi : Dog. Dr. Ismail Serdar Bakal

Temmuz 2018 , sayfa

Calismamizda Ozgiin Donanim Imalatgis1 (ODI) ve Bagimsiz Yeniden Imalatci’dan
(BYI) olusan bir melez imalat-yeniden imalat ortami incelenmistir. ODI hem ima-
lat hem de yeniden imalat yapabilir; ancak, BYI sadece yeniden imalat yapabilir.
Piyasa fiyat1 belirlenimcidir ve piyasaya sunulan toplam arza bagli olarak dogrusal
azalir. Yeniden imalat verimi yeniden imal edilebilirlik yatirimi, yeniden imal edi-
lebilirlik seviyesiyle birlikte artan, ile artar. Yeniden imalatla iiretilmis iiriin basina
diisen yenien imalat maliyeti yeniden imal edilebilirlikteki artigla azalir. Bu sistem
iki dénemlik bir diizende incelenmistir. ODI yeniden birinci donemde imal edilebi-
lirlik yatinmina ve imalat miktarina karar verir, boylece ikinci donemdeki geri doniis
miktarin belirler. ikinci dsnemde ODI ve BY]I rakibinin hamlesini goz 6niinde bulun-
durarak ayni anda yeniden imalat girdi miktarlarina karar verirler. Bizim amacimiz,
rekabetin, siralama bilgisinin varliginin ve rekabet farkindaliginin ekonomik ve cev-
resel performans oOlciitlerine etkisini incelemektir. Bu ortam icin, rekabet, siralama
bilgisi varlig1 ve rekabet farkindalig1 agilarindan degiskenlik gosteren modeller ku-
rulmus ve incelenmistir. Sirasiyla, toplam sistem kar1 ve deger geri kazanim orani,

ekonomik ve cevresel performans Olciitlerini temsil etmek i¢in kullanilmistir. Cesitli

vii



diizenlerin etkilerini incelemek i¢in hesaplama ¢alismasi yapilmastir.

Anahtar Kelimeler: Kapali Devre Tedarik Zinciri, Yeniden Imalat, Satig Rekabeti
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CHAPTER 1

INRODUCTION

In traditional supply chains which are known as forward supply chains, goods are
produced from raw materials and transferred to the downstream stages to meet the
demand of final customers. In recent decades, manufacturing firms are forced to
collect their products that reach their useful lives with environmental legislation. The
products that have reached their useful life are called end-of-life product. The flow of
used products from end customer to producers constitutes the reverse supply chain.
The combination of forward and reverse supply chains is named as closed loop supply

chain (Govindan et al. [1]).

There is a cost associated with collection, hence the firms search for the alternative
ways to create value from these products. There are some alternative ways of value
recovery such as direct reuse, repair, refurbishing, remanufacturing, cannibalization,
and recycling, (Thierry et al. [2]]). Direct reuse is reselling the used product returned
from the end customer. Repair is mainly changing the condition of a product from
broken to working. The damaged part of the product is fixed or replaced with a spare
part. In refurbishing, the modules of the product are inspected and the damaged ones
are replaced with higher or equal quality modules in order to increase the life time of
the product. Even though the broken module of the product is replaced with a new
one, the life time of the refurbished product is shorter than the new one. In reman-
ufacturing, used product is completely disassembled to part level and all parts are
inspected to be used later on producing a new product. Remanufacturing is the only
value recovery activity that claims as good as new condition for its output. Cannibal-
ization is using the functional parts of a product. These parts are reused in other type

of value recovery activities. Lastly, recycling is reusing the material of the end-of-life



product. Value recovered in recycling is the least of all alternative reuse activities.

One of the commonly implemented value recovery method is remanufacturing. In
remanufacturing, the parts of returned products are inspected for their functionality
and the functional parts of the products are used in production of a new product. By

using the functional parts of the products, firms can reduce their production costs.

In order to decrease production cost of remanufacturing, products should be designed
in a way that disassembly and reassembly are time and cost efficient, and yield loss of
remanufacturing is small. We name remanufactuability for the suitability of returned
items for remanufacturing. Together with specialized design for remanufacturing,
investment on remanufacturing operations should be made. Remanufacturability of
end-of-life product is proportional to its remanufacturability level, which is deter-
mined at the beginning of life cycle of the product. Since, remanufacturability level
is determined at the beginning of life cycle, it is a decision of original equipment

manufacturer (OEM).

Remanufacturing can be seen a cost reduction method for production. Since, the
material cost usually is less than brand-new products. Main drawback of remanufac-
turing is limited supply. At the beginning of products life cycle, there are not used
product to remanufacture. Product need to be mature enough for accumulation of
used products in the market. As a result, firms can make remanufacturing at the later
periods of product’s life cycle. Another problem with remanufacturing is that not all
used products, i.e. input supply, returned. Some of the products may not be collected,

they can be sold as second hand by customers or they can be landfilled.

Material cost advantage may attract other firms to begin remanufacturing. When the
original product is designed and produced to be remanufactured, it is easier for other
firms to begin remanufacturing than manufacturing. Since other firms who makes
only remanufacturing do not have to spend their capital investment of manufacturing
or design of remanufacturable product, they prefer to enter remanufactured product
market. The firms that engage only in remanufacturing used and returned products
are called independent remanufacturers (IR). Since, independent remanufacturers do
not design but only collect and remanufacture, the design decisions by OEM affect

their remanufacturing process efficiency as well. As a result, competition arise in the



remanufactured product market.

High level of remanufacturability does not solve all all shortcomings of remanufac-
turing. One of the potential problems about remanufacturing is not knowing which
returned items are suitable for remanufacturing operations. We call that information
as sorting information throughout this thesis. Firms might not know the exact state
of the returns, i.e. sorting information, at the beginning of production. This cause
remanufacturing process to have yield loss, i.e. only a certain portion of remanu-
facturing input is transformed into remanufactured product. Since, firms waste their

resources for unsuitable returned items.

Even if the main objective of the firms is profit maximization, remanufacturing has
some additional benefits for the environment as well. Implementing either of the
alternative reuse methods decreases waste generated. Remanufacturing has an advan-
tage over other alternatives, remanufactured product are considered identical to brand
new products. As a result, together with the decrease in waste generated, decrease
in energy and raw material use is another environmental benefit of remanufacturing.
Thanks to its advantages, remanufacturing can be considered as a superior alternative
of all reuse methods. Environmental performance of firms can be defined as propor-

tion of remanufactured items to all returned items.
We have five main research questions and we build our models in order to answer
them.

e What are the equilibrium manufacturing quantity, remanufacturability level and

remanufacturing quantities of OEM and IR?

e How do the economical and environmental performances of OEM and IR change

with different problem parameters?

e How do entry of a competitor in remanufactured product market affect the eco-

nomical and environmental performances of OEM and IR?

e How do sorting information affect the economical and environmental perfor-

mances of OEM and IR?

e What is the effect of not considering a potential entrant while doing initial deci-



sions of OEM to the economical and environmental performances of OEM and

IR?

In order to gain insights on the above research questions, we introduce several styl-
ized models. Namely, we consider a two-period model where an original equipment
manufacturer (OEM) manufactures brand new products into the first period. In the
second period, some of the products that are sold in the first period are returned and

remanufactured. We consider

(1) The monopolistic setting where OEM is the only party that remanufactures

(i) The duopolistic setting where there is also an independent remanufacturer

In the first period, the OEM determines the level of investment on the remanufac-
turability of the product product and the number of new products to produce. In the
second period, a certain fraction of manufactured items by OEM are shared by OEM
and IR and the OEM (and IR in the duopolistic setting) determines number of units to
remanufacture. The yield of the remanufacturing process depends on the investment

made by the OEM in the first period.

In order to model competition, a quantity sensitive price function is used. Price is
a deterministic linear function of total quantity supplied to the market in that pe-
riod. Customers may not perceive remanufactured products identical to manufac-
tured product. Similiarly, customers may not perceive remanufactured products of IR
as identical to the ones of OEM. We investigate the effect of perception differences

via different price function parameters.

We initially assume that firms do not know which returned products are suitable for
remanufacturing before starting the remanufacturing process and this situation causes
total remanufacturing cost to increase. We create models for both monopolistic and
duopolistic settings with perfect sorting information prior to remanufacturing process

in order to investigate the effect of sorting information.

At the end of the remanufacturing process, there might be returned products on hand.

There are two sources of these leftovers, items that are not used for remanufacturing

4



and items that are not successfully remanufactured are the inputs of recycling. Firms

uses recycling as a salvaging mechanism for leftover items.

We observe that competition has negative effects on OEM’s profit and IR’s profit
does not compensate the decrease in the total system-wide profit. As a result, total
system wide profit decreases when firms compete in remanufactured product market.
Sorting information helps firms to increase their profits and total system-wide profit
unless it is available for only OEM. Effects of competition and sorting information
to environmental performance is found to be sensitive to the problem parameters.
Lack of competition awareness of OEM always decreases OEM’s profit and always
increases remanufacturability investment. Environmental performance is better when

OEM is not aware of competition.

This thesis study is organized is organized as follows; related literature is summarized
and problem is defined in Chapter[2] monopolistic model without sorting information
is created and analyzed in Chapter [3] duopolistic model without sorting information
is created and analyzed in Chpater ] monopolistic and duopolistic models with sort-
ing information and duopolistic model with assumption of monopoly are created and
analyzed in Chapter [5] results of computational study is presented in Chapter [f] and
thesis study is concluded in Chapter|[7}






CHAPTER 2

LITERATURE REVIEW AND PROBLEM DEFINITION

This chapter is organized as follows: first, review of related literature is given in

Section then, the problem is defined in Section[2.2]

2.1 Literature Review

Closed loop supply chain management (CLSC) is a very rich and diverged research
area. Review articles consider different criteria in order to classify the literature. One
of such reviews, Atasu et al. [3]], classify CLSC studies under four main research

streams,

e Industrial Engineering/Operational Research
e Design
o Strategy

e Behavioral

IE/OR stream focuses on inventory and logistics decisions in CLSC. Design stream
contains articles that investigate the decisions made about product design and about
supply chain network structure like roles of players in supply chain, time value of
product returns and durability choice. Strategy stream is composed of articles that
examine the effect of competition in the market and market segmentation. The last
stream defined in the article focuses on behavioral issues such as consumer perception

about remanufactured products.



In this thesis, we mainly focus on remanufacturability investment of an original equip-
ment manufacturer, pricing of products (indirectly by determining manufacturing and
remanufacturing quantities) and the resulting economical and environmental perfor-
mances. We have constructed different settings in order to investigate the effect of
competition, the effect of remanufacturability information and the effect of being
aware of competition. Hence, we limit our literature review with the articles that are

related to those issues. The topics that we focus on are:

Structural decisions

Effect of competition on recovery decisions

Pricing of brand-new and recovered products

Value of sorting information

We classify the studies considering these issues as in Table 2.1}

2.1.1 Structural Decisions

In order for value recovery to be profitable, reverse channel operations have to be de-
termined accordingly. Structural decisions in CLSCs include determining alternative
actors to take collection responsibility, certain investment decisions like collection

effort and remanufacturability, and determining the level of quality.

Savaskan et al. [4] investigate effects of alternative actors to take collection respon-
sibility on product return rate, quantity demanded and total profit. Three alternative
with alternative actors collecting the returns are considered:

e Manufacturer

e Retailer

e Third party collector who is subcontracted for collection

The returned fraction of sales is determined by collection effort. Total collection cost

increases linearly by return quantity and quadratically by collection effort. Demand



Table 2.1: Classification of studies in literature

Studies Structure Pricing Competition Sorting
Savaskan et al. (2004) + +

Hong et al. (2013) + +

Savaskan and Van Wassenhove (2006) + + +

Ferguson and Toktay (2006) + + +

Oraiopoulos et al. (2012) + + +

Orsdemir et al. (2014) + + +

Zikopoulos and Tagaras (2006) + +
Majumder and Groenevelt (2001) + +

Atasu et al. (2008) + +

Atasu and Subramanian (2012) + +

Wu (2012) + +

Gan et al. (2017) + + +

Ketzenberg and Zuidwijk (2009) + +

Subramanian et al. (2013) + +

Chen and Chang (2013) +

Debo et al. (2005) + +

Gu et al. (2005) + +
Ketzenberg et al. (2006) +
Hosoda et al. (2015) +




is a decreasing function of retail price. In all settings, the manufacturer is the supply
chain leader. Customers perceive remanufactured products as identical to the man-
ufactured ones. Hence, remanufacturing functions as a reduced cost alternative for
manufacturing. When the manufacturer is not the collector, he pays a unit buy back
price (a price to purchase used items) to the collector. Product return rate, quantity
demanded and total profit are considered as environmental performance, consumer
welfare and economical performance measures, respectively. Retailer collects case

outperforms other alternatives in all performance measures.

Hong et al. [3]] search for the best closed loop supply chain structure. The environ-
ment designed for the analysis is the as same as Savaskan et al. [4] except number of
parties who determine collection rate. In each setting two of supply chain parties are

responsible of collection activities. Supply chain alternative structures are as follows:

e MR model: manufacturer and retailer collect
e RT model: retailer and a third party collect

e MT model: manufacturer and a third party collect

Collectors determine their collection rates separately, total return quantity is propor-
tional to the summation of collection rates. Retailer and third party collector are paid
by the manufacturer for the items collected. In all settings, wholesale price is deter-
mined by the manufacturer and the retail price is determined by the retailer. Environ-
mental performance measure (product return rate), economical performance measure
(total profit of the supply chain) and consumer welfare (retail price of product) are
evaluated in this study. MR gives the best results for all three performance measures.
With the same problem parameters MR model dominates "Retail Collects Case" of

Savaskan et al. [4].

Savaskan and van Wassenhove [6] investigate the effects of competition among retail-
ers on the optimal supply chain structure. The environment defined by Savaskan et
al. [4] is very similar. Third part collects alternative is omitted in this study. Five dif-
ferent settings are created and evaluated. Manufacturer is the supply chain leader in
all settings. The settings differ from each other with respect to whether supply chain

is centralized or not and whether used products are collected by the manufacturer or
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the retailer. Lastly, a model without remanufacturing is constructed as a benchmark.
The following settings are considered,

e NR: no remanufacturing

e DD: decentralized direct collection

DI: decentralized indirect collection

CD: centralized direct collection

CI: centralized indirect collection

Under indirect collection settings, retailers determine retail prices and product col-
lection effort (a distinct product collection effort for each retailer), and manufacturer
determines wholesale price. In direct collection settings, product collection effort
becomes manufacturer’s decision. When decision making is centralized, a central
planner determines retail prices and product collection effort(s). Cost of collection
effort increases quadratically with collection rate of that player. Acquisition fee is
omitted in this study. Since, there is more than one retailer in the market, market
price is a function of both retailers’ supply quantity to the market. The article states
that profits of supply chain parties in DD is higher than the profits in DI. Retailer’s
profits are always higher when they are the collectors and decisions are decentralized.
In order for manufacturer to benefit increased profit of retailers, he can charge a fixed
franchise fee by retailers. The articles that we review so far is similar to our study

with investment decisions prior to remanufacturing operations.

Many governments are planning to legislate about end-of-life products to decrease
waste generated by end-of-use products and to create incentives to increase product
recovery. To increase product recovery, governments direct companies to implement
strategies for ease of disassembly, limiting variety of parts/components and increas-
ing recoverable components. Atasu and Subramanian [7]] investigate the effects of
individual (IPR) and collective producer responsibility (CPR) types of take back leg-
islations. They consider a market with two manufacturers that are differentiated with

their market position. One of them produces high end products and the other one
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produces low end products. Utility gained by customers for the two products is non-
identical and each decreases in market price of the products. Marginal benefit of a
recycled item decreases in quantity recycled and increases with investment on recy-
clability. Cost of manufacturing increases with the level of recyclability. There is also
an unit collection cost of end-of-life products, which is higher in IPR setting. At first,
firms determine design for recyclabilities (DfR) (design of a product to be easily re-
cycled) of their products, simultaneously. Then, they determine price of their product
(they determine quantity demanded indirectly), simultaneously. In IPR setting, firms
are responsible of collecting their own product. In CPR setting, mixture of end-of-
life products recycled and recycling cost is shared to all manufacturers in the market.
During recycling in CPR setting, it may be possible that brands can be differentiated.
Hence, total cost is shared by manufacturers proportional to their end-of-life product
quantities. Under IPR model, competition has no effect on recyclability. With exoge-
nous recycling cost sharing, firms DfR increases with its share of recycling cost. DfR
of IPR is always superior to DfR of CPR when recycling cost is shared proportional
to quantity recycled. When brand differentiation is high, demand of low end product
increases. Hence, share of low end product in total recycling cost increases. As a
result, DfR of low end product is high, whereas DfR of high end product is low. It
is stated that with exogenous cost sharing, IPR is better for low end manufacturer,
CPR is better for high end manufacturer when brand differentiation is low. With en-
dogenous cost sharing, CPR is better for low end manufacturer, IPR is better for high
end manufacturer. Customers benefit from brand differentiation, with the increase
in brand differentiation consumer surplus increases. The article consider effects of
different law enforcements to recoverability, we investigate the effect of competition,

sorting and competition awareness to remanufacturability.

2.1.2 Effect of competition on recovery decisions

Another issue addressed in CLSC literature is the conditions under which original
equipment manufacturer (OEM) remanufactures and how original equipment man-
ufacturer behaves when competition exists. Ferguson and Toktay [8]] investigate
the conditions under which remanufacturing is profitable, the effect of competition

among manufactured and remanufactured products of OEM and OEM'’s decisions
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when there is a threat of an independent remanufacturer to enter the market. The
model is designed as a two period one. In the first period, there is only manufacturing.
In the second period, together with manufacturing by OEM, OEM and independent
remanufacturer (IR) produce goods via remanufacturing. OEM and IR makes their
moves simultaneously in the second period. Remanufacturing quantity in the second
period is bounded by manufacturing quantity in the first period and if IR enters the
market they share returned products with a constant rate. Price is a decreasing func-
tion of quantity supplied to the market. Customer’s willingness to pay for products
remanufactured by IR is less than those of OEM. Remanufacturing and collection cost
is represented with a function which is dependent on quantity collected and remanu-
factured. There is a fixed cost of remanufacturing. Remanufacturing (when it is not
profitable) and collection to preempt entry of a competitor are two strategies that can
be employed by OEM. They found that benefit of remanufacturing can compensate
the negative effects of internal competition. The article states that when there is no
fixed cost, remanufacturing is always profitable. When there is a positive fixed cost,
remanufacturing decision is dependent on unit remanufacturing cost. It is possible
that remanufacturing is not profitable for OEM for some problem parameters. How-
ever, OEM can implement remanufacturing and collection without remanufacturing
in order to preempt entry of IR to the market. They investigate the behavior of OEM
when there is a competitor without a structural decision, whereas we also consider

investment needed for remanufacturability.

Oraiopoulos et al. [9] investigate the strategies to maximize OEM’s profit when
OEM charges relicensing fee for remanufactured products of other firms. OEM is
a monopoly in manufactured product market. Customers perceive remanufactured
products as inferior products. The product manufactured in the second period by
OEM is equivalent or superior to manufactured product in the first period with tech-
nological improvement. Quantity demanded is inversely proportional to the price of
product. Products depreciates with use, that is utility gained decreases. It is assumed
that customers cannot sell products to each other. The sequence of events is as fol-
lows: Firstly, OEM determines the selling price in the first period, then selling price in
the second period and relicensing fee. Then, independent remanufacturer decides ac-

quisition fee for used products and remanufactured product selling price. For higher
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willingness to pay for remanufactured products, OEM chooses not to eliminate inde-
pendent remanufacturer since the benefit of resale value and relicensing fee is higher
than negative effect of competition. Even if relicensing fee is equal to zero, inde-
pendent remanufacturer may not enter the market for very low consumer utility of
remanufactured products. Relicensing fee increases with willingness to pay (WTP)
for remanufactured products and decreases with durability, manufacturing cost and re-
manufacturing cost. For higher values of technological improvement (WTP increase
in the second period for new product), relicensing fee is higher. As an extension, mul-
tiple independent remanufacturers are investigated. The results are counterintuitive,
OEM benefits from independent remanufacturers to enter the market. Another exten-
sion of this study is vertically differentiated duopoly setting in which remanufacturers
compete. The difference between relicensing fees increases with difference in brand
premium. For higher than certain value of brand differentiation, low end products are

remanufactured more than high end products.

Orsdemir et al. [10] considers determination of quality level to handle competition
with independent remanufacturer. Not only profit but also total environmental impact
and social welfare are questioned. The model is constructed as a single period model
with steady state assumption. Price of products is dependent on quantity produced
and quality level. Remanufactured products are perceived as inferior. Manufactur-
ing and remanufacturing cost increases with increase in the quality level. Quantity
remanufactured is constrained with manufacturing quantity. Sequence of events is as
follows; first, quality level is determined by OEM. Then, OEM and IR simultaneously
decide manufacturing and remanufacturing quantities. When the ratio of unit reman-
ufacturing cost to value generated from remanufactured items (cost to value ratio) is
high, OEM deters entry. For moderate levels of cost to value ratio IR remanufactures,
but not all available returns. If cost to value ratio is too low then IR enters and re-
manufactures all available returns. Entry of independent remanufacturer to market is
always beneficial for consumers. Social surplus is defined as summation of consumer
surplus and summation of OEM’s and IR’s profits. Social surplus is higher when
remanufacturing occurs. When IR cannot enter the market, environmental impact is
less than or equal to the level with no remanufacturing. When IR enters but does

not remanufacture all cores, environmental impact is less than no remanufacturing
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setting. When IR remanufactures all available cores environmental benefit depends
on ratio of environmental impact of remanufacturing and manufacturing. As an ad-
ditional competitive lever, remanufacturing by OEM is considered. For this setting,
it is assumed that IR can only obtain the cores OEM does not prefer to remanufac-
ture. For low values of cost to value ratio of remanufactured products, OEM uses all
available cores. For moderate level of cost to value ratio, IR remanufactures some
portion of cores. And, for some high enough level of the ratio, remanufacturing is not
chosen by any of the agents. The least level of environmental impact can be obtained
with parameter set under which OEM does not remanufacture but IR does. Another
competitive lever is preemptive collection. For very low values of cost to value ratio,
OEM collects and disposes all available cores. In this case, quality level is higher than
no remanufacturing case. This study investigates the effects of quality level to handle
competition. They defined remanufacturing cost to increase with quality, whereas we
consider quality of products with remanufacturability and remanufacturing cost in our

study decreases with increase in remanufacturability.

Majumder and Groenevelt [[11] investigate effects of competition to market price and
players’ profits. A market with two actors is designed, an OEM and an IR. A two-
period model is considered. In the first period, only products supplied to the market
1s OEM’s manufactured ones. In the second, a fraction of manufactured items in the
first period is returned and shared among OEM and IR. OEM and IR uses that re-
turned items to remanufacture with a constant rate. OEM can increase its output via
manufacturing. When a player does not use all of its available returns, the competitor
can use those. Customers perceives remanufactured products of OEM as identical to
brand new products. However, remanufactured products of IR is taken as inferior.
Demand of each player is sensitive to price of remanufactured products of both play-
ers. Whether or not they use their share of returned items creates four different cases.
For lower values of returns, both players uses all of their returned products. When
return increases, IR does not use all its returns to remanufacture and only OEM makes
remanufacturing. OEM increases manufacturing quantity in the first period if he re-
manufactures. Remanufacturing cost decreases remanufacturing activities of players.
As a result, OEM and IR are willing to cooperate to decrease remanufacturing cost.

It is observed that existence of competition makes OEM manufacture less in the first
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period and increase remanufacturing cost of IR. A dynamic model is constructed
to represent real cases better such that manufacturing occurs in the first period and
remanufacturing and manufacturing coexist in the second period. Supply of reman-
ufacturing is constrained with the first periods manufacturing quantity and constant
return rate. Results of this model coincide with the static model. Optimal price for
remanufactured product depends on green segment size. Supply of remanufacturing
is another issue to consider for firms. Increasing manufacturing quantity in the earlier
stages of product life cycle, increasing return rate and waiting more before beginning
remanufacturing are three alternative ways presented for increasing remanufacturing
supply. Static competition is also considered. Brand image of competitor is inferior
than the brand image of original manufacturer. Unit cost of remanufacturing should
be sufficiently low in order for remanufacturing to be profitable when there is a com-
petitor. The market is divided into two customer types, primary and green. Benefit of
remanufacturing increases with green segment size. The profit difference created by
remanufacturing is higher under competition than monopoly case. Benefit of reman-
ufacturing increases with the brand power of competitor. The original manufacturer
only uses high price strategy for remanufactured products (separating primary seg-
ment and green segment). This study investigates effects of competition but do not

consider investment needed for remanufacturability.

Wau [12] considers pricing and disassemblability together. At first OEM determines
disassemblability, which decreases both unit manufacturing and unit remanufacturing
cost and has a fixed cost. OEM determines manufacturing quantity in the first period.
In the second period, remanufacturer gets product returns with certain disassemblabil-
ity. Then, OEM and remanufacturer determine manufacturing and remanufacturing
quantity, respectively. There are two customer types primary and green customers.
Primary customers perceive remanufactured product as inferior, whereas green cus-
tomers see manufactured and remanufactured products as identical. OEM has two
alternative strategies for disassemblability, high and low. Remanufacturer determines
the pricing strategy, she determine whether she sells remanufactured products to pri-
mary customers by keeping prices low or not. There are cases in which high disas-
semblability is beneficial for both OEM and remanufacturer. This study considers

disassemblability with competition of OEM’s manufactured products and remanu-
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facturer’s remanufactured prodcuts, whereas we consider competition of OEM and

remanufacturer in the remanufactured product market.

2.1.3 Pricing of Brand-new and Recovered Products

Atasu et al. [[13] argue that there are three main drivers an OEM to start remanu-
facturing. It is possible to cannibalize competitor’s new product sales with reman-
ufacturing. For some industries, existence of green consumer segment helps firms
to make extra profits via price discrimination. With remanufactured products, firms
can expand their market share. This study explores the conditions under which ben-
efits of remanufacturing are maximized. As a benchmark scenario, static monopoly
is discussed. Remanufacturing supply is assumed to be unlimited. Customers are
differentiated with respect to their perception for remanufactured products, primary
customers and green customers. Primary customers perceive remanufactured prod-
ucts as inferior goods. Whereas, green customers perceive remanufactured products
as identical to brand new products. It is shown that depending on green segment size
pricing strategy changes. When green segment is small, it is better to keep price of
remanufactured product low and attract primary customers. When green segment is
larger than a threshold, higher prices for remanufactured products and creating two
distinct markets maximize profit. We use a price function similar to price function of

this study.

Gan et al. [14] investigate optimal pricing policy together with channeling decisions.
Brand new products are sold to customers via a retailer and remanufactured prod-
ucts are sold directly to customers by the manufacturer. An independent collector
collects remanufacturable used items and sold them to manufacturer. The manufac-
turer determines wholesale price for manufactured products sold through a retailer
and market price for remanufactured products. Retailer determines market price for
manufactured products. Collector determines acquisition fee for used products. Life
cycle of a product is divided into four intervals such that at first, there is only manu-
factured products in the market, then remanufacturing starts, share of remanufactured
products in the market becomes higher than manufactured ones, and lastly market

consists of only remanufactured products. They consider pricing of manufactured
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and remanufactured products and there are intervals in which only manufactured and

only remanufactured products are supplied to the market as we do.

Ketzenberg and Zuidwijk [15] investigate pricing of products considering effect of re-
turn policies. Demand is a function of both market price and the return policy. When
return policy is more flexible, customers are encouraged to purchase the product. A
two-period model is created. The first period’s demand is satisfied with manufactured
products in the first period. The second period’s demand is satisfied with returns in
the first period and the products that are manufactured in the first period and carried
to the second period. The returns of the second period is salvaged. They also consider
the case where the market size and returns are uncertain. They conclude that for sev-
eral settings an intermediate return policy is optimal. This study focuses on pricing
decisions together with return policies whereas we focus on pricing, competition and

remanufacturability investment.

Customer perception toward low end products, high end products and remanufac-
tured products is an important issue while making pricing decisions. Common parts
and subassemblies of low and high end products help manufacturer to reduce manu-
facturing and inventory related costs. However, with the increase in common parts,
customers’ valuation of high end products decreases and customers’ valuation of low
end products increases. Subramanian et al. [16] investigate the effect of remanufac-
turing operation to commonality decision and the effect of not considering reman-
ufacturing while determining commonality of a product. To perform this analysis,
they create three models, without remanufacturing, with remanufacturing by OEM,
and with remanufacturing by a third party remanufacturer. Production cost of high-
end product decreases with commonality. Production cost of low end product may
increase or decrease depending on problem parameters. Only high end products are
used for remanufacturing. Customers’ quality perception of remanufactured prod-
uct is in between high-end and low-end products. They conclude that when a third
party is the one who remanufactures, it is more important to take remanufacturing
into account. When the third party remanufactures, commonality is less preferable.
In this study, pricing decisions are investigated with commonality decision, whereas

we determine pricing with remanufacturability investment.

18



Chen and Chang [17] investigate the pricing decision using dynamic programming
technique. A two period model is constructed with one player. In the first period,
manufacturer supply manufactured products to the market. In the second period,
manufactured and remanufactured products are supplied to the market with differ-
ent market price. Market potential is shared among two product types and quantity
demanded is a deterministic function of both product types. The input of remanu-
facturing in the second period is limited with a fraction of manufacturing quantity in
the first period. For comparison a single period model and a multi-period model are
created. In the single period model, remanufacturing input is unlimited. They con-
sider competition of OEM’s manufactured and remanufactured products, whereas we

consider competition of remanufactured products of OEM and IR.

Debo et al. [18] consider pricing decisions in an environment where remanufactura-
bility of products is a decision variable. A model with an OEM is designed in which
OEM makes manufacturing and remanufacturing. OEM chooses level of technology
of the original product which determines cost of manufacturing and remanufacturing.
Manufacturing cost increases with an increase in the technology level whereas reman-
ufacturing cost is a non-increasing function of level of technology. In order to reach
certain technology level, OEM should make an investment. They investigate the pric-
ing decisions of manufactured and remanufactured products of OEM that are sold in
the same market and compete with each other. They also consider the competition of
independent remanufacturers in the remanufactured product market. Our study differ
from this study with extensive analysis of effects of competition of OEM’s and IR’s

remanufactured products.

2.1.4 Value of Sorting Information

One of the drawbacks of remanufacturing is not having information about availability
of returned items for remanufacturing. This drawback can be eliminated by sort-
ing returned products prior to remanufacturing process. Value of sorting information
(whether benefits of sorting prior to remanufacturing is higher than its cost) is investi-
gated in Zikopoulos and Tagaras [[19]. Quick but not perfect sorting is investigated in

this article. The supply chain consists of a collection site and a remanufacturing facil-
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ity. Two quality classes are considered, remanufacturable and not remanufacturable.
There are two types of classification error, eliminating remanufacturable returns and
not eliminating not remanufacturable ones. Exact condition of returned product is
appeared at remanufacturing facility. The proportion of remanufacturable items is
assumed to be a continuous random variable. Price is assumed to be deterministic.
A shortage cost is incurred for unsatisfied demand. Procurement quantity and re-
manufacturing quantity are the decisions of the manufacturer. Benefits of sorting is
dependent on remanufacturing cost, sorting cost, disassembly cost and failure rates
of sorting. When failure rates of sorting and sorting cost is sufficiently low sorting
helps manufacturer to decrease total remanufacturing cost. It is stated that the rate of
failure that is classifying remanufacturable ones as not remanufacturable have greater
impact on efficiency of sorting operations. Gu and Tagaras [20] consider similar re-
verse supply chain problem such that used products are sorted imperfectly in order
to eliminate not remanufacturable ones. However, there are errors classifying used
products. Contribution of this study to literature is it considers effect of decentral-
ization together with effect of imperfect sorting. A collector who is responsible of
inspection of used products sends more than ordered remanufacturable products to
remanufacturer. Actual conditions of the items are revealed after disassembly pro-
cess by remanufacturer and the items that are not remanufacturable and that are not
needed by remanufacturer are discarded. If the remanufacturable items are not suffi-
cient to satisfy remanufacturer’s order then collector pays a penalty per unit shortage.
They create a centralized setting to observe effect of centralization. These two studies
investigate the effects of sorting information in monopolistic setting. We consider the

effect of sorting information together with competition.

One of the main difficulties in closed loop supply chains is uncertainties. Ketzenberg
et al. [21] investigate effects of uncertainties in demand, in product returns and in
product recovery rate. The uncertain demand is satisfied via procuring new product
from an external supplier or recovering returned products. Shortage cost and inven-
tory holding cost is charged for unsatisfied demand and excess supply, respectively.
The firm determines order quantity from external supplier to minimize total cost.
Demand and product returns are independent normally distributed random variables.

Product recovery is not capacitated and a fraction of product returns becomes mar-
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ketable goods. They create different cases in which information available is different.
They consider the cases with no information, with number of demands, number of re-
turns and two cases with combination additional information alternatives in order to
investigate effects of uncertainties. Hosoda et al. [22] also consider value of informa-
tion when demand, product return and yield rate is uncertain. In addition to that they
consider effect of remanufacturing lead time and the effect of correlation between de-
mand and product returns. The two study takes product return as uncertain, whereas
we assume a deterministic return rate. They investigates effect of sorting informa-
tion (uncertainty in yield rate). However, we differ from these two studies such that
we also consider remanufacturability investment and competition in remanufactured

product market.

The aim of this thesis study is to investigate the effects of competition in the reman-
ufactured market, effects of sorting information of returned items and effect of being
aware of competition on economical and environmental performance of the system.
The study is differed from existing literature, the effects of competition is examined
for the settings with or without sorting information. Moreover, effects of sorting in-
formation is examined for both monopolistic and duopolistic settings. The effects of

competition awareness is investigated with remanufacturability investment.

2.2 Problem Definition

In this study, we consider a two-period manufacturing/remanufacturing problem. In
the first period an OEM supplies new products to the market. In the second period,
both OEM and IR remanufacture the returns. There is no new items produced in the
second period. The level of remanufacturability of the returns is determined by the

OEM’s investment in the first period.

All information is common knowledge, which includes the manufacturing quantity
and remanufacturability level at the beginning of the second period. It is assumed

that both players and customers are rational.

At the beginning of product’s life cycle, there is no returned product to be used for

remanufacturing. As a result, manufactured products do not compete with reman-

21



ufactured products. Intervals of manufacturing and remanufacturing do not overlap
with each other. In other words, remanufacturing does not start until manufacturing

ends.

Products sold in the first period is the only source of returned products. As a result,
OEM can determine maximum remanufacturing input quantity by indirectly deter-
mining manufacturing quantity. Some of the used items cannot be collected, only a
fraction of sold items returned. Remanufacuturing output also depends on remanufac-
turability level. Number of remanufacturable items, i.e. maximum remanufacturing
output, is proportional to remanufacturability level as well as total returns. Reman-
ufacturability level is another tool of OEM in order to deal with competition in re-
manufactured product market. OEM and IR serve the same market. As a result, they

compete in the remanufactured product market in the second period.

In the very beginning of the product design stage, OEM should determine level of
remanufacturability. Since, level of remanufacturability is modeled as the determi-
nant of yield rate of remanufacturing process. The investment required to establish a

specific remanufacturability level, 0 < e < 1, is formulated as a quadratic function,

ke?.

In order to focus on our main research questions, we do not take the demand uncer-
tainty into account. The utility gained by a customers is a linear decreasing function
of market price of the product. Hence, quantity demanded is a linear decreasing
function of price and can be manipulated by market price of product. By using this
information, we can say that market price is a function of total quantity supplied to
the market in that period. If () is total quantity supplied to market in a period, price
obtained by inverse demand function is in the following form: (please see table

for the notation used throughout the thesis)

P(Q) = (a—bQ)

where a and b are maximum selling price and coefficient of quantity sensitivity of

inverse demand function, respectively.

The nature of market price for manufactured and remanufactured products (by OEM

and IR) can be different, since the customers perception can be differed for these
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Table 2.2: Table of Notation

Q2M

Q2r

m(Q1,€)
Ton (Qanr, Q2r)

7T2R(Q2R7 QzM)

Pi(Q1)

Poni(Qanr, Q2rle)

Pyr(Q2r, Qanrle)

1
Com

C2R

Decision Variables

Quantity of new products manufactured in the first period
Quantity of remanufactured products by OEM in the second
period
Quantity of remanufactured products by IR in the second
period
Level of remanufacturability, i.e. desired remanufactured
option yield fraction

Parameters
OEM’s profit in the first period for given values of (); and e
OEM’s profit in the second period for given values of ()25,

and Q2R

IR’s profit in the second period for given values of ()2 and
Qam

Inverse demand function for the first period

for given values of (),

Inverse demand function of OEM for the second period
for given values of Q)or and Qo

Inverse demand function of IR for the second period
for given values of (Yo, and Qor

unit manufacturing cost

unit remanufacturing cost of OEM

unit remanufacturing cost of IR

unit recycling revenue

investment cost coefficient of remanufacturability
return rate of used products (0 < 7 < 1)

OEM’s share of the returned products (0 < v < 1)
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products. In order to capture these effects, we concentrate on price functions for
manufactured items in the first period and remanufactured items by OEM & IR in
the second period with different parameters. We specifically consider the following
price functions for manufactured products in the period 1, remanufactured products

by OEM in period 2 and remanufactured products by IR in the period as follows:

Pi(Q1) = (a1 — b1Q1) (2.1)
Pori(Qane, Q2rle) = (aan — banre(Qans + Q2r)) (2.2)
Por(Qan, Qarle) = (azr — bage(Qanr + Q2r)) (2.3)

Notice that the parameters maximum selling prices, a1, as and ag, and coefficient of

quantity sensitivities of inverse demand function, by, by, and by are allowed to be

non-identical for 2.1} [2.2]and [2.3]

In order to exclude the competition between OEM and IR in collecting used prod-
ucts, we assume that customers return used products when they are no longer needed
without any acquisition fee . There is no investment needed to collect used products
either. In the second period, 7, a deterministic fraction of sold manufactured products
are returned. The returns are split between the OEM and IR based on a deterministic
rate, 7. Hence if (), units is produced in the first period, the available returns for re-
manufacturing in the second period is 7¢);. OEM and IR take y7Q); and (1 — )74
of returns, respectively. In monopolistic settings, OEM gets all returned items. y7();
and (1 — )7 are maximum remanufacturing quantities, OEM and IR do not have

to use them to remanufacture.

Level of remanufacturability is the decision of OEM that directly changes the re-
manufacturing yield. That is, level of remanufacturability and remanufacturing input
quantity determines remanufacturing output. Total output of remanufacturing process
is equal to eQ)9y, for OEM and eQ)sr for IR, respectively. Both parties are affected

from remanufacturability level.

Unused returned products are recycled to the material level. Sources of recycling are

unused returned items and scraps caused by low remanufacturing yield. Products that
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are sent to recycling is equal to (y7Q; — eQays) for OEM and ((1 — v)7Q1 — eQ2r)
for IR.

The sequence of events in our problem environment is as follows:

e Period 1 OEM determines manufacturing quantity, ¢); > 0, and level of reman-
ufacturability, 0 < e < 1, simultaneously and sells all manufactured products

at price of P (Q1).

e Period 2 OEM gets y7(); of returned products and IR gets (1 — v)7Q; of
returned products with remanufacturability level e and they determine simulta-
neously remanufacturing input quantities, 0 < Qopy < y7@1 and 0 < Qo <
(1 — v)7Q1, without knowing which returned products are suitable for reman-

ufacturing. All remanufactured products of OEM and IR are sold at prices

Pori(Qonr, Qarle) and Por(Qanr, Qarle), respectively.

The competition is modeled in a duopolistic setting where OEM and IR sells their
remanufactured products in the same market. In order to see the effects of competition
to our performance measures, we concentrate a monopolistic setting where there is
only OEM that remanufactures as a benchmark. The equilibrium outcome of this
model is compared to the optimal solution of the monopolistic market. Total value
recovered, remanufacturability level and total system wide profit are considered as

performance measures.

The ratio of successfully remanufactured items to remanufacturing input quantity is
equal to the remanufacturability level. Remanufacturing cost per unit incurred is
regardless of the result of remanufacturing process. That is, the cost is incurred for

all items that enter the remanufacturing process.

We also investigate the effect of perfect sorting information prior to remanufacturing.
To do so, we also created different settings. These settings differ from benchmark set-
tings with remanufacturing cost structure. Total remanufacturing cost is proportional

to succesfully remanufactured products instead of total remanufacturing input.

For the settings with perfect sorting information prior to remanufacturing process,

only remanufacturable products enter the remanufacturing process and cost only in-
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curs for remanufacturable products. It is assumed that there is no cost related with
sorting process. In order to investigate the effects of the sorting information, we
compare optimal solutions of monopolistic model without sorting information and
monopolistic model with sorting information, and we compare equilibrium solutions
of duopolistic setting without sorting information, duopolistic setting with sorting in-
formation for only OEM, and duopolistic setting with sorting information for both

OEM and IR.
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CHAPTER 3

MONOPOLISTIC SETTING

OEM is a monopoly in the manufactured product market as in remanufactured prod-
uct market in this setting. In other words, there is no competitor in any of the mar-
kets. OEM determines manufacturing quantity and remanufacturability level in the
first period and remanufacturing quantity for given sales of manufactured product and
remanufacturability level in the second period. Since, there is only OEM in the mar-
ket, OEM takes all returned products. OEM as a monopoly is our benchmark model
in order to see the effect of competition to our performance measures by comparing

it with duopolistic model.

Depending on the sorting information two different monopolistic models are created:

(i) Monopolistic model without sorting information.
(i1) Monopolistic model with sorting prior to remanufacturing.
The problem of OEM is analyzed in Section [3.2] and [3.3] when sorting information

of returned items is not available at the beginning of remanufacturing process. The

problem of OEM is analyzed in Subsections[5.1.1|and [5.1.2] when quality information

of returned items is available prior to remanufacturing process.

3.1 Monopolistic Model without Sorting Information

In the monopolistic model without sorting information, OEM does not know which
returned items are suitable for remanufacturing until the process ends. In order to

obtain a desired remanufacturing output level, (), OEM have to start remanufacturing
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with more than planned remanufacturing output quantity,() /e, since (1 —e) portion of
remanufacturing input fails to be remanufactured. When OEM starts remanufacturing
with 257, remanufactured product supplied to the market is eQ2ps. (1 — €)Qapy is
the quantity sent to recycling due to yield loss. Since success of remanufacturing
is observed at the end of the remanufacturing process, cost of remanufacturing is

incurred for all items, (25, that enter remanufacturing process.

Sequence of events for monopolistic model without sorting information prior to re-

manufacturing is as follows:

e Period 1 OEM determines manufacturing quantity, ¢); > 0, and level of reman-
ufacturability, 0 < e < 1, by incurring total manufacturing cost of ¢;(); and

making an investment of ke? for the level of remanufacturability, respectively.

Unit market price for manufactured items become P; (@) = a; — b1Q;. OEM

sells all (1 units at a unit price of P;((Q1).

e Period 2 OEM gets 7(); returns with remanufacturability level e.

OEM determines remanufacturing input quantity (Jo5; such that 0 < Q9py <
T()1, incurring total remanufacturing cost of cop;()2), and obtains unit recycling
revenue of s for returns that are not remanufactured, (7Q); — Q2)/), and items

lost in remanufacturing process, (1 — €)Qaxs -

The market price becomes Py (Qanr) = agnr — bapreQanr. OEM sells all Qo

at a unit price of Py (Qanr)-

Profit of OEM in the first and the second periods are represented by 7 (Q1, ¢) and

o (Qanr|Q1, €), respectively.

In order to solve the problem of OEM, we use backward induction. First, for the
second period problem, we characterize the optimal ()2, for given values of (); > 0
and 0 < e < 1. Then, using the optimal solutions obtained, the first period problem
where the sum of the first period & the second period profits under the optimal ()2,
decision is maximized. The analysis for the second and the first period problems are

given in Section [3.2]and [3.3] respectively.
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3.2 Analysis of OEM’s Second Period Problem

OEM’s second period problem can be stated as follows:

mazximize Ton (Qanr|Q1, €) = (aanr—banreQanr)eQanr—ConsQanr+5(Q17—Q2nr€)

subject to

Qonr < 1T (3.1)

Qan = 0 (3.2)

The objective function is composed of revenue generated by selling remanufactured
products, cost of remanufacturing and revenue generated by the returned items that
are not successfully remanufactured and not remanufactured. Constraint [3.2] repre-
sent non-negativity of remanufacturing quantity in the second period. Constraint 3.1]
represents that maximum 7 fraction of the first period manufacturing quantity can be
remanufactured in the second period. Right hand side of is dependent on manu-

facturing quantity determined in the first period.

Lemma 3.2.1. 79,,(Q2nr) is a concave function of Qayy -

Proof. The second derivative with respect to (o, is as follows:

d27T2M(Q2M)
— A — _2byye?
Q3 ’
Since boyr > 0, —2bgpre? < 0 for 0 < e < 1. Therefore, oy (Q2ns) is concave in
Qo ]

Theorem 3.2.2. If for a given value of 0 < e < 1, ®2M=20=2¢ < (), then remanu-
2M €

facturing is not profitable for all given values of ()1 > 0 in the second period, i.e.,

Q3 = 0 under the optimal solution. Otherwise, for given ()1 > 0and 0 < e < 1

values, the optimal input quantity to the remanufacturing process, Qs ,,, in the second

period is
aspe—copr—se (a2nre—canr—se)
Q5 (Q1re) = et OSTRLT S OT o)
’ . a e—c —Sse ’
7 if Qur < (tpcay_sd
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Proof. The first derivative of oy (Qans) With respect to Qoyy is

dﬂzM(QzM)
dQanr

If aspre — copyr — se < 0,

= Qopr€ — 21)2M€2Q2M — Cop — SE . (3.4)

dman (Q2nr)
dQanm

the second period profit function is decreasing in Qo5 and o)y = 0 maximizes

< 0 for all possible values of ()23, > 0. Hence,

7T2M(Q2M)-

Otherwise, since mop/((Q2x7) is a concave function of (Qsy, if the unconstrained so-
lution is feasible with respect to constraint [3.1] it is optimal. Otherwise, under the
optimal solution, constraint [3.1]is binding. Unconstrained solution can be found by
setting [3.4] to zero. Equation [3.3| provides the result.

Aopf€ — Copr — S€e
262M€2

Qam = (3.5

]

When aspre — copr — se < 0, OEM does not remanufacture since profit margin is
negative for for any given ;. ﬁ is the critical ratio for OEM to begin reman-
ufacturing activities. Any remanufacturability level, e, less than the critical ratio is
dominated by no remanufacturing decision. Profit always decreases with an increase
in the remanufacturability level until the critical ratio. As a result remanufacturability

levels which is less than critical ratio is never implemented.

Following the result provided in Theorem [3.2.2] profit in the second period under the

optimal solution can be characterized.

If % < 0, then the second period’s profit only consists of recycling revenue

as below.
Ton(Q1,€) = sTQy

When the optimal solution characterized in the Theorem [3.3|is plugged to the second
period problem into the profit expression, we obtain the second period profit as a

function of (), and e is as follows:

(aamre—capr—se)? + STQl Zf 0< (aznre—cans—se) < Ql

4bopre? 27bypse2
o (Qr,e) = (agpe — copr — s€)TQy if Q1 < —(a”;;;i[f{se) (3.6)

—bQM(T€Q1)2 + 571
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3.3 Analysis of OEM’s First Period Problem

We can now solve the first period problem where OEM determines () and e to max-

imize its total profit over two periods. Let (1, €) stands for total profit function

over two periods. In order to find (); and e that maximizes total profit, joint concavity

of it should be used.

For the sake of brevity, let Ay (€) = %

T (Q1,e) if < Asy(e) <0
mr(Q1, e)=m1(Q1,e) + 7 (Qrie) if 0< Agyle) < QT
T (Qr,e) if Q7 < Asn(e)
where

Wé%(@h €) = sTQy

2
(i) B (aspe — conr — se)
Tonr (@1, €) = sTQ1 + T
134)

WéM (Qh 6) = s7Q1 + (OLzM6 — CnM — SG)TQl - sz(T€Q1)2

OEM’s first period problem can be expressed as

maximize wr(Q1,e) = m(Q1,€) + 7oy (Q1,€)

where
T1(Q1,e) = (a1 — ¢ — b1Q1) Q1 — ke?
subject to
Q>0
0<e<1

(3.7)

(3.8)

(3.9)

Objective function of the first period consists of revenue generated by selling manu-

factured products, cost of manufacturing and investment cost for the remanufactura-

bility level, e. Constraint [3.8| represent non-negativity of manufacturing in the first

period. Constraint [3.9] represents that since remanufacturability is modeled as yield

rate fraction, it should lie in the interval, [0, 1].
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We cannot show the joint concavity of the total profit function for (); and e. Hence,

we implement an algorithm to find optimal solution.

Below, we characterize optimal (), for given e.

(a2nre—canr—se)

Proposition 1. Given el

< 0, optimal manufacturing quantity in the first

period, (J7, is
a; — 1+ 8T

Qi = - (3.10)

(aonre—cans—se)

Proof. Profit function given gy 2

< 0, can be expressed as follows
7T?(Q1|6) = (a1 — ¢; — b1Q + s7)Q) — ke?

The second derivative of ng) (Q1|e) with respect to (5 is as follows:

9*7(Que)

= —2b
091 1
- - L 9P (Qule) () - -
Since by > 0 is always positive, —%57—— < 0. Therefore, 77" (Q1]e) is concave in
1

Q1.
The first derivative of W(Ti) (Q1|e) with respect to @, is as follows:

o (Qule)

aQ = a1 — 2b1Q1 —c1 + 8T (311)
1

Optimal solution given in equation [3.10|is found by setting to zero. O
Proposition 2. Given % > 0, optimal manufacturing quantity in the first
period, (3, is

N if 0 Apyle) < roips
L (a1—c1+s7)+7(aspre—copr—se) - aj—c1+s
2b14+2bgpse? Zf T 21)11 - < AQM(e)

Proof. Profit function given 0 < Ayys(e) < 70
1 (Qule) = (@1 — 1 = biQy + 57)Q1 — ke?

The second derivative of W(Tii) (@1 ]e) with respect to ()4 is as follows:

P (Qule)

—2b
0Q? '
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9% (Q1e)

oz <0 Therefore, ﬂgfi)(Qﬂe) is concave in ;.

Since b; > 0,

The first derivative of Wéfi) (Q1|e) with respect to @, is as follows:

oy (Q]e)
Q.

Optimal solution can be found by setting to zero given 0 < Agps(e) < 7Q.

= a1 — 2b1Q1 —C| + ST (312)

Profit function given 74557 < Ay (e)

T2 (Qile) = (a1 — 1 —biQ1 +5T)Q1 — ke? + (aznre — cans — 5€)TQ1 — bans (TeQ))?
The second derivative with respect to (), is as follows:

*7 (Qile)
0Q?

Since b; > 0, bops > 0, 7 > 0 and e is defined in 0 < e < 1. Therefore, ﬂéfii)(Qlle)

= —2b1 — QbQM(eT)2

is concave in ().

The first derivative with respect to (), is as follows:

Om (@ule)
0
Optimal solution can be found by setting to zero given 7(); < Asps(e).

= a3 —c1+sT+T(agpe — capr — se) — 201 Q1 — 2b2MQ1(eT)2 (3.13)

Profit function, (@1 |e), is continuously differentiable at Q1 < Asp;(e)/7.

s (Agps(e) /7€) (asnre — canr — se)

=a—2b — ¢y + 8T
oQ1 1 2b € )-a
(i) .
Omy (gg‘f(e)/ 19 _ gy —¢; 4 s+ 7(agpre — conr — se)
—2by (—GQM;I;EEQTSG) - szM(—%Mgeb;ifé‘gfse)(eTV

ori (Asu(e)/7le) _ Omy™ (Asu(e)/7le)
01 0Q1

If the first derivative of total profit function is positive in the region for all (), in the re-
gion, optimal manufacturing quantity lies in the region ()1 < Ayys(e)/7. Otherwise,

manufacturing quantity that maximizes total profit lies in the region 0 < Agps(e) /T <

Q1. ]
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As a result of Theorem [3.2.2] and Proposition 2] optimal solution to overall problem

for a given 0 < e < 1 is as follows:

(—al_2cb11+87—, 0) Zf AQM(6) <0
(QT, QSM) — (alf;blfsr7 (02]\426b;;?2§—86)) Zf 0< AQM(G) < Ta1f2cb11+sr
Q. 7Q)) if TESEET < Agy(e)

©_ (a1—ci+s7)+7(agpe—can—se)
Where (); = b1 1 2bynr

The steps of the solution procedure in order to find the optimal level of remanufac-
turability, manufacturing quantity in the first period and remanufacturing quantity in

the second period are as follows:

1. Optimal manufacturing quantity, ()1, and remanufacturing quantity, ()5, are
determined using [3.14] that maximizes total profit for increasing levels of re-

manufacturability, e .

2. We plug optimal ()1, )2y and the given remanufacturability level used in the

first step, e, to the total profit function.

3. We search for the optimal remanufacturability level that maximizes total profit

in its range.
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CHAPTER 4

DUOPOLISTIC SETTING

In this chapter, we focus on the setting where OEM is not the only actor in the market.
IR competes with OEM in the remanufactured product market. Both players have
perfect information about problem parameters. Manufacturing is carried out by only
OEM in the first period. OEM can manipulate total returned items by controlling
manufacturing quantity. OEM and IR shares returned items with a constant sharing
ratio. OEM and IR remanufacture in the second period using returned items. Our aim
is to characterize the solution to the duopolistic model and compare it to the optimal
solution of the monopolistic model in order to investigate effect of competition to

economical and environmental performance measures.

Depending on whether sorting information is available, three different duopolistic

settings are considered:

(1) Duopolistic model without sorting information.
(i1) Duopolistic model with sorting information for only OEM.

(111) Duopolistic model with sorting information for both OEM and IR.

We consider these settings in order to investigate the effect of sorting information
on economical and environmental performance measures. Duopolistic model without
sorting information is analyzed in Sections 4.2]and [4.3] Duopolistic model with sort-
ing information with sorting information for only OEM is analyzed in Subsections
[5.2.1]and [5.2.2] Duopolistic model with sorting information for both OEM and IR is
analyzed in Section
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4.1 Duopolistic Model without Sorting Information

In the duopolistic model without sorting information, OEM and IR do not know which
specific returned items are remanufacturable until the the remanufacturing process
ends and yield loss occurs throughout remanufacturing process. Therefore, reman-
ufacturing cost incurs due to inefficiency caused by yield loss. OEM (IR) starts re-
manufacturing with Q2 (Q2r). But, due to not remanufacturable returned items,
successfully remanufactured product quantity is equal to eQays (eQ2r). Hence, both

firms suffer from yield loss in remanufacturing.

Cost of remanufacturing for duopolistic model without sorting information prior to re-
manufacturing is the same as its monopolistic counterpart. When OEM (IR) starts re-

manufacturing with input quantity Q2ys (Q2r), cost of remanufacturing is eQapscans

(eQzRCQR)-

OEM does not get all returned items as in the monopolistic setting. OEM and IR
shares returned products with constant sharing fraction. With total return quantity
7)1, OEM gets y7Q; and IR gets (1 — )7(Q);. Both firms have the recycling option

and recycling unit revenue is same for OEM and IR.

Sequence of events for duopolistic model without sorting information prior to reman-

ufacturing is as follows:

e Period 1

OEM determines manufacturing quantity, ¢); > 0, and the level of remanu-
facturability, 0 < e < 1, by incurring a total manufacturing cost of ¢;(); and

making an investment of ke? for level of remanufacturability, respectively.
The market price for manufactured items become P;(Q)1) = a; — b1Q;. OEM
sells all (1 units at a price of P, ().

e Period 2

OEM and IR get y7(Q); and (1 — 7)7Q); returns with remanufacturability level

e, respectively.

OEM and IR simultaneously determine remanufacturing input quantities (J2ys
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and QQar such that 0 < Qopy < 7@ and 0 < Qopr < (1 — v)7Q4, in-
curring total remanufacturing cost of con/(Q2ps and cor(Qor and obtain recy-
cling revenue of s for returns that are not remanufactured, (y7¢); — Q257) and
((1 = v)7Q1 — Q2r), and items lost in remanufacturing process, (1 — €)Qans

and (1 — e)Qag, respectively .

The market price becomes Paops(Qanr, Q2r) = aonr — banre(Qanr + Qar) for

remanufactured products of OEM. OEM sells all e()2y; at an unit price of
Poni(Qanr, Q2r)-

The market price becomes Pyr(Q2r, Q2nr) = asn — banre(Qans + Qor) for re-

manufactured products of IR. IR sells all eQ)2 at an unit price of Pyg(Q2r, Q2nr)-

Profit of OEM in the first and the second periods are represented by (@), ¢) and

Tonr (Qanr, Qar|Q1, €) respectively. Profit of IR in the second period is represented

by mor(Q2r, Q2| Q1 €).

In order to solve the problem of OEM and IR, we use backward induction. First,
for the second period problem of two firms, we characterize the equilibrium (2,
and @)or for given values of (); > 0 and 0 < e < 1. Then, using the equilibrium
solution obtained, the first period problem where the sum of the first period and the
second period profits of OEM under the equilibrium ()2,and (o r is maximized. The
analysis for the second and the first period problems are given in Sections.2)and 4.3]

respectively.

4.2 Analysis of the Second Period Problem

OEM'’s second period problem can be stated as follows:

—b i
maximize  mon (Qonr, Qor|@1,€) = (aznr — barre(Qanr + Q2r))eQanr
o —CopQons + s(Y7Q1 — Qanse)
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subject to

Qanm < TV (4.1)

Qan 20 (4.2)

IR’s second period problem can be stated as follows:

maximize mon(Qa, QunlQue) — 2 bene(Qon Qe

Q2r —CQRQQR + S((l - ’V)TQl - Q2Re)
subject to
Qor < (1 —7)7Q 4.3)
Q2r >0 (4.4)

Objective functions are composed of revenue generated by selling remanufactured
products, cost of remanufacturing, and revenue generated by the returned items that
are not successfully remanufactured and not remanufactured. Constraints 4.2and
represent non-negativity of remanufacturing quantity of OEM and IR, respectively,
in the second period. Constraints and represent that maximum ~7 and (1 —
~)7 fractions of the first period manufacturing quantity can be remanufactured by
OEM and IR, respectively, in the second period. Right hand sides of .1 and [4.3] are

dependent on the manufacturing quantity.

We start our analysis with the profit functions of OEM and IR. For the sake of brevity,

_ (aame—copr—se) __ (asre—cop—se)
let AQM(@) = ome? and AQR(G) = per

Lemma 4.2.1. 75/ (Qanr, Q2r) is a concave function of Qapy.

Proof. The second derivative with respect to (o, is as follows:

d27TQM<Q2Ma Qm)
dQ3y

Since baps > 0, —2bopre? < 0 for 0 < e < 1. Therefore, mo (Qanr, Q2r) is concave

= —2b2M€2

in Qo for given Qo5 > 0. ]
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Theorem 4.2.2. Fora given value of 0 < e < 1and Q)1 > Q, if %—% <
0, then remanufacturing is not profitable for all given values of ()1 > 0 in the second
period, i.e., Qapr = 0. Otherwise, for given ()1 > 0 and 0 < e < 1 values, the best
response function of OEM in the second period is

aspre—Ccopny —Se Qar Aspr(e)—Q2r
2M 2 M — 8 Zf —SQl

Qoni(Q2r|Q1,e) = 2banre? 7 B 4.5)
7"7@1 Zf Ql < A2M(2?'y Q2R
Proof. The first derivative of mop; (Qanr, Q2r) With respect to Qo is
d
ToM (dQQZJ\/[a Q2R) = agpre — 2b2M€2Q2M . b2M62Q2R — Copp — SE . (46)
oM
If eane—cay—se _ Qon o () dmaar(@oaQor) () for all possible values of Qonr > 0
2b2pr€? 2 > dQam P M=

Hence, the second period profit function is decreasing in ()25, and the Qo = 0

maximizes mop;(Qanr, Qa2r)-

Otherwise, since oy (Qanr, Q2r) is @ concave function of (o), if the unconstrained
solution is feasible with respect to constraint {.1] it is the best response of OEM.
Otherwise, under the equilibrium solution, constraint is binding. Unconstrained
solution can be found by setting[4.6]to zero. Equation {1.7] provides the result.

Qan =

M€ — Copm — S€ Q2r
2b2M€2 2

4.7)

O]

Lemma 4.2.3. mor(Q2r, Q2nr) is a concave function of Qap.

Proof. The second derivative with respect to (5 is as follows:

d27TzR(Q2R, QQM)
dQ3g
Since bog > 0, —2boge? < 0 for 0 < e < 1. Therefore, Tor(Q2r, Q217) is concave in

= —2()2362

Qo for given QQ2ps > 0. O

Theorem 4.2.4. If for a given value of 0 < e¢ < 1, UZRSb_Q ;2632_86 — Q22M < 0, then
remanufacturing is not profitable for all given values of ()1 > 0 in the second period,
i.e., Qog = 0. Otherwise, for given ()1 > 0 and 0 < e < 1 values, the best response

function of IR in the second period is

agpe—Ccop—se Qan Asr(e)—Qamr

ez _ Quu MmO < (1 )Q
Qor(Qam|Q1,€) = Hane” L ’ AZR(e)—QWMg)

(1 — 7)1 if T(1—=7)Q1 < -
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Proof. The first derivative of mor(Qar, Qars) With respect to Qg is

dmar(Q2r, Qam)
dQsr

= agpe — 2byre’Qap — bare®Qaon — Cor — se . 4.9)

If G2re—CRr=sc _ Q22M < 0, dm2r(@rQam) () for g]] possible values of Qo >

2b2R62 dQ2r

0. Hence, the second period profit function is decreasing in Qo and the Qo = 0

maximizes mor(Qar, Qo )-

Otherwise, since mor(Q2r, Q21r) is a concave function of (o, if the unconstrained
solution is feasible with respect to constraint[4.3] it is the best response of IR. Other-
wise, under the equilibrium solution, constraint[@] is binding. Unconstrained solu-

tion can be found by setting 4.9to zero. Equation 4.10] provides the result.

(2Rr€ — Cop — S€ Qanr
2bgR€2 2

Qa2r = (4.10)

]

When a player’s monopolistic remanufacturing quantity is higher than twice of re-
manufacturing quantity of other player’s remanufacturing quantity, remanufacturing

quantity of the player with smaller market share is equal to zero.

We plug best response functions of OEM and IR into each other and obtain equilib-
rium solution in the second period. Equilibrium outcome for the second period game

is as follows:

40



(Q;M7 Q;R)

(2A2M(€)7A23(6) 2A2R(€)7A2M(6) )
3 ’ 3

(’VTQD AzR(€)2—’YTQ1 )

(0, (1 =7)7Q1)

(Al (1 - )rQy)

(Y7Q1, (1 —v)7Q1)
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if
if

if

if

Aspr(e) < 0,Asr(e) <0
Aspr(e) < Aap(e)/2,

0 < Asgpr(e) < 297Q1
Asgr(e) <7Q1,

297Q1 < Aapns(e)
Aspr(e) < Agg(e)/2,

0 < Asg(e)

Azr(e) <2(1=7)7Q1
0 < 2AQR(6);A2M(€)7
2AzR(€)3—A2M(€) < (1 =7)7Qu,

2Asn(e)—Aar(e)
0< 2M - 2R

w <1
¥7Q1 < Azr(e)

Asg(e) < (2—7)TQ1
17Q1 < w
Aan(e) < (1 —)7Qx,
(2—7)7TQ1 < Asg(e)

(1 )rQr < Hanled o)
(1 —9)1Q1 < Aap(e)
Agnr(e) < (14 7)7Q1

(2 =7)7Q1 < Azgr(e),
(14+)7Q1 < Aapi(e)
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OEM’s second period profit under the equilibrium solution is

7T;M(le e)

0@, e)
(@1, e)

o) (Q1,€)

Qv e)

WSJ)V)I(QM e)

Qv e)

(@)

Q)

ﬂ-éij\z/l)(Qla 6)

if

if

if
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Aogpr(e) < 0,Asr(e) <0
Azr(e) < Azm(e)/2,

0 < Aspr(e) < 2v7@Q1
Asgr(e) < y7Q1,

297Q1 < Aan(e)
Azn(e) < Azr(e)/2,

0 < Azg(e)

Asr(e) <2(1 =)@
0 < 24 Awm(e),

Hanle) Aamle) (1 — y)7Q,

2Asn(e)—Azr(e)
0< 2M - 2R

w <A1
17Q1 < Azr(e)

Asg(e) < (2—7)TQ:
'YTQl < 2A2M(e)37A2R(e)
Azp(e) < (1=7)7Qu,
(2 —79)TQ1 < Aar(e)
(1=7)7Q1 < w,
(1 —=9)1Q1 < Aap(e)
Agnr(e) < (14 79)7Q:1
(2= 79)7Q1 < Azgr(e),
(14+7)7Q1 < Aaps(e)



75134(@17 e) = Q157
T (Qr.e) = % + Q157
ﬂ-éM)(le e) = (agne — cans — 5€)yTQ1 — bapr (ey7Q1)* + Q1577
37 (Q1.e) = QusTy
7 (01, ) = 2(a2AI;l;;fgg_se)2 B (ame—cm_;zl(:sye_cw_se) + QusT
Tyat (Qu,€) = ((aznre — cans — s€) — (ame*;%f:e)bQM)WQl — bonr (Qremy)? 4+ QusTy
it (Q.€) = QisTy
70 () ¢) = Lot Aan (@I | () oy

ot (Q1,€) = (aznre — canr — 5)77Q1 — baasy(e7Q1)? + Qrs7y
4.3 Analysis of the OEM’s First Period Problem

We can now solve the first period problem where OEM determines (); and e to max-

imize its total profit over two periods. 77((Q)1, €) stands for total profit function over

two periods, which is given by
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WT(QI; 6) = 7T1(Q1, 6)+

m(Q1,e) =

77221:/21 (Qarr(Q1,¢))

T (Qarr (Q1, )

9 (Qar(Q1, €))

2 (Qarr (Q1, )

7 (Qorr(Q1, €))

2 (Qorr(Q1, €))

mon? (Qarr (Q1,€))

(al —C — lel)Ql -

Agpr(e) <0, Asg(e) <0
Asr(e) < Asp(e)/2,

0 < Aop(e) < 291Qq
Agp(e) < 7@,

297Q1 < Asp(e)

Agpi(e) < Agr(e)/2,

0 < Asg(e) < 2(1 — )10

2Asr(e)—Aap(e)
0 < 2R 3 2M ,

Asp(e)—A e
2A5p( )3 am(e) (1—7)7Q1,

2Asn1(€)—Asg(e)
0 < 2M 3 2R

2l Aonle) < ),
Y7Q1 < Agg(e),
Asg(e) < (2 —7)1Qq
VO, < 2A2M(e)3—A2R(e)
Aognr(e) < (1 —7)7Qq,
(2= 7)7@1 < Azg(e)
(1 =)@ < 2enlddauld),
(1 =)7Q1 < Azm(e),
Aopr(e) < (1 + )10y
(2 =) 7Q1 < Azr(e),
(14+)7Q1 < Asps(e)

(4.12)

(4.13)

(4.14)

Objective function of the first period consists of revenue generated by selling manu-

factured products, cost of manufacturing and investment cost for the remanufactura-
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bility level, e. Constraint [4.13| represent non-negativity of manufacturing in the first
period. Constraint 4.14] represents that remanufacturability is modeled as yield rate

fraction, it lies in the interval, [0, 1].

For given remanufacturability level, e, positive remanufacturing quantity of IR is pos-
sible when OEM’s remanufacturing quantity is zero. However, OEM never invests on
remanufacturability for that cases. As a result, those cases are not observed since
OEM does not benefit from remanufacturability but incurs cost of remanufacturabil-

ity investment.

We cannot prove the concavity of the total profit function. Hence, we continue our
analysis with given remanufacturability level and manufacturing quantity. Then, we
implement a solution procedure in order to find optimal solution. The steps of the

algorithm is as follows:

1. Equilibrium remanufacturing quantity of OEM, ()2, and remanufacturing quan-
tity of IR, (Q2r, are determined by using [4.11] for various levels of remanufac-

turability, e and manufacturing quantities,();, in the first period.

2. We plug equilibrium ()25, and (Qog, the given manufacturing quantity in the
first step, ()1, the given remanufacturability level used in the first step, e, to the

total profit function.

3. We search for the profit maximizing manufacturing quantity and remanufac-
turability level that maximizes total profit in their range among all alternative

(21 and e pair.
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CHAPTER 5

VALUE OF INFORMATION

We have created and analyzed models without sorting information in the previous
chapters and we have assumed OEM is aware of potential entry of a competitor. In
this chapter, we create and analyze models with sorting information prior to reman-
ufacturing in order to investigate effect of sorting information to our performance
measures. Three alternative models are created with perfect sorting information prior

to remanufacturing.

In this chapter, we extend the settings that we previously analyzed in two directions:
(1) presence of sorting information and (ii) value of awareness of competition in the
second period. By sorting information we mean that the party that has sorting in-
formation can perfectly sort returns into remanufacturable and nonremanufacturable

items and feed only remanufacturables into the process.

To analyze the effects of sorting information and awareness of competition, we con-

sider the following settings:

1. Monopolistic model with sorting information

2. Duopolistic model with sorting information for only OEM

3. Duopolistic model with sorting information for both OEM and IR

4. Duopolistic model with assumption of monopoly
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5.1 Monopolistic Model with Sorting Information

In the monopolistic model with sorting information prior to remanufacturing, OEM
knows which returned items are suitable for remanufacturing at the beginning of re-
manufacturing process and there is no error classifying returned items. As a result,
OEM can avoid costs due to yield loss. As a result, a cost is incurred only for success-
fully remanufactured products by elimination of not remanufacturable items. There

is no cost related with sorting operations.

Sequence of events for monopolistic model with sorting information prior to reman-

ufacturing is as follows:

e Period 1

OEM determines manufacturing quantity, (); > 0, and level of remanufactura-
bility, 0 < e < 1, by incurring total manufacturing cost of ¢;); and making an

investment of ke? for the level of remanufacturability, respectively.
Unit market price for manufactured items become P, (@) = a; — b1@Q;. OEM
sells all (1 units at an unit price of P;(Q1).
e Period 2
OEM gets 7(); returns with remanufacturability level e.

OEM determines remanufacturing input quantity (Jo5; such that 0 < Qopy <
7()1 knowing which returned items are remanufacturable, incurring total re-
manufacturing cost of copre()ops and obtains unit recycling revenue of s for
returns that are not remanufactured, (7¢); — Q21/), and items lost in remanu-

facturing process, (1 — €)Qaxs-

The market price becomes Py (Qanr) = agnr — bapreQapr. OEM sells all Qo

at an unit price of Py (Qanr)-
Profit of OEM in the first and the second periods are represented by m(Q)1, e) and
mon (Qan|@1, €), respectively.

In order to solve the problem of OEM, we use backward induction. First, for the

second period problem, we characterize the optimal ()5, for given values of @); > 0
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and 0 < e < 1. Then, using the optimal solutions obtained, the first period problem
where the sum of the first period & the second period profits under the optimal ()2,

decision is maximized. The analysis for the second and the first period problems are

given in Section[5.1.T]and [5.1.2] respectively.

5.1.1 Analysis of OEM’s Second Period Problem

OEM’s second period problem can be stated as follows:
maximize o (Qan|Q1, €) = (a2nr—banseQanr)eQaonr —conseQonr+5(Q17—Qanre)

subject to

Qanr < 17 (5.1)

Qane >0 (5.2)

The objective function is composed of revenue generated by selling remanufactured
products, cost of remanufacturing and revenue generated by the returned items that
are not successfully remanufactured and not remanufactured. Constraint [5.2] repre-
sent non-negativity of remanufacturing quantity in the second period. Constraint 5.1
represents that maximum 7 fraction of the first period manufacturing quantity can be
remanufactured in the second period. Right hand side of is dependent on manu-

facturing quantity in the first period.

Lemma 5.1.1. 79,/ (Q2xr) is a concave function of Qs -

Proof. The second derivative with respect to Qo is as follows:

d27T2M(Q2M)
dQ3y

Since byyr > 0, —2bype? < 0 for 0 < e < 1. Therefore, 7oy (Qaar) is concave in

Qanr- O

= —2b2M€2

Theorem 5.1.2. If for a given value of 0 < e < 1, aspr — coyp — 5 < 0, then
remanufacturing is not profitable for all given values of ()1 > 0 in the second period,

i.e., Q% = 0 under the optimal solution. Otherwise, for given ()1 > 0and() < e <1
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values, the optimal input quantity to the remanufacturing process, ()5, in the second

period is

wy—cu=s f (< em—cn=s) <o

Q;M(Ql’ e) — 2bonre 27bo e (53)
Qi if Qi< g
Proof. The first derivative of 7oy (Qans) With respect to Qapy is
d
M = agpre — 2b2p€%Qopy — Copre — se . (5.4)
dQanr

dmon (Qanr)
dQan

the second period profit function is decreasing in (), and the (Y53, = 0 maximizes

If aspy — copy — s < 0, < 0 for all possible values of ()25, > 0. Hence,

7T2M(Q2M)-

Otherwise, since o7 (Q227) is a concave function of ()3, if the unconstrained solu-
tion is feasible with respect to constraint [5.1] it is optimal. Otherwise, under optimal
solution, constraint [5.1] is binding. Unconstrained solution can be found by setting
[5.4]to zero. Equation[5.3| provides the result.

Qopf€ — Copr — SE
2b2M€2

Qom = (5.5)

O

When ayp; —copr —s < 0 and the sorting information is available for OEM, OEM does
not make remanufacturing since profit margin is negative for any given ();. However,
the cases that does not satisfy these condition is out of our scope since not satisfying
the condition implies that the supply chain consists of only forward chain activities.

When the condition is satisfied remanufacturability level is always positive.

Following the result provided in Theorem profit in the second period under the

optimal solution can be characterized.

If aspy — copr — s < 0, then the second period’s profit only consists of recycling

revenue as below.
W;M(Qb 6) = s7(

When the optimal solution characterized in the theorem [5.3]is plugged to the second

period problem into the profit expression, we obtain the second period profit as a
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function of () and e is as follows:

M+STQ1 Zf OSMSQlT

4bo s 2bare
T (Q1,e) = (asar — canr — $)7eQq if Qi < = (56)

—bons (1€Q1)? + sTQy

5.1.2 Analysis of OEM’s First Period Problem

We can now solve the first period problem where OEM determines () and e to max-
imize its total profit over two periods. Let m7((Q)1,¢) stands for total profit function
over two periods. In order to find (), and e that maximizes total profit, joint concavity

of it should be used.

For the sake of simplicity, let Boy/(e) = %

Ton(Qu,€) if < Ban(e) <0
mr(Que)=m(Q@re) + 4 w5y (Que) if 0= Ba(e) <t
m5h(Que) if Qit < Bayle)
where
Wéize/[(Qh e) = st

(agnr — canr — 5)?
4bons

Wéé\i/)f(Qla e) = sTQ1 +
77%\?(@17 e) = stQ1 + (aam — conr — s)7eQ1 — bQM(T6Q1)2

OEM’s first period problem can be expressed as

maximize 7p(Qq,e) = m(Q1,¢e) + may (Q1, €)

where
m(Q1,e) = (a1 — ¢1 — b1Q1)Q1 — ke? (5.7)
subject to
@1>0 (5.8)
0<e<1 (5.9)



Objective function of the first period consists of revenue generated by selling manu-
factured products, cost of manufacturing and investment cost for the remanufactura-
bility level, e. Constraint [5.8] represent non-negativity of manufacturing in the first
period. Constraint [5.9] represents that remanufacturability is modeled as yield rate

fraction, it lies in the interval, [0, 1].

We cannot show the joint concavity of the total profit function for (); and e. Hence,

we implement an algorithm to find the optimal solution.

Below, we characterize optimal (), for given e

Proposition 3. Given asy; — copr — s < 0, optimal manufacturing quantity in the first

period, (3, is
a; —c1 + 8T

Qr = S Tl (5.10)

a —C: —S
(aonr—can—s) <0
2bapre

7r§9(Q1|e) = (a; — c1 — b1Qy + 57)Q1 — ke?

Proof. Profit function given

The second derivative of Wg) (Q1|e) with respect to Q5 is as follows:

9*7(Que)

=-2b
0Q? 1
. . 02 (Qule) (i) . .
Since by > 0 is always positive, —%27—— < 0. Therefore, 77" (Q1]e) is concave in
1

Q1.
The first derivative of ng) (Q1|e) with respect to (5 is as follows:

or (Q1le)
0

Optimal solution given in equation [5.10is found by setting [5.11]to zero. O

= ai —2b1Q1 —C1 + ST (511)

(agpr—can—s

Proposition 4. Given e ) >, optimal manufacturing quantity in the first

period, (7, is
(ay — ¢y + s7) + Te(asns — capr — $)

Ql - 261 + 262M€2

(5.12)

Proof. Profit function given 0 < Bay(e) < 701
Wéfi)(Qﬂe) = (a1 —c1 — b1Q1 +57)Q1 — ke
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The second derivative of 7rT (Q1| ) with respect to ), is as follows:

25 (Que)

= 2
Q2 '

25 (Qule)

Since b; > 0, 907

< 0. Therefore, 7TT (Q1| ) is concave in ).

The first derivative o f7rT (Ql\ ) with respect to ()1 is as follows:

ore(Qile)
00,

Optimal solution can be found by setting to zero given 0 < Bays(e) < 7Q);.

=a; — 201QQ1 — ¢1 + sT (5.13)

The optimal solution of 77(e|@1) in the region 0 < Bays(e)/2 < 7@ is never feasi-
ble. Optimal e and (), cannot be in the region 0 < Byjy/(e) < 7Q). If the remanufac-
turing is profitable (Byys(e) > 0), the constraint is always binding. The second
derivative of 7 (e|@1) with respect to e is

drr(e|Q1) _

—2k
de €

Since k£ > 0 and e is defined in 0 < e < 1. Therefore, 7r(e|@;) is concave in e.

The first derivative of 7 (e|Q1) with respect to e is

szM(QzM) _

—2k
de ¢

e = 0 is the optimal remanufacturability level for that part of total profit function. Left

hand side of the following constraint becomes infinity for e = 0, W <7
2M €

is never satisfied.

Profit function given 7*=5L5T < By (e)

ngi)(Qﬂ@) = (a1 —c1 = b01Q1+57)Q1 — ke? + (agnr — cons — 5)TEQ) — b2M(T€Q1)2
The second derivative of 7rT (Q1| ) with respect to ), is as follows:

zzz)(Q ‘ )
Q7

Since by > 0, bapy > 0, 7 > 0 and e is defined in 0 < e < 1. Therefore, 7TT (Q1| )

= —2b1 — 2b2M(€7—)2

is concave in ().
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The first derivative 7#”) (Q1|e) with respect to @, is as follows:

Om " (@ule)
OQq
Optimal solution can be found by setting to zero given 7(); < Bajs(e). O

=a; —C + s7+ T€(CL2M — Copn — S) — 2b1Q1 — 2b2MQ1(€T)2 (514)

As a result of Theorem [5.1.2) and Proposition ] optimal solution to overall problem

for a given 0 < e < 1 is as follows:

(%,O) if Baum(e) <0
(Q1,7Q1) if TBam(e) >0

© _ (a1—ci+s7)+7(agme—con —se)
Where (), = TR

The steps of the solution procedure in order to find optimal level of remanufactura-
bility, manufacturing quantity in the first period and remanufacturing quantity in the

second period are as follows:

1. Optimal manufacturing quantity, ()1, and remanufacturing quantity, ()5, are
determined using[5.T5|that maximizes total profit for increasing remanufactura-

bility, e.

2. We plug optimal ()1, (Q25; and the remanufacturability level used in the first

step, e, to the total profit function.

3. We search for the optimal remanufacturability level that maximizes total profit

in its range.

5.2 Duopolistic Model with Sorting Information for only OEM

In the duopolistic model with sorting information prior to remanufacturing for only
OEM, OEM benefits from being the manufacturer. Only OEM knows which specific
returned items are suitable for remanufacturing at the beginning of remanufacturing
process and benefits from sorting information in order to decrease its remanufacturing
cost. OEM’s cost to supply eQaps is copre@apr. Total remanufacturing cost saving of
OEM is equal to copr(1 — €)Q2ps. On the other way, IR’s cost to supply eQsp is

cor@or. IR makes loss of money trying to remanufacture not suitable returned items.
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Yield rate is independent of sorting information. Yield rate of both OEM and IR is
equal to remanufacturability level, e. When OEM (IR) begins remanufacturing with

Q211 (Q2r), total remanufacturing output is equal to eQaops (eQar).
There is not any cost related with sorting process for OEM.

Sequence of events for duopolistic model with sorting information prior to remanu-

facturing for only OEM is as follows:

e Period 1

OEM determines manufacturing quantity, (; > 0, and the level of remanu-
facturability, 0 < e < 1, by incurring a total manufacturing cost of ¢;(); and

making an investment of ke? for level of remanufacturability, respectively.

The market price for manufactured items become P;(Q1) = a; — b1Q);. OEM
sells all 2 units at a price of P;(Q1).

e Period 2

OEM and IR get y7@Q; and (1 — 7)7Q); returns with remanufacturability level

e, respectively.

OEM and IR simultaneously determine remanufacturing input quantities (Jops
and QQar such that 0 < Qopy < y7Q1 and 0 < Qopy < (1 — 7)7Q4, in-
curring total remanufacturing cost of copreQon and cor@og and obtain recy-
cling revenue of s for returns that are not remanufactured, (y7Q; — Q2a7) and
((1 — v)7Q1 — Q2r), and items lost in remanufacturing process, (1 — €)Qaps

and (1 — e)Qag, respectively.

The market price becomes Py (Qanr, Q2r) = aons — banre(Qans + Q2r) for re-

manufactured products of OEM. OEM sells all ()2 at an unit price of Py (Q2s,
Q2r).

The market price becomes Pyr(Q2r, Q2nr) = asn — banre(Qans + Qor) for re-

manufactured products of IR. IR sells all Qo at an unit price of Pyr(Q2r, Q2nr)-

Profit of OEM in the first and the second periods are represented by 7 (Q1, ¢) and

Ton (Qanr, Qar| @1, €) respectively. Profit of IR in the second periods are represented

by mor(Q2r, Q21|Q1, €) respectively.
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In order to solve the problem of OEM and IR, we use backward induction. First,
for the second period problem of two firms, we characterize the equilibrium ()2
and ()op for given values of (); > 0 and 0 < e < 1. Then, using the equilibrium
solution obtained, the first period problem where the sum of the first period and the
second period profits of OEM under the equilibrium ()oand (o r is maximized. The

analysis for the second and the first period problems are given in [5.2.1] and [5.2.2]

respectively.

5.2.1 Analysis of the Second Period Problem

OEM’s second period problem can be stated as follows:

maximize o (Qans, Qar|Q1,e) = (aans — barre(Qanr + Q2r))eQan

Qanmr —CQMGQQM + 3(’)/7'@1 - QZMe)
subject to
Qan < TYQ1 (5.15)
Qv 20 (5.16)

IR’s second period problem can be stated as follows:

(aor — bare(Qaor + Qanr))eQ2r

maximize Tor(Qan, Q2r|Q1,e) =

@2r —corQar + 5((1 = 7)7Q1 — Q2re)
subject to
Qar < (1 —7)1Q1 (5.17)
Qar >0 (5.18)

Objective functions are composed of revenue generated by selling remanufactured
products, cost of remanufacturing and revenue generated by the returned items that
are not successfully remanufactured and not remanufactured. Constraints [5.16] and
[5.18] represent non-negativity of remanufacturing quantity of OEM and IR, respec-
tively, in the second period. Constraints and represent that maximum 7
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and (1 — «)7 fractions of the first period manufacturing quantity can be remanufac-
tured by OEM and IR, respectively, in the second period. Right hand sides of [5.15]

and[5.17]are dependent on manufacturing quantity.

For the sake of brevity, let Cyps(e) = % and Cor(e) = %%ﬂe)

Lemma 5.2.1. 7/ (Qanr, Q2r) is a concave function of Qap for given Qag.

Proof. The second derivative with respect to (o, is as follows:

d27T2M(Q2M; QzR)
dQ3y

Since baps > 0, —2bype? < 0 for 0 < e < 1. Therefore, Ton(Qanr, Qor) is concave

= —2b2M€2

in Qo for given Qog. [

. Ao —Con —S Q
Theorem 5.2.2. If for a given value of 0 < e < 1, g = — =51 < 0, then

remanufacturing is not profitable for all given values of Q1 > 0 in the second period,
i.e., Qapr = 0. Otherwise, for given ()1 > 0 and 0 < e < 1 values, the best response

function of OEM in the second period is

asp—com—s _ Qor Conm(e)—Q2r
S — SR ] SRR <y

Q21 (QarlQu€) = WZ;M@ o ;”cwg - (5.19)
Proof. The first derivative of mop; (Qanr, Q2r) With respect to Qo is
dman(Qon, Qor) = agpre — 2bap€*Qanr — Conge — se . (5.20)
dQam
If % — % < 0, W < 0 for all possible values of o)y > 0.

Hence, the second period profit function is decreasing in Qo and the Qo = 0

maximizes mops (Qanr, Q2r)-

Otherwise, since oy (Qanr, Q2r) is a concave function of )y, if the unconstrained
solution is feasible with respect to constraint [5.13] it is the best response of OEM.
Otherwise, under the equilibrium solution, constraint@] is binding. Unconstrained
solution can be found by setting[5.20|to zero. Equation [5.21] provides the result.

Qapg — Copp — S Q2R
= — 5.21
Qan e 5 (5:21)

]
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Lemma 5.2.3. mor(Q2r, Q2nr) is a concave function of Qar for given Qo

Proof. The second derivative with respect to (55 is as follows:

d*mor(Qar, Qanr)
dQ3p
Since by > 0 and —2byze? < 0 for 0 < e < 1. Therefore, Tor(Q2r, Qanr) 18

= —2b2R€2

concave in (Qog. O

Theorem 5.2.4. If for a given value of 0 < e < 1, aQRsb;ife’g*se — Q22M < 0, then
remanufacturing is not profitable for all given values of Q1 > 0 in the second period,
i.e., Q5p = 0. Otherwise, for given Q1 > 0 and 0 < e < 1 values, the equilibrium

input quantity to the remanufacturing process, ()5, in the second period is
agpe—cop—se _ % if Car(e)=Qan O,

Q5 p(Qan|Qr e) = 2bare” , 2r(l=y) = (5.22)
T(1—7)Qs if Q<SS

Proof. The first derivative of mog(Q2r, Q2rr) With respect to Qap is
dmor(Qar, Qanr)

0 = Qgpé — 2b2R€2Q2R — Cop — Se . (5.23)
2R
If “2R;b_2 ‘;2:;_56 — QQQM < 0, —d”m(c%;;@”” < 0 for all possible values of Qo >

0. Hence, the second period profit function is decreasing in ()2 and the Qo = 0

maximizes mor(Qar, Qo )-

Otherwise, since mor(Q2r, Q21r) is a concave function of ()sp, if the unconstrained
solution is feasible with respect to constraint it is the best response of OEM.
Otherwise, under the equilibrium solution, constraint is binding. Unconstrained
solution can be found by setting [5.23]to zero. Equation [5.24] provides the result.

(2RE — CoRr — S€ QQM
— — 5.24
Q2R Sbync? 5 (5.24)

]

We plug best response functions of OEM and IR into each other and obtain equilbirum

outcome. Equilibrium outcome for the second period game is as follows:
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(Q5ar, Q3R) =

('VTQD 0)
29701 < Cap(e)
(0, 51)

2Con(e)—Car(e) 2C3r(e)—Can(e)
3 ) 3

(’YTQl, CQR(e)z—’YTQl )

(07 (1 - '7)7-621)

(Sl (1= y)rQ)

(v7Q1, (1 = 7)7Q1)
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Con(e) < 0,C3r(e) <0
Car(e) < Capr(e)/2,

0 < Con(e) < 291Q1
Car(e) < y7Q1,

OQM(S) < 023(6)/2,

0 < Canle) < 2(1 —9)7Q,
O < 2023(6);02]\4(6)’
QCQR(E):;CQM(E*) < (1 =7)7Qx,

2C2 0 (e)—Car(e)
0< 2M . 2R

2o (6)-Con(e) 1 r),

17Q1 < Cag(e) < (2 —7)7Q1,
Car(e) < (2—7)7@Q,

Y7Q1 < M
Can(e) < (1 =7)7Q,

(2 —7)17Q1 < Cagr(e)
(1=7Q1 < wv
(1 =79)7Q1 < Can(e)
Can(e) < (1+7)7Q1

(2 = 7)7Q1 < C2r(e),
(I1+9)7Q1 < Copr(e)



OEM’s second period profit under the equilibrium solution is

511\)4(621 e) if Chu(e) <0,Car(e) <0
w(Que)  if Can(e) < Conle)/2,
0 < Conle) < 297Qq
o Qi) if Car(e) < v7Q1,297Q1 < Canr(e)
Tl (Qre)  if Canle) < Can(e)/2,
0 < Csar(e) <2(1—7)7@s
T (Quye) if 0 < 2Ol (1)
0< w <yT@1
wa(Que) = T (Que)  if Q1 < Con(e) < (2 7)TQx
Y71Q1 < w
Wéﬁ”(@lae) if Canm(e) < (1—7)7Q1,
Y)7Q1 < Car(e)
o (Que) if (1—7)rQy < 2nldCon(@)
1—9)71Q1 < Cople) < (14 4)7Q
w) (Que) if (2—7)7Q1 < Canle),
)

(2-
(
(
(
(14+9)7Q1 < Capm(e)

where

mSar(Q1,€) = Qrsy
Qu0) = gt 4 i,
’ oM
(”Z)(Ql, e) = (azn — canr — $)y7eQ1 — bans (eyTQ1)? + sTYQ1

ﬂ-gjc[ ( 1 6)

) =
)

Q157

T (Quy€) = boyge? (Hermen=sl _ (ancreanscd)2 4 57,
— _ 2
T (Qrre) = ((asas — cang — 5) — 2= @Enty o, (@17 4 grn ),
)

U (Qy,€) = QrsTy

Wélj)\%jl) (Q1,e) = (52M€2)(C2M(231)—(1—’07'@1)2 + sTYQ1

Trgjtl)(Qla e) = (aanr — canr — 8)y7eQ1 — bapry(eTQ1)? + sTYQ1

5.2.2 Analysis of the OEM’s First Period Problem

We can now solve the first period problem where OEM determines (); and e to max-

imize its total profit over two periods. 77((Q1, €) stands for total profit function over
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two periods. In order to find (J; and e that maximizes total profit, joint concavity of

it should be used.

W:S%(QzM(Ql,e)) if Can(e) <0,C2r(e) <0

T (Qart(Qrie))  if Carle) < Conle)/2,
0 < Cople) < 297Q,

”%;)(QzM(lee)) if Car(e) <v71Q1,
297Q1 < Can(e)

T (Qaar(Q10)) if  Can(e) < Canle)/2,
0 < Cagr(e) <2(1 —7)7Q1

T Qe (Quie)) if 0 < HanldpCan(e),
203n(e)-Can(©) & (1 _ )7 (),
0< QC2M(6)3—CQR(C)

mr(Q1e) =mi(Qr,e)+ 20om(€)=Can(e) < 1y

T (Qn(Qure))  if ATQ1 < Car(e) < (2-7)7Qa
yTQ < 2aul(e=Canle)

0 Qe (Qrre) if  Cam(e) < (1=9)7Qu,
(2 —=7)7Q1 < Car(e)

T Qo (Qre) if (1= 7)7Qy < 22nld Lol
(1 =9)71Q1 < Canr(e),
Com(e) < (1+7)7@1

T (Qau(Que))  if (2-7)7Q1 < Carle),
(1+7)7Q1 < Cans(e)

where
m(Q1,e) = (a1 — c1 — b1 Q1) Q1 — ke? (5.25)
subject to
Q120 (5.26)
0<e<1 (5.27)

Objective function of the first period consists of revenue generated by selling manu-
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factured products, cost of manufacturing and investment cost for the remanufactura-
bility level, e. Constraint [5.26] represent non-negativity of manufacturing in the first
period. Constraint [5.27] represents that remanufacturability is modeled as yield rate

fraction, it lies in the interval, [0, 1].

We cannot prove the concavity of the total profit function. Hence, we continue our
analysis with given remanufacturability level and manufacturing quantity. Then, we
implement a solution procedure in order to find optimal remanufacturability level.

The steps of the solution procedure is as follows:

1. Equilibrium remanufacturing quantity of OEM, ()2, and remanufacturing quan-
tity of IR, ()2, are determined using for various levels of remanufactura-

bility, e and manufacturing quantities,(;, in the first period.

2. We plug equilibrium )55, and )5, the manufacturing quantity in the first step,
(21,the remanufacturability level used in the first step, e, to the total profit func-

tion.

3. We search for the profit maximizing manufacturing quantity and remanufac-

turability level in their range among all alternative (), and e pair..

5.3 Duopolistic Model with Sorting Information for OEM and IR

In the duopolistic model with sorting information prior to remanufacturing for both
OEM and IR, both OEM and IR can differentiate remanufacturable returned items
at the beginning of remanufacturing process and can eliminate not remanufacturable
ones. Both firms face remanufacturing cost for only successfully remanufactured
ones. OEM start remanufacturing process with Qg (Q2xr) to produce eQar(eQanr)

units, cost incurred due to remanufacturing is coreQor(c2reQ2r)-
There is not any cost related with sorting process for OEM.

Profit of OEM in the first period is represented with 71 (Q1, €), profit of OEM in the
second period is represented with map; (Q2nr, Q21| @1, €) and profit of IR in the second

period is represented with mog(Q2r, Q2nr|Q1, €) -
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For the sake of simplicity, let Doy, (e) =

banre

(aonr—can —s)

and Dop(e) = (@2r—c2r=s)

bgRe

Solution procedure of duopolistic model with sorting information for both OEM and

IR is as same as duopolistic model with sorting information for only OEM.

We plug best response functions of OEM and IR into each other and obtain equilib-

rium outcome. Equilibrium outcome for the second period game is as follows:

(Q;Mv Q;R)

(0, 225(2)

( 2D2n(e)—D2r(e) 2D2r(e)—Dan(e) )
3 ? 3

(’YTQI, D2R(€)2*’Y"'Q1 )

(0, (1 =)7Q1)

(P27 (1 — )7Qy)

(Y7Q1, (1 —7)7Q1)
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Dop(e) < 0,Dag(e) <0
Dsr(e) < Dam(e)/2,

0 < Dap(e) < 297Ch
Dsp(e) <7Qu,

297Q1 < Dap(e)

Dspi(e) < Dag(e)/2,

0 < Dag(e) <2(1—v)mQ1
0< 2D2R(€);D2M(€),

anldz o) < (1= 9)7Qu,

2Dsn (e)—Dag(e)
0 < 2M 3 2R

2D2M(€)S—D2R(e) <~v1Q; (5.28)
17Q1 < Dar(e),

Dagr(e) < (2—7)7@Q1,

Y7TR1 < w
Dan(e) < (1—7)7Qu,

(2 =7)7Q1 < D2r(e)
(1=7)7Q1 < w,
(1 =9)7Q1 < Dan(e),
Dop(e) < (147)7Q1

(2 —7)7Q1 < D2r(e),
(1+79)7Q1 < Daps(e)



OEM’s second period profit under the equilibrium solution is

w0 (@Qie)  if Dan(e) <0, Dagle) <0
w5 (Q1,e)  if Dagle) < Danr(e)/2,
0 < Dopsle) < 297Q4
i (Que) if Danle) < Qi
297Q1 < Danr(e)
7 (Qu.e)  if Danle) < Dar(e)/2.
0< Don(e) < 2(1 - )7
mo(Quye) if 0 < 2Per()zDan(e)
w < (1—=v)7Q1,
w <y7Q1
Wé?\ff)(Qh e) if ~7Q1 < Dagr(e),
Dap(e) < (2 =7)7Qu,
VTQ1 < M
mon (Quie) if  Daw(e) < (1=7)7Qu,
(2 —v)7Q1 < Dag(e)
(0 (Quye) if (1 - )rQy < 22enl=Dane)
(1 =7)7Q1 < Dan(e),
Dap(e) < (1+7)7Q1
T (Que)  if (2—7)7Q1 < Dagle),
(1 +9)7Q1 < Dan(e)

mom(Qrre) =

where

Tonr (@1, €) = QusTy
) _ (aamr—conr—s)* + sTYQq

4ba g

3banr
Q1,¢e) = ((agps — conr — 5) — (azR—CZ%SI;s)sz)T,yeQ Ql (Qiety)? + sTYQ,

7751)\141)(@17 e) = sty

(mu)(Ql’ ) (bapse? )(DQM(Z)—(I—V)TQl)Z " ST’le

(
Tonr(Qus€) = by (e eas=s) _ (angean=s)2 1 79,
( (

Wéﬁ (Q1,€) = (aopr — conr — 8)Y7eQ1 — bopsy(eTQ1)? + s77Q4
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(@1, €) stands for total profit function over two periods. In order to find ; and e

that maximizes total profit, joint concavity of it should be used.

Wé%(QzM(Qh e)) if Dap(e) <0,Dar(e) <0
ﬂgja(QQJVI(Ql, e)) if Dag(e) < Dan(e)/2,

0 < Danr(e) < 297Q1
Wéiﬁ)(QmV[(Ql, e)) if Dogle) <v7Q,

297Q1 < Dap(e)
Wéil&)(QQJ\'f(Qla e)) if Dap(e) < Dagr(e)/2,

0 < Dag(e) < 2(1—7)1Q
T (Qani(Quye))  if 0 < 2anlelDanle)

w < (1 =9)7Qx,

2Dsn(e)—Dsr(e)
0< 2M - 2R

2D2[\/](e)7D2R(€) <
SRS <41
mr(Qi,e) =mi(Q1,e)+ (1) _ 3
Tont (Qanr(Q1,e))  if ~7Q1 < Dag(e)

Dag(e) < (2—7)7C1
yTQy < 22ul(e)=Danle)

150 (Qoar(Qrre))  if  Danr(e) < (1 —)7Qu,
(2=7)7Q1 < Car(e)

o (Qan(Qure) if (1—7)7Qy < 2P2nldDeu(e)
(1 =7)7Q1 < Daum(e),
Dop(e) < (1+4)7Qq

Ty (Qaar(Q1,€)  if (2—7)7Q1 < Dagle),
(1+7)7Q1 < Danm(e)

where

T (Q1,€e) = (a1 — c1 — b1Q1)Q1 — ke? (5.29)

5.4 Duopolistic Model with Assumption of Monopoly

In order to study the effects of competition awareness, we create a benchmark setting

to the duopoly environment we considered in Chapter {] In this setting OEM is not
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aware of the competition in the second period while determining level of remanufac-

turability and manufacturing quantity in the first period.

Sequence of events is as follows:

e Period 1

OEM determines manufacturing quantity, (); > 0, and level of remanufactura-
bility, 0 < e < 1, by incurring total manufacturing cost of ¢;(); and making an
investment of ke? for level of remanufacturability, respectively without consid-

ering a competitor to enter the remanufactured product market.

The market price for manufactured items become P;(Q1) = a; — b1@);. OEM
sells all (1 units at a price of P ().

e Period 2

OEM and IR get y7(); and (1 — ytau Q; returns with remanufacturability level

e, respectively.

OEM and IR simultaneously determine remanufacturing input quantities ()2
and QQor such that 0 < Qqpy < 7@ and 0 < Qopy < (1 — v)7Q4, in-
curring total remanufacturing cost of con()ops and cor(or and obtain recy-
cling revenue of s for returns that are not remanufactured, (y76¢); — Q257) and
(1 = v)7Q1 — Q2r), and items lost in remanufacturing process, (1 — €)Qans

and (1 — e)Qag, respectively .

The market price becomes Py (Qanr, Qor) = aons — banre(Qans + Qor) for re-

manufactured products of OEM. OEM sells all eQ2y; at a price of Py (Qanr, Qar)-

The market price becomes Por(Q2r, Q2nr) = aans — banre(Qans + Q2r) for

remanufactured products of IR. IR sells all eQyr at a price of Por(Q2r, Qanr)-

Profit of OEM in the first period is represented with 71 (Q1, €), profit of OEM in the
second period is represented with moy, (Q2nr, Q21| @1, €) and profit of IR in the second

period is represented with mog(Q2r, Q2n|Q1, €) -
The first period problem of OEM can be expressed as ;

maximize m(Q1,e) = (a1 — b1Q1)Q1 — c1Q1 — ke?
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subject to

Q>0 (5.30)

0<e<l1 (5.31)

The second period problem of OEM can be expressed as ;

. (aanr — banre(Qanr + Q2r))eQanm
maximize 7T2M(Q2M7 Q2R|Q1a 6) =
Qan —copQons + s(Y7Q1 — Qanse)

subject to

Qo < QT (5.32)

Qam >0 (5.33)

The second period problem of IR can be expressed as ;

maximize WQR(QQM) Q2R|Q17 6) = (a2R o b2R€(Q2R + Q2M))6Q2R

Q2r —cor@Qar + S((l - 'V)TQI - QQRG)
subject to
Q2r < Q1(1—7)7 (5.34)
(Q2r > 0 (5.35)

Constraints [5.30] [5.33] and [5.35] represent non-negativity of manufacturing quantity,

remanufacturing quantity of OEM and remanufacturing quantity of IR. Constraint
[5.32] and [5.34] stand for input capacity of remanufacturing for OEM and IR. Right
hand sides of [5.32] and [5.34] are dependent on manufacturing quantity in the first
period. Constraint [5.3T] represents the lower and upper limit of variable. Since, re-

manufacturability is a ratio, it lies in the interval, 0 < e < 1.
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5.4.1 Analysis of Duopolistic Model with Assumption of Monopoly

We implement an solution procedure in order to find equilibrium remanufacturability
level, manufacturing quantity, remanufacturing quantity of OEM and remanufactur-
ing quantity of IR. The solution procedure composed of two parts. First, in order to
find optimal remanufacturability level and manufacturing quantity, the solution pro-
cedure in Section [3.3]is implemented. Then, equilibrium remanufacturing quantities

are found as in Section[4.1] The steps of the solution procedure is as follows:

1. Optimal manufacturing quantity, ();, and remanufacturing quantity, (J5/, are
determined using that maximizes total profit for increasing values of re-

manufacturability level, e. .

We plug optimal (), ()25 and the given remanufacturability level used in the

first step, e, to the total profit function.

We search for the optimal remanufacturability level that maximizes total profit

in its range considering remanufactured product market is monopoly.

2. Equilibrium solution in Section 4.2]is implemented in order to find ()25, and
(2r for the manufacturing quantity and the level of remanufacturability found

in the previos step.

For the sake of simplicity, let Ay (e) = (@2ae—cau—sc) 1 =) and Asg(e) = —(“QRZ;Z’;_“).

Optimal manufacturing quantity for given remanufacturability level is as follows:

o = (o 261711 o (a2]\/12€b2]cjé\/£ se)) if  Agn(e)/2 < 1o 2Cb11 sT

(@), 7Q)) if U < Agy(e) /2

© _ (a1—ci+s7)+7(agme—can —se)
Where Ql — 261+2b2]\/[62

The second period equilibrium point is as same as in section [4.2]
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(Qanr, @2r)

(’yTle 0)

(0, 225

(2A2M(8)—Am(e) 2A2R(€)—A2M(6))
3 ? 3

('YTle AzR(e)Q*’YTQl )

(0, (1 =7)7C1)

(Al (1 - 9)rQy)

(y7Qur, (1 = 7)7Q1)
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Aspr(e) < 0,As3r(e) <0
Asr(e) < Aap(e)/2,

0 < Asp(e) < 297@1
Asg(e) <~1Q1,

297Q1 < Aap(e)
Asn(e) < Asr(e)/2,

0 < Asg(e)

Agr(e) < 2(1—~)1Q1
0 < Hanlelrdan(d)

2Ol < (1 - 4)rQy,
2A21\/1 (6)—A2R(e)
3

)

0<

] (5.36)
2A2M(e)3 AQR(@) < ’YTQI

17Q1 < A2g(e)

Asnle) < (2= )7
s 2A2M(e)3—AzR(e)
Aom(e) < (1 —=)7Qn,

(2 =7)7Q1 < Azr(e)
(1—7)7Qy < 2AznldAau(e)
(1—=9)7Q1 < Aapr(e)
Aspr(e) < (14 4)7Qq

(2 —=7)7Q1 < Azg(e),
(1+9)7Q1 < Aap(e)
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CHAPTER 6

COMPUTATIONAL STUDY

In this chapter, we present the results of an extensive computational study that we
conduct in order to identify, (i) how optimal decisions change under various problem
settings, (ii) effects of competition in remanufacturing, (iii) effects of sorting infor-
mation and (iv) effects of competition awareness. For this purpose, we implement the

solution procedures presented in related sections in Matlab R2015b.

In Section research questions that we answer and the performance measures that
we create in order to evaluate outcomes of models are presented. In Section [6.2]
effects of problem parameters are investigated. In Section [0.3] effects of competition
are investigated. In Section effects of sorting information are investigated. In

Section [6.5] effects of competition awareness are investigated.

6.1 Research Questions and Performance Measures

The research questions that we address through computational study are as follows:
1. What are the equilibrium manufacturing quantity, remanufacturability level and
remanufacturing quantities of OEM and IR?

2. How does the economical and environmental performances of OEM and IR

change with different problem parameters?

3. How does entry of a competitor in the remanufactured product market affect

the economical and environmental performances of OEM and IR?
4. How does sorting information affect the economical and environmental perfor-
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mances of OEM and IR?

5. What are the effects of not considering a potential entrant while determining
manufacturing quantity and remanufacturabiliy level of OEM on the economi-

cal and environmental performances of OEM and IR?

In order to answer the research questions stated above, we use two performance mea-
sures. Our main performance measures that we used throughout the computational
study are (i) the total system-wide profit for the economical performance, and (ii)
value recovery ratio for the environmental performance. Total system-wide profit is
equal to summation of OEM’s profit and IR’s profit, w1 (Q1, €) + o (Qanr, Q2r) +
mor(Q2r, Q2rr). Value recovery ratio is equal to ratio of total successfully reman-

(Qam+Q2R)

T

ufactured products to total returned products, - o

analysis in order to answer questions 1 and 2 and continue the computational study

. We start with sensitivity

with the comparison of outcomes of different models.

For simplicity, OF;, TP; and V RR; are used for OEM’s total profit, total system-
wide profit and value recovery ratio of model i where i € {MNS, MY S, DNS,
DOS, DY S, DM}, respectively. Meaning of abbreviations are as follows:

MNS: Monopolistic model without sorting information

MYS: Monopolistic model with sorting information

DNS: Duopolistic model without sorting information

DOS: Duopolistic model with sorting information for only OEM

DOS: Duopolistic model with sorting information for both OEM and IR

DM: Duopolistic model with assumption of monopoly

In order to analyze effects of competition, sorting information and competition aware-

ness, we compared optimal solutions and equilibrium outcomes of different models.

e To analyze the effects of competition (question 3), we compare total profits and

value recovery ratios of monopolistic settings to those of duopolistic settings.
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e To understand the significance of sorting information (question 4), we com-
pare the performance measures under settings with sorting information to those

without sorting information.

e To understand the effects of competition awareness (question 5), we compare
economical and environmental performances under duopolistic setting without

sorting information to duopolistic setting with assumption of monopoly.

6.2 Effects of Problem Parameters to the Performance Measures

In order to investigate the effect of parameters on economical and environmental per-
formance, a sensitivity analyses are conducted. Total system-wide profit and value
recovery ratio is evaluated under the optimal or equilibrium solutions under various
values of one parameter while the rest is kept unchanged. The evaluation is performed

for all six alternative models; MNS, MYS, DNS, DOS, DYS and DM.

To perform the sensitivity analysis, we use the base parameter set given in Table

Range and step size of the parameters considered are given in Table [6.2]

Table 6.1: Base parameter set

ay | agnr | asr | b1 | ban | bar | €1 | com | Cor | S k T Y

200 | 100 | 100 {0.5] 0.5 | 0.5 |30 | 20 | 20 | 20 | 1000 | 0.7 | 0.5

Table 6.2: Range and step size of the parameters

Parameter | a9y, QaoR c1 k T vy
Range 10-200 | 10-200 | 10-200 | 0-3800 | 0.05-1.00 | 0.05-1.00
Step Size 10 10 10 200 0.05 0.05

For simplicity, we use up arrow and down arrow to represent changes in the perfor-
mance measures. Up arrow (1) represents the increase in related performance measure
when the parameter in concern increases. Down arrow () represents the decrease in

related performance measure when the parameter in concern increases.
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Table[6.3]summarizes how economical and environmental performance of monopolis-
tic models change with respect to change in a parameter. The tables that demonstrate

the numerical results of parameter sensitivity for monopolistic models can be found

in Appendices[A]and

Table 6.3: Parameter sensitivity for monopolistic models

Increase in asys | 1 Tk
TP

MNS IR
VRR IR
TP

MYS IR
VRR IR

Table[6.4]summarizes economical and environmental performance of duopolistic mod-
els. The tables that demonstrate the numerical results of parameter sensitivity for mo-

nopolistic models can be found in Appendices|C| D} [E]and [F

Table 6.4: Parameter sensitivity for duopolistic models

Increasein | asys | azp Y| Tl k]
op T 4 T T4
DNS | TP T | T T4
VRR | 1L tL| tL 4N
op T ] T T4
DOS | TP T T T T4 4
VRR | L] Tl |4
op T 4 T T4
DYS | TP T T T T4
VRR | 1| 1| TN ][4 HN
op | |1 LT T4 4
DM | TP T T T T4
VRR | | 1| N4 N
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Effects of maximum selling price of remanufactured products of OEM, aspy

e In both monopolistic and duopolistic models, there exists a threshold as,; where
OEM starts investing in remanufacturability. Figure shows that this thresh-

old is larger in the duopolistic setting compared to the monopolistic setting.

0,9 /

0,8
.
=07
=
© 06
E
G 0,5
£ —m— VNS
204
@ DNS
€03
o

0,2

0,1

0 3 i
0 50 100 150 200
azm

Figure 6.1: Effect of ay), to remanufacturability level

e In the duopolistic settings, when OEM makes remanufacturability investment,
IR always makes remanufacturing. IR’s remanufacturing quantity decreases

with an increase in aq),.

e With an increase in ag)s, remanufacturing input quantity of OEM always in-

Ccreases.

e Total remanufactured product supply always increases with an increase in asyy

in all settings. (Figure[6.2)
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aam

Figure 6.2: Effect of as), to total remanufacturing output

e OEM'’s profit always increases with an increase in aqy; if OEM is aware of
competition in the remanufactured product market. If OEM is not aware of
competition in the remanufactured product market, OEM’s profit decreases at

the agps level that OEM starts remanufacturing. (Figure [6.3)

31000
29000

27000

—&— MNS
% 25000
& —o— MYS
» 23000
< —e—DNS
w
o 21000 boS
19000 —e—DYS
17000 —*—DM

15000
0 50 100 150 200

Figure 6.3: Effect of as); to OEM’s profit
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Effects of manufacturing unit cost, c;

e OEM always makes remanufacturability investment except duopolistic model
without sorting information for studied values of parameter c¢;. Remanufac-
turability investment is first non-decreasing with an increase in c¢; since return
quantity in the second period decreases, then decreases since remanufacturabil-

ity investment becomes more costly for a unit remanufactured. (Figure [6.4))

[

o o ©
N o ©
&

>
Z

5 —&— MNS
© 0,6

2 —o— MYS
S 05

&2 DNS
204

@ DOS
€03

o« 05 —e—DYS

—eo— DM

o
o =

0 50 100 150 200
Cq.

Figure 6.4: Effect of ¢; to remanufacturability level

e IR’s remanufacturing input quantity is always the same as the OEM’s except
for DOS. When sorting information is only available for OEM, IR’s remanu-

facturing input quantity is lower than OEM’s for very high and very low c;.

e With an increase in ¢y, remanufacturing input quantity of OEM always de-

creases.

e Total remanufactured product supply always decreases with an increase in the
c1 except for DOS. When sorting information is only available for OEM, total
remanufactured product supply for moderate values of c; is higher than very

high and very low values of ¢;. (Figure[6.5))
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Figure 6.5: Effect of ¢; to total remanufacturing output

e OEM'’s profit always decreases with an increase in ¢; and becomes negative
when OEM is not aware of competition in the remanufactured product market

as it can be seen at Figure [6.4]
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Figure 6.6: Effect of ¢; to OEM’s profit
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Effects of return rate, T

e Since investment cost of remanufacturability for a successfully remanufactured
item is very high for low 7 when sorting information is not available, OEM
might not make investment on remanufacturability for lower 7. Otherwise,

OEM always makes remanufacturability investment for all 7 values considered.

(Figure [6.7)
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Figure 6.7: Effect of 7 to remanufacturability level

e [R’s remanufacturing input quantity is always the same as the OEM’s except
for duopolistic model when sorting information is only available for OEM. In
this case, IR’s remanufacturing input quantity is lower than OEM’s for very

high and very low 7 values considered.

e With an increase in 7, remanufacturing input quantity of OEM is always non-

decreasing. Figure[6.8]exemplifies this.
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Figure 6.8: Effect of 7 to production quantities in MNS

e Total remanufactured product supply always decreases with an increase in 7
except for duopolistic setting with sorting information for only OEM. When
sorting information is only available for OEM, total remanufactured product
supply decreases at some 7 such that OEM has sufficient input to decrease re-

manufacturability level to decrease IR’s remanufacturing output then increases

again. (Figure[6.9)
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Figure 6.9: Effect of 7 to remanufactured product supply
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e OEM'’s profit always increases with an increase in 7.

Effects of investment cost coefficient of remanufacturability, k

e OEM always makes remanufacturability investment when sorting information
is available. When sorting information is not available, OEM does not make
remanufacturability investment for high values of k. Remanufacturability in-

vestment always decreases with an increase in k. (Figure|6.10)
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Figure 6.10: Effect of & to remanufacturability level

e IR’s remanufacturing input quantity is always the same as the OEM’s except
for duopolistic model with sorting information for only OEM. When sorting
information is only available for OEM, IR’s remanufacturing input quantity is

lower than OEM’’s.

e With an increase in k, remanufacturing input quantity of OEM increases when
remanufacturability level is positive and sorting information is not available.
When sorting information is not available, remanufacturing input quantity of

OEM increases with an increase in k.

e Figure [6.11] shows that total remanufactured product supply always decreases

with an increase in the k.
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Figure 6.11: Effect of k£ to remanufactured product supply

e OEM’s profit always decreases with an increase in k.

Effects of OEM’s share of return, y

e OEM always makes remanufacturability investment when sorting information
is available or when he is not aware of competition. When sorting informa-
tion is not available and OEM is aware of competition, OEM does not make

remanufacturability investment for low values of .

e When OEM invests on remanufacturability, IR’s remanufacturing input quan-
tity always decreases except for duopolistic model with sorting information
for only OEM. When sorting information is only available for OEM, IR needs
OEM’s share of return to be sufficiently high for remanufacturing, IR’s reman-

ufacturing quantity first increases then decreases with . (Figure [6.12)
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Figure 6.12: Effect of v to production quantities in DOS

e With an increase in 7, remanufacturing input quantity of OEM always in-

creases.

e Total remanufactured product supply always increases with an increase in ~y for
the models with sorting information for OEM and for both OEM and IR. When
sorting information is not available, with an increase in -, total remanufactured

product supply first increases then decreases since IR’s input quantity is limited.

e OEM'’s profit always increases with an increase in 7.

Effects of maximum selling price of remanufactured products of IR, asg

e OEM always makes remanufacturability investment for considered values of
asR.

e IR’s remanufacturing input quantity always increases except for duopolistic
model with sorting information for only OEM when asp increases. When sort-

ing information is only available for OEM, decreases at a point remanufactura-

bility level is very low.

e With an increase in agp, remanufacturing input quantity of OEM always de-

creases.
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e Total remanufactured product supply always increases with an increase in the
asr When OEM is not aware of competition. When sorting information is avail-
able for both and IR, and not available, total remanufactured product supply first
increases, then decreases with an increase in the a;z. When sorting information
is available for only OEM total remanufactured product supply first decreases,

then increases with an increase in the ayp. (Figure[6.13))
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Figure 6.13: Effect of ayr to remanufactured product supply

e OEM'’s profit always decreases with an increase in asp.

6.3 Effects of Competition to the Performance Measures

In order to observe the effects of competition on economical and environmental per-
formance measures, we compare the outcomes of monopolistic and duopolistic mod-
els with the same availability of sorting information when only one of the problem

parameters changes.

e When maximum selling price of OEM’s remanufactured product increases and
there is competition in the remanufactured product market, the value under

which e > 0, is higher under competition.
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e OEM'’s profit in the monopolistic settings are always higher than those in the
duopolistic settings. When IR enters the market OEM decreases its remanu-
factured product supply and shares the remanufactured product market poten-
tial with IR. Since IR’s profit does not compensate the decrease in the OEM’s
profit, total system-wide profit decreases when a competitor enters the market.

Figure [6.14] exemplifies the effect of competition to OEM’s profit.
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Figure 6.14: Effect of competition to OEM’s profit without sorting information when

T increases

e Figure [6.15] shows that when maximum selling prices of OEM is very high or
very low and sorting information availability is same for both players (sorting
information is not available or available for both OEM and IR), remanufactured
product output and value recovery ratio is lower in the duopolistic settings than
monopolistic settings. Otherwise, remanufactured product output and value

recovery ratio is higher in the duopolistic settings than monopolistic settings.
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Figure 6.15: Effect of competition to value recovery ratio without sorting information

when as), increases

e Figure [6.12] shows that when sorting information is available for only OEM
and OEM gets most of the returned items, OEM pushes IR out of the reman-
ufactured product market by choosing low remanufacturability level with the

advantage of lower effective remanufacturing cost.

e When sorting information is not available and OEM’s market power in the re-
manufactured product market is higher than IR’s market power, OEM invests
more on remanufacturability in the duopolistic setting than in the monopolistic
setting since OEM cannot get all returns in the duopolistic setting and increases

his remanufactured output with high remanufacturability level.

6.4 Effects of Sorting Information to the Performance Measures

We search for the effect of sorting information to economical and environmental per-
formance measures in this section. In order to investigate these effects, we compare
the outcome of the settings without sorting information with their with sorting coun-

terparts.

e Since effective remanufacturing cost of OEM is lower when sorting information
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is available, OEM makes remanufacturability investments in the cases that he
does not when sorting information is not available. When OEM makes reman-
ufacturability investment in the settings without sorting information, remanu-

facturability level is higher than those with sorting information.

o Figure[6.16|shows that OEM’s profit is higher when sorting information is avail-
able since sorting information decreases remanufacturing cost and. OEM’s
profit in the setting with sorting information for only OEM is higher than
OEM’s profit in the setting with sorting information for both OEM and IR.
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Figure 6.16: Effect of sorting information to OEM’s profit when as,, increases

e When sorting information is available, OEM’s remanufacturing input quantity
always increases with an increase in returns (increase in the return rate and

increase in OEM’s share of returns).

e Remanufactured product supply of the settings without sorting information is
always higher than remanufactured product supply of the settings with sort-
ing information, if OEM makes remanufacturability investment. Figure [6.17]

exemplifies the effect of sorting information to remanufactured product supply.
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Figure 6.17: Effect of sorting information to remanufactured product supply when

Qo) INCreases

6.5 Effect of Competition Awareness to the Performance Measures

In this section, we investigate effect of competition awareness by comparing duopolis-
tic setting without sorting information with the duopolistic setting where OEM is not

aware of competition.

e When OEM is not aware of competition, OEM might make remanufacturability
investment in some cases that he would not do if he is aware of competition as
can be seen from Figure As a result of lack of competition awareness of
OEM, IR can enter remanufactured product market in that cases. For most of
cases, remanufacturability investment of the setting without competition aware-
ness is higher than those with competition awareness. When OEM is aware of
competition and IR’s maximum selling price is low, OEM may invest more on
remanufacturability because of limited number of returns in the duopolistic set-
ting. remanufacturability level is not always higher when OEM is not aware of

competition.
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Figure 6.18: Effect of competition awareness to remanufacturability level when ~
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e OEM'’s profit is always less when he is not aware of competition in the reman-
ufactured product market. The loss of OEM is higher when maximum selling
price of IR’s remanufactured products is higher. Figure [6.19] exemplifies the

effect of competition awareness to OEM’s profit for changing values of asp.
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Figure 6.19: Effect of competition awareness to OEM’s profit when ayr increases

e Value recovery ratio in DM is always higher than value recovery ratio in DNS.
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However, remanufactured product supply is not always higher since when OEM
is aware of competition, he might increase manufacturing quantity in order to

increase return quantity.
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CHAPTER 7

CONCLUSION

With the help of increased environmental consciousness, governments begin to en-
force firms to be responsible of their products when they are no longer needed by the
customers. Companies turns this enforcement into an opportunity to make profit by
using end-of-life products. Remanufacturing is one of the commonly implemented
method of value recovery from end-of-life products. However, firms should design
their original product to be suitable for remanufacturing, i.e. remanufacturable. Orig-
inal equipment manufacturers need to consider fixed cost remanufacturability invest-
ment to reach certain level of remanufacturability and determine the level of remanu-

facturability before the beginning of the manufacturing operations.

One of the important issues to consider about remanufacturing is limited input. Orig-
inal products are the only source of remanufacturing. Since independent remanu-
facturers collect end-of-life products and also use them for remanufacturing and ,
entrance of an independent remanufacturer to the remanufactured product market de-
creases available input quantity for OEM. Another issue to consider is that OEM is
no longer a monopoly in remanufactured product market and should consider IR’s

actions while determining his own.

Another issue for OEM is that it is usually not certain whether a return is reman-
ufacturable until it is remanufactured. Not knowing which returned items are re-
manufacturable cause remanufacturing cost to incur for every item that begins the

remanufacturing operation.

Lastly, OEM may not be aware of the competition in the remanufactured product

market while determining level of remanufacturability and original product manufac-
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turing quantity.

In this study, in order to address the issues summarized above, we study several set-
tings and investigate the effects of competition, sorting information and competition
awareness. Specifically, we consider a two-period environment where manufactur-
ing quantity and level of remanufacturability is determined in the first period, and

remanufacturing quantities of OEM and IR are determined in the second.

After characterizing the optimal levels of manufacturing quantity and remanufactura-
bility, we run a detailed computational study to fully address our research questions.
We observe that competition decreases total system-wide profit in all sorting infor-
mation settings and effect of competition to environmental performance is found to
be sensitive to the problem parameters. Total system-wide profit is generally higher
in settings with sorting information is available for more firms. When OEM is not
aware of competition in the remanufactured product market, OEM’s profit is always
less than the setting with awareness of competition. Effect of competition awareness
to economical performance is found to be sensitive to the problem parameters. En-
vironmental performance is always higher when OEM is not aware of competition in

remanufactured product market.

In future studies, acquisition process can be included in the model, firms can deter-
mine their return quantity with acquisition fee. Demand is considered as determin-
istic, market with stochastic demand can be investigated. Problem parameters are
known by both players, this assumption can be removed. In order to investigate inter-
nal competition, manufactured and remanufactured products can be sold at the same

period.
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APPENDIX A

OUTCOME OF MONOPOLISTIC SETTING WITHOUT SORTING
INFORMATION

Optimal solution of monopolistic model without sorting information and the perfor-

mance measures related with it is presented in this chapter.
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Table A.1:

Outcome of monopolistic model without sorting information for increasing asjs

anr 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0 0 0 0 0.671 0.758 0.823 0.876 0.922 0.963 1 1 1 1 1 1 1
Q1 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.6 189.3 194.0 198.7
Qanr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 45.0 57.5 67.7 76.7 84.9 92.7 100.0 110.0 120.0 129.2 1325 135.8 139.1
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remanuf.Out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 30.2 43.6 55.7 67.2 78.3 89.2 100.0 110.0 120.0 129.2 13255 135.8 139.1
T 16928 16928 16928 16928 16928 16928 16928 16934 17305 17802 18416 19144 19982 20928 21978 23128 24378 25686 27027 28401
T + TaR 16928 16928 16928 16928 16928 16928 16928 16934 17305 17802 18416 19144 19982 20928 21978 23128 24378 25686 27027 28401
VRR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 0.34 0.43 0.52 0.61 0.69 0.78 0.85 0.93 1.00 1.00 1.00 1.00
Py 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 107.7 105.4 103.0 100.7
Popg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 64.9 68.2 722 76.4 80.8 85.4 90.0 95.0 100.0 105.4 113.8 122.1 130.5
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table A.3: Outcome of monopolistic model without sorting information for increasing %

200

400

600

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 1 1 1 1 0.897 0.823 0.766 0.72 0.682 0.649 0.62 0.595 0.573 0.552 0.533 0.516 0 0 0 0
Q1 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0
Qanr 60.0 60.0 60.0 60.0 64.3 67.7 70.4 72.5 74.3 758 77.0 78.0 8.7 79.3 79.7 79.9 0.0 0.0 0.0 0.0
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remanuf.Out 60.0 60.0 60.0 60.0 57.7 55.7 539 522 50.7 49.2 47.7 46.4 45.1 438 425 412 0.0 0.0 0.0 0.0
T 18728 18528 18328 18128 17949 17802 17676 17566 17468 17379 17299 17225 17157 17094 17035 16980 16928 16928 16928 16928
T + TaR 18728 18528 18328 18128 17949 17802 17676 17566 17468 17379 17299 17225 17157 17094 17035 16980 16928 16928 16928 16928
VRR 0.47 0.47 0.47 0.47 045 0.43 0.42 0.41 0.39 0.38 0.37 0.36 0.35 0.34 0.33 0.32 0.00 0.00 0.00 0.00
Py 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0
Popg 70.0 70.0 70.0 70.0 71.1 722 73.1 739 74.7 75.4 76.1 76.8 71.5 78.1 78.8 79.4 0.0 0.0 0.0 0.0
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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APPENDIX B

OUTCOME OF MONOPOLISTIC SETTING WITH SORTING
INFORMATION

Optimal solution of monopolistic model with sorting information and the perfor-

mance measures related with it is presented in this chapter.
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Table B.1: Outcome of monopolistic model with sorting information for increasing asps

anr 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0.069 0.138 0.207 0.276 0.345 0412 0.48 0.547 0.613 0.679 0.744 0.808 0.871 0.934 0.996 1 1
Q1 184.0 184.0 184.0 184.1 184.2 184.5 184.8 185.3 185.8 186.5 187.2 188.0 188.9 189.8 190.8 191.9 193.0 194.2 198.7 203.4
Qanr 0.0 0.0 0.0 128.8 128.9 129.1 129.4 129.7 130.1 130.5 131.0 131.6 132.2 132.9 133.6 1343 135.1 135.9 139.1 142.3
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remanuf.Out 0.0 0.0 0.0 8.9 17.8 26.7 35.7 44.7 53.6 62.7 71.7 80.7 89.8 98.9 107.9 117.0 126.2 1354 139.1 1423
T 16928 16928 16928 16973 17107 17330 17642 18044 18536 19118 19789 20551 21403 22345 23379 24504 25720 27027 28401 29808
T + TaR 16928 16928 16928 16973 17107 17330 17642 18044 18536 19118 19789 20551 21403 22345 23379 24504 25720 27027 28401 29808
VRR 0.00 0.00 0.00 0.07 0.14 0.21 0.28 0.35 0.41 0.48 0.55 0.61 0.68 0.74 0.81 0.87 0.93 1.00 1.00 1.00
Py 108.0 108.0 108.0 108.0 107.9 107.8 107.6 107.4 107.1 106.8 106.4 106.0 105.6 105.1 104.6 104.0 103.5 102.9 100.7 98.3
Popg 0.0 0.0 0.0 35.6 41.1 46.6 52.1 57.6 63.2 68.7 74.2 79.7 85.1 90.6 96.0 101.5 106.9 112.3 120.5 128.8
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table B.3: Outcome of monopolistic model with sorting information for increasing k

k 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 0.544 0.529 0.516 0.503 0.491 0.48 0.469 0.459 045 0.441 0.432 0.424 0.416 0.408 0.401 0.394 0.387 0.381 0.375 0.369
Q1 184.0 184.6 185.1 185.6 186.1 186.5 186.8 187.2 187.5 187.7 188.0 188.2 188.4 188.6 188.8 188.9 189.1 189.2 189.3 189.4
Qanr 128.7 129.2 129.6 129.9 130.3 130.5 130.8 131.0 131.2 131.4 131.6 131.7 131.9 132.0 132.1 1323 132.4 1324 1325 132.6
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remanuf.Out 70.0 68.4 66.9 65.4 64.0 62.7 61.3 60.1 59.0 579 56.8 55.9 54.9 539 53.0 52.1 51.2 50.5 49.7 48.9
T 19378 19321 19266 19214 19165 19118 19073 19029 18988 18948 18910 18874 18838 18804 18772 18740 18710 18680 18651 18624
T + TaR 19378 19321 19266 19214 19165 19118 19073 19029 18988 18948 18910 18874 18838 18804 18772 18740 18710 18680 18651 18624
VRR 0.54 0.53 0.52 0.50 0.49 0.48 0.47 0.46 0.45 0.44 0.43 0.42 0.42 0.41 0.40 0.39 0.39 0.38 0.38 0.37
Py 108.0 107.7 107.4 107.2 107.0 106.8 106.6 106.4 106.3 106.1 106.0 105.9 105.8 105.7 105.6 105.5 105.5 105.4 105.3 105.3
Popg 65.0 65.8 66.6 673 68.0 68.7 69.3 69.9 70.5 71.0 71.6 72.1 72.6 73.1 735 739 74.4 74.8 75.2 75.5
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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APPENDIX C

OUTCOME OF DUOPOLISTIC SETTING WITHOUT SORTING
INFORMATION

Equilibrium solution of duopolistic model without sorting information and the per-

formance measures related with it is presented in this chapter.
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Table C.1: Outcome of duopolistic model without sorting information for increasing asy,

anr 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0 0 0 0 0 0 0.589 0.788 0.949 1 1 1 1 1 1 1 1
Q1 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 180.3 183.3 186.6 189.9 193.2 196.5 199.8 203.1 206.4 209.7
Qanr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 52.1 63.1 64.2 65.3 66.5 67.6 68.8 69.9 71.1 72.2 73.4
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 52.1 37.8 30.0 27.3 26.8 26.2 25.6 25.0 24.5 239 233
Remanuf.Out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 61.4 79.5 89.4 92.7 93.2 93.8 94.4 95.0 95.5 96.1 96.7
T 15665 15665 15665 15665 15665 15665 15665 15665 15665 15789 16275 16829 17471 18129 18800 19482 20175 20880 21596 22324
T + TaR 16904 16904 16904 16904 16904 16904 16904 16904 16904 17499 17980 18518 19151 19817 20495 21185 21887 22601 23326 24064
VRR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.63 0.70 0.71 0.70 0.69 0.69 0.68 0.67 0.67 0.66
Py 1115 1115 1115 1115 1115 1115 1115 1115 1115 111.5 109.9 108.4 106.7 105.1 103.4 101.8 100.1 98.5 96.8 95.2
Popg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 69.3 70.3 75.3 83.7 93.4 103.1 112.8 122.5 132.2 141.9 151.7
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 69.3 60.3 55.3 53.7 53.4 53.1 52.8 52.5 522 51.9 51.7

110



00 00 00 00 T06 L8 88 '8 €08 8L 99L 0'SL 9€L €TL TIL €69 £69 £69 £69 £69 yeq
00 00 00 00 T06 ¥'L8 878 '8 €08 ¥'8L 99L 0'sL 9€EL €L TIL £69 £69 £69 €69 €69 Neq
S961 ) 6981 G181 €YLI 7691 L'¥91 1°091 I 0161 ja%4! 81vl TLel scel 8'LTl sict SOOIl ST $901 S'10t1 Ta
000 000 000 000 50 650 190 £9°0 €90 £9°0 w0 190 090 650 LSO 950 €50 050 LYo Y0 q9 A
YL ¥9¢ 1299 ¥6 SI81 8454 geee 00Ty [SAEY Sv19 €eCL w8 7596 06601 14874 610¥1 60LST 66YLL 68¢61 6LE1T YTy + Ly
ST Svl 543 $89 9Tl 1691 0S€T €01¢ Ly6E €881 0l6S 8T0L 6£C8 €756 0r601 6vCl 69071 68LST 609L1 67561 2
00 00 00 00 961 ST '0€ I'se '6€ £ey L9y 6'67 LTS £'sS LS 719 719 719 ¥'19 19 MmO fnuvway
00 00 00 00 081 s'ic LYT 08T cle £re S'LE Loy oy €Ly 908 1es res res 'es 1es gy
00 00 00 00 081 s'lc L'YT 08T cle £re S'LE Loy (a4 €Ly 908 1es res res r'es 1es nepy
oL 0Ll 0°LT 0'Le SIS €19 LoL 6'6L 068 1'86 TLot 911 LSt I'6el Syl 0°LST 0°L91 0°LLY 0°L8I 0°L6l o
0 0 0 0 1223Y 8850 19°0 8290 €90 £9°0 £29°0 €190 6650 $85°0 6950 6850 6860 6850 685°0 6850 2
00T 061 081 0LT 091 0ST orlL 0€T 0zI (]88 001 06 08 0L 09 0s or 0€ 0T (1) 8 o

15 JUISLAIOUT JOJ UOTRWLIOJUT SUTIOS JNOY)IM [opout dnsijodonp Jo awodinQ 7D d[qel,

111



Table C.3: Outcome of duopolistic model without sorting information for increasing 7

0.05

T 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

e 0 0 0 0.533 0.591 0.621 0.632 0.629 0.618 0.601 0.582 0.561 0.589 0.589 0.589 0.589 0.589 0.589 0.589 0.589
Q1 170.5 171.0 171.5 173.3 174.0 174.4 174.6 174.5 174.4 174.2 173.9 173.6 176.5 177.0 177.5 178.0 178.5 179.0 179.5 180.0
Qanr 0.0 0.0 0.0 17.3 21.8 26.2 30.6 349 39.2 43.6 47.8 52.1 52.1 52.1 52.1 52.1 52.1 52.1 52.1 52.1

Q2R 0.0 0.0 0.0 17.3 21.8 26.2 30.6 349 39.2 43.6 47.8 52.1 52.1 52.1 52.1 52.1 52.1 52.1 52.1 52.1

Remanuf.Out 0.0 0.0 0.0 185 25.7 325 38.6 439 485 52.3 55.7 58.4 61.4 61.4 61.4 61.4 61.4 61.4 61.4 61.4

T 14535 14621 14706 14814 14956 15090 15212 15319 15410 15489 15556 15613 15700 15789 15877 15966 16055 16145 16234 16324
T + TaR 14620 14792 14963 15468 15819 16126 16384 16593 16762 16898 17008 17096 17319 17499 17680 17861 18044 18227 18411 18595
VRR 0.00 0.00 0.00 0.53 0.59 0.62 0.63 0.63 0.62 0.60 0.58 0.56 0.54 0.50 0.46 0.43 0.40 0.38 0.36 0.34

Py 114.8 114.5 114.3 1134 113.0 112.8 112.7 112.8 112.8 112.9 113.1 1132 111.8 111.5 1113 111.0 110.8 110.5 110.3 110.0
Popg 0.0 0.0 0.0 90.8 87.1 83.8 80.7 78.0 75.7 73.8 722 70.8 69.3 69.3 69.3 69.3 69.3 69.3 69.3 69.3

Por 0.0 0.0 0.0 90.8 87.1 83.8 80.7 78.0 757 73.8 722 70.8 69.3 69.3 69.3 69.3 69.3 69.3 69.3 69.3
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Table C.5: Outcome of duopolistic model without sorting information for increasing k

k 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 1 1 0.857 0.73 0.649 0.589 0.543 0.504 0 0 0 0 0 0 0 0 0 0 0 0
Q1 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0 177.0
Qanr 40.0 40.0 44.1 48.0 50.5 52.1 53.0 53.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Q2R 40.0 40.0 44.1 48.0 50.5 52.1 53.0 533 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Remanuf.Out 80.0 80.0 75.6 70.1 65.6 61.4 57.6 53.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
T 16465 16265 16084 15960 15865 15789 15725 15670 15665 15665 15665 15665 15665 15665 15665 15665 15665 15665 15665 15665
T + TaR 18504 18304 18037 17814 17642 17499 17378 17270 16904 16904 16904 16904 16904 16904 16904 16904 16904 16904 16904 16904
VRR 0.65 0.65 0.61 0.57 0.53 0.50 0.46 0.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Py 1115 1115 1115 1115 1115 1115 1115 1115 1115 111.5 1115 1115 1115 111.5 1115 1115 1115 1115 1115 1115
Popg 60.0 60.0 62.2 64.9 672 69.3 712 73.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Por 60.0 60.0 62.2 64.9 67.2 69.3 71.2 73.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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APPENDIX D

OUTCOME OF DUOPOLISTIC SETTING WITH SORTING
INFORMATION FOR ONLY OEM

Equilibrium solution of duopolistic model with sorting information for only OEM

and the performance measures related with it is presented in this chapter.
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Table D.1: Outcome of duopolistic model with sorting information for only OEM for increasing asy,

10

20

anr 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0.001 0.106 0.212 0.28 0.281 0.281 0.316 0.474 0.632 0.79 0.947 1 1 1 1 1 1

Q1 177.0 177.0 177.0 177.0 177.1 177.5 178.2 179.5 180.2 181.6 183.0 184.8 187.2 190.0 193.2 196.5 199.8 200.0 200.0 200.0
Qanr 0.0 0.0 0.0 0.0 62.0 62.1 62.4 62.8 63.1 63.6 64.1 64.7 65.5 66.5 67.6 68.8 69.9 70.0 70.0 70.0
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21.1 477 44.2 36.5 289 26.2 25.6 25.0 25.0 25.0 25.0
Remanuf.Out 0.0 0.0 0.0 0.0 6.6 132 175 17.7 17.7 26.8 53.0 68.8 80.6 90.4 93.8 94.4 95.0 95.0 95.0 95.0
T 15665 15665 15665 15664 15697 15796 15957 16133 16310 16491 16743 17099 17562 18135 18800 19482 20175 20875 21575 22275
T + TaR 16904 16904 16904 16903 16937 17039 17204 17389 17571 17784 18280 18782 19287 19840 20495 21185 21887 22588 23288 23988
VRR 0.00 0.00 0.00 0.00 0.05 0.11 0.14 0.14 0.14 0.21 0.41 0.53 0.61 0.68 0.69 0.69 0.68 0.68 0.68 0.68
Py 1115 1115 1115 1115 1115 111.3 110.9 1103 109.9 109.2 108.5 107.6 106.4 105.0 103.4 101.8 100.1 100.0 100.0 100.0
Popg 0.0 0.0 0.0 0.0 46.7 53.4 61.3 71.2 81.1 86.6 83.5 85.6 89.7 94.8 103.1 112.8 122.5 132.5 142.5 152.5
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 86.6 73.5 65.6 59.7 54.8 53.1 52.8 52.5 52.5 52.5 52.5
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Table D.3: Outcome of duopolistic model with sorting information for only OEM for increasing

Ie% 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

e 0.176 0.255 0.258 0.261 0.264 0.276 0.296 0.308 0314 0.316 0.314 0.31 0.304 0.302 0.308 0.315 0.323 0.332 0.341 0413
Q1 171.1 172.4 173.6 174.8 176.0 177.2 178.3 179.5 180.5 181.6 182.6 183.6 184.6 185.6 186.3 187.1 188.1 188.9 188.3 185.8
Qanr 6.0 12.1 18.2 24.5 30.8 37.2 43.7 50.3 56.9 63.6 70.3 771 84.0 90.9 97.8 104.8 111.9 119.0 125.2 130.1
Q2R 0.0 0.1 0.5 0.7 0.7 8.7 20.2 23.8 235 21.1 16.8 11.4 4.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0

Remanuf.Out 1.1 3.1 4.8 6.6 8.3 12.7 18.9 22.8 25.2 26.8 273 274 27.0 275 30.1 33.0 36.2 39.5 427 53.7

T 14601 14803 15012 15222 15432 15643 15855 16068 16279 16491 16701 16910 17118 17326 17532 17736 17936 18131 18321 18536
T + TaR 16877 16976 17078 17180 17280 17383 17496 17602 17696 17784 17865 17944 18024 18106 18184 18259 18331 18396 18453 18536
VRR 0.01 0.03 0.04 0.05 0.07 0.10 0.15 0.18 0.20 0.21 0.21 0.21 0.21 0.21 0.23 0.25 0.27 0.30 0.32 0.41

Py 1145 113.8 1132 112.6 112.0 111.4 110.9 1103 109.8 109.2 108.7 108.2 107.7 107.2 106.9 106.5 106.0 105.6 105.9 107.1
Popg 99.5 98.4 97.6 96.7 95.8 93.7 90.6 88.6 87.4 86.6 86.3 86.3 86.5 86.2 84.9 83.5 81.9 80.2 78.7 73.1

Por 0.0 98.4 97.6 96.7 95.8 93.7 90.6 88.6 87.4 86.6 86.3 86.3 86.5 86.2 84.9 83.5 81.9 80.2 0.0 0.0
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Table D.5: Outcome of duopolistic model with sorting information for only OEM for increasing k

k 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 0.633 0.526 0.451 0.395 0.351 0.316 0.288 0.282 0.282 0.282 0.282 0.282 0.282 0.282 0.281 0.281 0.281 0.281 0.281 0.281
Q1 180.5 181.1 181.4 181.5 181.6 181.6 181.6 181.6 181.6 181.6 181.6 181.6 181.6 181.6 181.1 181.1 181.1 181.1 181.1 181.1
Qanr 63.2 63.4 63.5 63.5 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.6 63.4 63.4 63.4 63.4 63.4 63.4
Q2R 449 48.1 473 42.6 33.8 21.1 49 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0

Remanuf.Out 68.4 58.6 50.0 419 342 26.8 19.7 18.0 18.0 18.0 18.0 18.0 18.0 18.0 17.8 17.8 17.8 17.8 17.8 17.8
T 16690 16624 16576 16540 16513 16491 16472 16456 16440 16425 16409 16393 16377 16361 16345 16329 16313 16298 16282 16266
T + TaR 18357 18211 18073 17952 17854 17784 17745 17728 17712 17696 17680 17664 17648 17632 17613 17597 17581 17565 17550 17534
VRR 0.54 0.46 0.39 0.33 0.27 0.21 0.16 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14
Py 109.8 109.5 109.3 109.3 109.2 109.2 109.2 109.2 109.2 109.2 109.2 109.2 109.2 109.2 109.5 109.5 109.5 109.5 109.5 109.5
Popg 65.8 70.7 75.0 79.0 829 86.6 90.1 91.0 91.0 91.0 91.0 91.0 91.0 91.0 91.1 91.1 91.1 91.1 91.1 91.1

Por 65.8 70.7 75.0 79.0 82.9 86.6 90.1 91.0 91.0 91.0 91.0 91.0 91.0 91.0 0.0 0.0 0.0 0.0 0.0 0.0

122



1'9L1 1991 1'9¢t 'ovl 1ol 1oct o1t 1901 1'96 00 998 ovL $'€9 00 00 00 00 00 00 00 ueq
1oL 9L 1'9L 1'9L 1'9L 1oL 1'9L 1'9L 1'9L €76 998 08 Se8 6'6L 6°6L 6'6L 6'6L 6'6L 6°6L 6'6L neq
Lot Lol LOIT L0111 Lot Lo1l LOTT Lo11 Lot $°601 T601 6801 S'801 €601 €601 €601 €601 €601 £'601 €601 Ta
8¢€°0 8¢€0 8¢€0 8€0 8¢°0 8¢€0 8¢€0 8€0 8¢°0 cro 170 sTo 90 wo %o o o wo o o q4d A
8010C 69861 0€961 1661 €S161 1681 SL98I 9er81 86181 0L9LT P8LLI 06L1 L2081 8CI8I 8TI8I 8CI8IL 8CI8I 8CI8I 8CTI8I 8CI8I Yty + Lu
08¢91 08€91 08¢91 08¢91 08¢91 08€91 08¢91 08¢91 0891 €0¥91 16791 0991 €vLI1 86891 86891 86891 86891 86891 86891 86891 Ly
8Ly 8Ly 8Ly 8Ly 8Ly 8Ly 8Ly 8Ly 8Ly 4! 8'9C 0ce 0€e oy rov or oy oy rov oy MmO fruvway
S$T9 $9 79 $79 ST § $79 $79 S$T9 00 I'ie I'LT Y 00 00 00 00 00 00 00 gy
S$'79 §9 $79 S ST §9 $79 79 S$79 €9 9€9 8¢9 I'v9 €9 €9 €9 $'€9 €9 €9 $'e€9 neey
9'8L1 9'8LI 9'8LI 9'8L1 9'8LI 98LI 9'8LI 9'8L1 9'8L1 07181 9181 T8l 0¢8I 7181 181 ¥'181 7181 7181 181 ¥'181 o
80 80 8e0 8e0 <8¢0 80 8e0 8e0 <8¢0 fagay) 91¢0 S6£°0 YLY'0 €90 €90 €90 90 €90 €90 90 2
00T 061 081 0L 091 0ST orlL 0€T 0zt o1t 001 06 08 0L 09 0s oy 0€ 0T 01 Yo

dep FurseaIodur J10J INHO AJUO JOJ UONBWIOJUT SUnJIos YIm [apouwr onstjodonp jo swoanQ :9°( 2qeL

123



124



APPENDIX E

OUTCOME OF DUOPOLISTIC SETTING WITH SORTING
INFORMATION FOR BOTH OEM AND IR

Equilibrium solution of duopolistic model with sorting information for both OEM

and IR, and the performance measures related with it is presented in this chapter.
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Table E.1: Outcome of duopolistic model with sorting information for both OEM and IR for increasing as,

anr 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0.001 0.064 0.128 0.192 0.256 0319 0.382 0.445 0.507 0.948 1 1 1 1 1 1 1
Q1 177.0 177.0 177.0 177.0 177.0 177.2 177.4 177.7 178.1 178.6 179.2 179.9 186.6 189.9 193.2 196.5 199.8 200.0 200.0 200.0
Qanr 0.0 0.0 0.0 0.0 62.0 62.0 62.1 62.2 62.3 62.5 62.7 63.0 65.3 66.5 67.6 68.8 69.9 70.0 70.0 70.0
Q2R 0.0 0.0 0.0 0.0 62.0 62.0 62.1 62.2 62.3 62.5 62.7 63.0 30.6 26.8 26.2 25.6 25.0 25.0 25.0 25.0
Remanuf.Out 0.0 0.0 0.0 0.0 79 159 238 31.8 39.8 478 55.8 63.8 91.0 93.2 93.8 94.4 95.0 95.0 95.0 95.0
T 15665 15665 15665 15664 15684 15744 15843 15982 16161 16380 16639 16938 17476 18129 18800 19482 20175 20875 21575 22275
T + TaR 16904 16904 16904 16903 17146 17398 17658 17928 18205 18493 18789 19094 19204 19817 20495 21185 21887 22588 23288 23988
VRR 0.00 0.00 0.00 0.00 0.06 0.13 0.19 0.26 0.32 0.38 0.45 0.51 0.70 0.70 0.69 0.69 0.68 0.68 0.68 0.68
Py 1115 1115 1115 1115 1115 111.4 1113 1112 111.0 110.7 110.4 110.1 106.7 105.1 103.4 101.8 100.1 100.0 100.0 100.0
Popg 0.0 0.0 0.0 0.0 46.0 52.1 58.1 64.1 70.1 76.1 82.1 88.1 84.5 93.4 103.1 112.8 122.5 132.5 142.5 152.5
Por 0.0 0.0 0.0 0.0 96.0 92.1 88.1 84.1 80.1 76.1 72.1 68.1 54.5 53.4 53.1 52.8 52.5 52.5 52.5 52.5
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Table E.3: Outcome of duopolistic model with sorting information for both OEM and IR for increasing

Ie% 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

e 0.132 0.209 0.26 0.294 0.32 0.339 0.354 0.365 0.374 0.382 0.388 0.393 0.398 0.401 0.404 0.406 0.408 0.41 0.411 0413
Q1 170.9 171.9 172.9 173.8 174.7 175.5 176.3 177.1 177.9 178.6 179.4 180.1 180.8 181.6 182.3 183.0 183.7 184.4 185.1 185.8
Qanr 6.0 12.0 18.2 24.3 30.6 36.9 432 49.6 56.0 62.5 69.1 75.6 82.3 89.0 95.7 102.5 109.3 116.2 123.1 130.1
Q2R 113.6 108.3 102.9 97.3 91.7 86.0 80.2 74.4 68.5 62.5 56.5 50.4 443 38.1 31.9 25.6 19.3 12.9 6.5 0.0

Remanuf.Out 15.8 25.1 315 35.8 39.1 41.6 43.7 452 46.6 478 48.7 49.5 50.4 51.0 51.6 52.0 52.5 529 533 53.7

T 14593 14764 14950 15144 15344 15547 15752 15960 16169 16380 16592 16805 17018 17233 17449 17665 17882 18099 18317 18536
T + TaR 17648 18004 18192 18296 18365 18409 18440 18462 18479 18493 18503 18511 18518 18524 18528 18531 18533 18535 18536 18536
VRR 0.13 0.21 0.26 0.29 0.32 0.34 0.35 0.37 0.37 0.38 0.39 0.39 0.40 0.40 0.40 0.41 0.41 0.41 0.41 0.41

Py 114.6 114.1 113.6 113.1 112.7 112.3 111.9 1115 111.1 110.7 110.3 110.0 109.6 109.2 108.9 108.5 108.2 107.8 107.5 107.1
Popg 92.1 87.4 84.3 82.1 80.4 79.2 78.2 77.4 76.7 76.1 75.6 75.2 74.8 745 74.2 74.0 73.8 735 73.4 73.1

Por 92.1 87.4 84.3 82.1 80.4 79.2 78.2 77.4 76.7 76.1 75.6 75.2 74.8 74.5 74.2 74.0 73.8 73.5 73.4 0.0
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Table E.5: Outcome of duopolistic model with sorting information for both OEM and IR for increasing &

k 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 0.484 0.459 0.437 0.417 0.399 0.382 0.367 0.353 0.34 0.328 0.317 0.307 0.297 0.288 0.279 0.271 0.264 0.257 0.25 0.243
Q1 177.0 177.5 177.9 178.2 178.4 178.6 178.8 178.9 179.1 179.2 179.2 179.3 179.4 179.4 179.4 179.5 179.5 179.5 179.5 179.5
Qanr 62.0 62.1 62.3 62.4 62.4 62.5 62.6 62.6 62.7 62.7 62.7 62.8 62.8 62.8 62.8 62.8 62.8 62.8 62.8 62.8
Q2R 62.0 62.1 62.3 62.4 62.4 62.5 62.6 62.6 62.7 62.7 62.7 62.8 62.8 62.8 62.8 62.8 62.8 62.8 62.8 62.8
Remanuf.Out 60.0 57.0 54.4 52.0 49.8 478 459 442 42.6 41.1 39.8 38.5 37.3 36.2 35.0 34.1 332 323 31.4 30.5
T 16564 16520 16480 16444 16410 16380 16352 16326 16302 16280 16259 16239 16221 16204 16188 16173 16158 16145 16132 16120
T + TaR 18703 18660 18617 18575 18533 18493 18454 18416 18380 18345 18311 18279 18248 18218 18188 18161 18135 18109 18084 18059
VRR 0.48 0.46 0.44 0.42 0.40 0.38 0.37 0.35 0.34 0.33 0.32 0.31 0.30 0.29 0.28 0.27 0.26 0.26 0.25 0.24
Py 1115 111.3 111.1 110.9 110.8 110.7 110.6 110.6 110.5 110.4 110.4 1104 110.3 110.3 110.3 1103 110.3 110.3 110.3 1103
Popg 70.0 71.5 72.8 74.0 75.1 76.1 77.0 71.9 78.7 79.4 80.1 80.7 81.4 81.9 82.5 83.0 83.4 83.9 84.3 84.7
Por 70.0 71.5 72.8 74.0 75.1 76.1 77.0 71.9 8.7 79.4 80.1 80.7 81.4 81.9 82.5 83.0 83.4 83.9 84.3 84.7
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APPENDIX F

OUTCOME OF DUOPOLISTIC SETTING WITH ASSUMPTION OF
MONOPOLY

Equilibrium solution of duopolistic model with assumption of monopoly and the per-

formance measures related with it is presented in this chapter.
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Table F.1: Outcome of duopolistic model with assumption of monopoly for increasing as s

anr 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
e 0 0 0 0 0 0 0 0.671 0.758 0.823 0.876 0.922 0.963 1 1 1 1 1 1 1
Q1 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.6 189.3 194.0 198.7
Qanr 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.8 29.6 45.1 58.7 64.4 64.4 64.4 64.4 64.4 64.6 66.2 67.9 69.5
Q2R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 64.4 55.9 45.1 359 31.0 29.3 278 27.8 27.8 27.7 26.9 26.1 25.2
Remanuf.Out 0.0 0.0 0.0 0.0 0.0 0.0 0.0 51.8 64.8 74.3 829 88.0 90.2 92.2 922 92.2 92.3 93.1 93.9 94.8
T 15640 15640 15640 15640 15640 15640 15640 15227 15317 15652 16196 16827 17448 18111 18755 19399 20052 20779 21515 22260
T + TaR 16928 16928 16928 16928 16928 16928 16928 17564 17504 17629 17978 18525 19135 19786 20430 21074 21728 22465 23212 23969
VRR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.50 0.58 0.64 0.68 0.70 0.72 0.72 0.72 0.71 0.70 0.69 0.68
Py 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 107.7 105.4 103.0 100.7
Popg 0.0 0.0 0.0 0.0 0.0 0.0 0.0 54.1 57.6 62.9 68.6 76.0 84.9 93.9 103.9 113.9 1239 133.4 143.0 152.6
Por 0.0 0.0 0.0 0.0 0.0 0.0 0.0 74.1 67.6 62.9 58.6 56.0 54.9 539 539 53.9 53.9 53.4 53.0 52.6
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Table F.3: Outcome of duopolistic model with assumption of monopoly for increasing

Ie% 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

e 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823
Q1 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0
Qanr 6.4 12.9 19.3 25.8 322 38.6 45.1 45.1 45.1 45.1 45.1 45.1 45.1 48.4 51.6 54.8 58.0 61.2 64.5 67.7
Q2R 64.5 61.2 58.0 54.8 51.6 48.4 45.1 45.1 45.1 45.1 45.1 45.1 45.1 38.6 322 25.8 19.3 12.9 6.4 0.0
Remanuf.Out 58.3 61.0 63.6 66.3 68.9 71.6 74.2 74.3 74.3 74.3 74.3 74.3 74.2 71.6 68.9 66.3 63.6 61.0 58.3 55.7
T 13944 14199 14441 14668 14881 15080 15265 15394 15523 15652 15781 15910 16039 16270 16508 16752 17004 17263 17529 17802
T + TaR 17798 17788 17770 17746 17714 17675 17630 17629 17629 17629 17629 17629 17630 17675 17714 17746 17770 17788 17798 17802
VRR 045 0.47 0.49 0.51 0.54 0.56 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.56 0.54 0.51 0.49 0.47 0.45 043
Py 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0
Popg 70.8 69.5 68.2 66.9 65.5 64.2 62.9 629 62.9 62.9 62.9 62.9 62.9 64.2 65.5 66.9 68.2 69.5 70.8 72.2
Por 70.8 69.5 68.2 66.9 65.5 64.2 62.9 62.9 62.9 62.9 62.9 62.9 62.9 64.2 65.5 66.9 68.2 69.5 70.8 0.0
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Table F.5: Outcome of duopolistic model with assumption of monopoly for increasing &

k 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
e 1 1 1 1 0.897 0.823 0.766 0.72 0.682 0.649 0.62 0.595 0.573 0.552 0.533 0.516 0 0 0 0
Q1 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0 184.0
Qanr 40.0 40.0 40.0 40.0 429 45.1 46.9 48.4 49.5 50.5 51.3 52.0 52.5 529 53.1 533 0.0 0.0 0.0 0.0
Q2R 40.0 40.0 40.0 40.0 429 45.1 46.9 48.4 49.5 50.5 51.3 52.0 52.5 529 53.1 533 0.0 0.0 0.0 0.0
Remanuf.Out 80.0 80.0 80.0 80.0 76.9 74.3 71.9 69.6 67.6 65.6 63.7 61.8 60.1 58.4 56.6 55.0 0.0 0.0 0.0 0.0
T 16440 16240 16040 15840 15736 15652 15581 15520 15466 15419 15378 15339 15304 15273 15245 15219 15640 15640 15640 15640
T + TaR 18528 18328 18128 17928 17764 17629 17515 17414 17325 17245 17172 17105 17044 16987 16934 16885 16928 16928 16928 16928
VRR 0.62 0.62 0.62 0.62 0.60 0.58 0.56 0.54 0.52 0.51 0.49 0.48 0.47 0.45 0.44 0.43 0.00 0.00 0.00 0.00
Py 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0 108.0
Popg 60.0 60.0 60.0 60.0 61.5 62.9 64.1 65.2 66.2 67.2 68.2 69.1 69.9 70.8 71.7 725 0.0 0.0 0.0 0.0
Por 60.0 60.0 60.0 60.0 61.5 62.9 64.1 65.2 66.2 67.2 68.2 69.1 69.9 70.8 71.7 72.5 0.0 0.0 0.0 0.0
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