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ABSTRACT

A PROFITABILITY ANALYSIS OF PRODUCT SALES AND LEASING IN
SUPPLY CHAINS

As a result of marketing policies based on cheaper and less durable products with
short life cycles, the consumption and disposal rates have increased and therefore many
developed countries introduce laws and regulations to minimize the disposal of end-of-life
products. Thus, collecting used products, recycling and remanufacturing have become
important and profitable operations for many companies. Since components are used
without losing their added values for the majority of the multi-component durable
products, remanufacturing is a better alternative than recycling. However, product
remanufacturing has uncertainties in quality, quantity and timing of returns since the
manufacturing systems are generally based on the sales of products, not the sales of
services. Our aim in this study is to compare the profitability of systems based on sales of
products with or without remanufacturing and examine whether or not the sales of services
is more advantageous than sales of goods. For this purpose, three different structures are
constructed. The first structure (TSM) is a traditional supply chain where products are sold
to customers while the second structure (SRM) includes reverse supply chain where used
products are acquired by the manufacturer for remanufacturing and both remanufactured
and new products are sold. Finally, the third structure (LM) considers a closed loop supply
chain where products are leased and leased products are remanufactured at the end of each
lease period. To compare the profitability of supply chains with respect to product life
cycle, these supply chains are modeled as queuing networks with GI/G/1 and GI/G/x
stations. Then, these networks are analyzed using parametric decomposition method in
order to obtain performance measures. After validating the accuracy of the queuing
network models using simulation, profit functions for each model are defined using the
performance measures. Then, the profitability of the structures is compared while changing
the values of parameters of interest. Also, cannibalization effect of the remanufactured

products and effects of proper design are examined. Finally, conclusions are derived.



OZET

TEDARIK ZiINCIRLERINDE URUN VE HiZMET SATISININ KARLILIGININ
INCELENMESI

Kisa Omiirlii, daha ucuz ve daha az dayanikli {irinlere dayali pazarlama
politikalarinin bir sonucu olarak tiiketim ve atilim hizi artmaktadir ve bu yiizden birgok
gelismis iilke omriinii tamamlamis irtinlerin atilimin1 en aza indirgemek igin yasalar ve
diizenlemeler ortaya koymaktadir. Boylece iirlinlerin geri toplanmasi, geri doniisiimii ve
yeniden imalat1 isleri birgok sirket icin Onemli ve kar saglayan etkinlikler haline
gelmektedir. Cok bilesenli dayanikli iiriinlerin ¢ogunlugunda bilesenler ek degerlerini
yitirmeden kullanildig1 i¢in, yeniden imalat geri doniisiimden daha iyi bir alternatiftir.
Ancak yine de tretim sistemleri ¢ogunlukla hizmet satis1 degil, iirlin satis1 iizerine
kuruldugu i¢in Triinlerin yeniden imalati geri donen Triinlerin kalitesi, sayisi ve
zamanlamasi bakimindan belirsizlikler icermektedir.. Bu ¢alismadaki amacimiz, yeniden
imalat siireglerini igeren ve igermeyen lriin satig sistemlerini karsilastirmak ve hizmet
satisginin  {irlin - satisindan  daha avantajli olup olmadigmi incelemektir. Bu amag
dogrultusunda, ii¢ farkli yap1 kurulmustur. Birinci yap1 iriinlerin tiiketicelere satildigi
geleneksel tedarik zinciriyken ikinci yapt hem yeni hem de yeniden imal edilmis {iriinlerin
satildig1 ve kullanilan tiriinlerin yeniden imalat i¢in geri alindig1 tersine tedarik zinciridir.
Son olarak, {igiincii yap1 kiralanan tiriinlerin her kira donemi sonunda yeniden imal edildigi
kapali dongii tedarik zincirini dikkate almaktadir. Uriin yasam déngiisiinii goz oniinde
bulundurarak tedarik zincirlerinin karlihigini karsilastirabilmek igin, bu tedarik zincirleri
kuyruk aglar1 kullanilarak modellenmistir. Daha sonra, bu modeller performans 6lgiitlerini
elde edebilmek igin parametrik ayirma methodu kullanilarak analiz edilmistir. Simulasyon
kullanarak kuyruk agi1 modellerinin dogrulugunu onayladiktan sonra, performans
Olgiitlerini kullanarak her model icin kar fonksiyonlar1 tanimlanmistir. Daha sonra
yapilarin karlilig1 ilgilenilen parametre degerleri degistirilerek karsilastirilmistir. Ayrica,
yeni lrlinlerin satiglarinin yeniden imal edilmis {irlinlerin satislar1 nedeniyle diismesinin
karlilik iizerindeki etkileri ve tasarim ve yeniden imal edilebilme arasindaki iligki

incelenmistir. Son olarak, sonuglar ortaya konmustur.
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1. INTRODUCTION

In the last four decades increasing competition in major markets of the industrialized
world has generated marketing policies based on cheaper and less durable products with
decreasing life cycles. As a consequence, consumption and disposal rates have increased to
unmanageable levels. Currently most industrialized countries are facing major
environmental challenges. This fact has placed great emphasis to the product
remanufacturing business and the need for a closed loop supply chain. Today, many
companies recognize the residual value of end-of-life products and concentrate on the

remanufacturing strategy since it is a profitable business policy.

Remanufacturing can offer many benefits like sustainable profitability, energy
savings, significant reduction in carbon emissions and material conservation. Since most of
the raw materials of the end-of-life product are used in the remanufacturing process, only a
small fraction of material processing is needed for new products. Thus, the volume of the
energy consumption and the amount of natural resources required to produce the assets are
reduced considerably. As a result of the reduction in the consumption of raw materials, life
cycle costs decrease. Considering the energy consumption, only about 15 percent of the
energy used in the production of a new product is required to remanufacture a product [1].
Consequently, carbon emissions are reduced significantly. In terms of the carbon
emissions, estimated savings are 28 million tons of CO, annually [1]. Moreover, from the
perspective of the customers, remanufactured products can be purchased for lower prices
without compromising quality. To represent the importance of remanufacturing, it is
claimed that the size of the remanufacturing sector in the United States is $53 billion, with
over 70,000 firms and 480,000 employees [2]. However, remanufacturing has some
difficulties and uncertainties. For instance, collection of returned products, design for

remanufacturing, uncertainty in product returns are some of them.

In the existing structure with remanufacturing process, the collection rates are still
less than manufacturing rates. Also, since products are sold the return time and condition
of used products are unknown. This fact complicates the remanufacturing process. On the

other hand, in most cases customers prefer to own the right to use instead of owning the



product. In order to derive maximum benefit from remanufacturing and cope with its
difficulties, sales of services can be employed instead of sales of products. Considering the
sales of services, leasing strategy is preferable due to low willingness to buy
remanufactured product and short usage periods. In leasing strategy, controlling the
product returns reduces uncertainty in the remanufacturing activities and allows us to
sustain high profit margins. Moreover, leasing is a widely used business strategy in United
States. As an illustration, according to the research done by Equipment Leasing
Association in 1999, 80 percent of all US companies lease some or all of their equipment
and approximately 226 billion worth of equipment are leased in the US [3].

In this thesis, we examine three different structures. The first structure is a traditional
supply chain where products are sold to customers while the second structure includes
reverse supply chain where used products are acquired by the manufacturer for
remanufacturing and both remanufactured and new products are sold. Finally, the third
structure considers a closed loop supply chain where products are leased and leased
products are remanufactured at the end of each lease period. We investigate which
structure is more sustainable and profitable. For this purpose, we use open and closed

queuing networks with GI/G/1 and G1/G/= stations.

The rest of the thesis is organized as follows. Chapter 2 provides an overview of the
product life cycle modeling, remanufacturing and leasing literature. In Chapter 3, the main
objectives of the thesis are described. In Chapter 4, after the problem definition, the model
formulation and determination of the leasing payments take place. Validation for the
proposed method is stated in this chapter, as well, and at the end profitability function is
given. Numerical analysis is illustrated in Chapter 5. In the last chapter, conclusions are

drawn.



2. LITERATURE REVIEW

The problem we consider falls in the research areas of remanufacturing, leasing and
product life cycle. Therefore, in the literature review we consider the studies related to
these subjects. Section 2.1 discusses literature on product life cycle modeling, which forms
the basis of our research methodology. Section 2.2 discusses literature on remanufacturing
where driving factors, benefits and problems of remanufacturing are highlighted. Also
literature for our analytical model is given. In Section 2.3, the growing literature on leasing
is discussed. The main topics in this section are challenges and benefits of leasing,

determination of lease payments and comparison of leasing and selling systems.

2.1. Product Life Cycle Modeling

Since concerns about environmental issues accumulate, developments in industry
cause rapid changes on product life cycles. The technological improvement interest of
customers triggers the decrease of the total life cycle of a product. Thus, environmental
waste increases considerably. To take precautions for this problem, companies focus on the
design of the total product life cycle including product design, production, usage,
maintenance and recycling/disposal. Companies are realizing that only the effective
product design and production is not enough for providing good resource consumption and
recycling performance. However, controlling the flow of a product particularly in the usage
and disposal phases is difficult. Furthermore, assessing the quality of the product through
the whole life cycle is problematic. To cope with these difficulties, Kimura and Suzuki
assert that the preplanned and controlled closed cycles in remanufacturing give us the
opportunity to make the whole product life cycle visible [4]. In other words,
remanufacturing is a good alternative since it allows us to control the life cycle of a
product. Issues like remanufacturing, refurbishment, small repairs help us not only to
satisfy environmental conditions but also to allow the customers to follow the

technological improvements by periodical upgrades and to maintain the products.

In the literature, from the perspective of total life cycle, remanufacturing is compared

to manufacturing new products in terms of energy usage and other costs. For instance, it is



asserted that when the product fits the necessary production characteristics of
remanufacturing, the energy required to remanufacture a product is significantly less than
the energy used in recycling [2]. Moreover, Boustani et al. [5] investigate the potential
savings of energy and economics through the total life cycle by extending the service life
of a product via remanufacturing. They conclude that if the cost of remanufacturing is less
than the purchase cost, then remanufacturing becomes economically preferable. Yet, they
also state that despite the savings achieved in production, remanufacturing is a net energy-
expending end-of-life alternative. They observe that the energy consumption in customer
usage period is significantly higher for a remanufactured product than a new product as a
result of efficiency improvements in new products. Another consideration is based on the
environmental aspects. Lindahl et al. [6] focus on the environmental impacts of
remanufacturing by using the life cycle assessment methodology. They look at various
cases in the literature and conclude two important issues. One of them is that
remanufacturing is more environmental friendly than manufacturing a new product with
respect to material resource perspective. The other is that we cannot draw a general
conclusion about the advantages of remanufacturing since the benefits from
remanufacturing are highly context-related. Furthermore, Smith and Keoleian [7] develop a
life cycle model to analyze environmental and economic perspectives on remanufacturing.
The life-cycle model show that the remanufactured engine could be produced with 68 to 83

percent less energy and 73 to 87 percent fewer carbon dioxide emissions.

Considering life cycle implications for the remanufacturing system, the disposal rate
is very important for profitable remanufacturing. This rate is influenced by the age of the
product, the mean product life time, the rate of technological development and the
willingness to return products for remanufacturing. In this context, Ostlin et al. [8]
investigate the factors that affect product returns from end of use and end of life. The rate
of technological development and the expected life of a product classified as the major
influencing characteristics. To balance the product returns and demand for remanufactured
products, by using product life cycle perspective they propose strategies which helps to
forecast the general trends of remanufacturing volumes. Moreover they suggest that the life

cycle theory could be effective in remanufacturing industry.



2.2. Remanufacturing

After The Second World War the popularity of remanufacturing has ascended
considerably due to various reasons. This increase demonstrates itself especially in
automotive sector. In recent years, remanufacturing expanded to several sectors such as
electrical apparatus, toner cartridges, household appliances, machinery, cellular phones and
single use cameras. Haynesworth and Lyons [9] characterize remanufacturing as the
process of bringing a product to like-new condition through replacing and
rebuilding component parts. In the following paragraphs, the driving factors, the benefits
and the difficulties of remanufacturing are introduced.

When we look at the driving factors of remanufacturing, we see three major issues;
ecological factors, legislation and economics. The environmental concerns and legislation
due to these concerns seem to be the forcing factors. On the other hand, firms prefer
remanufacturing most frequently for its cost reduction properties. In the context of
ecological factors, the predictable increase in hazardous materials enforces firms and
governments to become conscious. Moreover, decreasing proportions of landfills has
brought remanufacturing to life. As it renders a large reduction in industrial waste and in
energy consumption, remanufacturing becomes preferable. Boustan, et al. [10] state that
the amount of waste generated in remanufacturing is significantly less than the waste

generated during the manufacture of new components.

Another driving factor for remanufacturing is legislation. Because of the legislations,
firms are forced to take back their products and recover them. This provides firms to
manufacture more efficiently and use returned products in their production processes. Brito
[11] states that these legislations include two important issues; consumer rights and pro-
environmental legislations. As an illustration of these legislations, the European Union
publishes a directive called the European Directive on Waste Electronic and Electrical
Equipment. The idea is to reduce the waste that results from electronic and electrical
products and support the re-use of this type of products. Also, countries employ legislation
for environmental concerns. For instance, The German Recycling and Waste Control Act
and Swedish take-back legislation are examples for legislations that aims increased

producer responsibility. Additionally, the Environmental Protection Agency proposes the



Recovered Material Advisory Notice that supports the idea of reusing and rebuilding motor
vehicle parts. All of the legislations put forward the necessity of remanufacturing with

respect to both environmental and economic factors.

Finally, economic factors cause firms to concentrate on remanufacturing, as for
expensive products, remanufacturing returned products is less costly than producing new
ones. In this context, Brito states that generally companies can decrease the material costs,
production costs and can make value added recovery by remanufacturing. Also, they can
have a green image, comply with the laws, protect their market share and improve
customer relations with the help of remanufacturing [11]. Although the costs decrease in
remanufacturing, the quality of the remanufactured products can be equal or superior to the
new product [9]. Therefore, they have the same warranty conditions as the new ones.

Major benefits of remanufacturing are reduction in environmental impact, energy
savings and cost savings. The environmental benefits can be grouped as; energy
conservation, raw material conservation, landfill space conservation and air pollution
reduce. Reusing the product and reprocessing the waste materials decreases the raw
material consumption. Also, remanufacturing reduces the amount of material processing
and in this way it differentiates from recycling strategies. Extended life time of products
reduces the emissions and energy consumptions in manufacturing new products relatively.
Seitz and Peattie [12] give an example from automotive part remanufacturing which
reveals that the energy consumption of a new starter is more than eleven times of the
energy required to remanufacture the product. When we evaluate the company benefits, we
see concentration on life cycle costs. As an initial remark, the usage of returned products
decreases the raw material costs. Additionally, processing costs are reduced due to low
remanufacturing times. Also, the low price of remanufactured products enables firms to

target the second hand market and compete with products at lower price.

Reprocessing of used products consists of collection, grading product recovery and
re-assembly. Brito [11] classifies product recovery with respect to the necessary activities

to be performed on a returned product as follows:



I. Repair : The product is repaired at the product level without disassembly
ii. Refurbishing : The product undergoes a more extensive operation for upgrading
iii. Remanufacturing: The product undergoes operations at the component level where

it is disassembled and its components are refurbished
iv. Part recovery : Parts of the product can be collected for part recovery which is
called retrieval

v. Recycling : Recycled material can be used in raw material input with the help
of recycling
vi. Incineration . Returned products can be burned for producing energy in the case

of incineration

When we look at the whole picture, there are obstacles in remanufacturing. In this
context, Amezquita et al. state that products which have a damaged or broken major part
cannot be remanufactured [10]. If the major parts of a product are damaged, the cost of
remanufacturing increases. In this condition, the firm decides not to remanufacture or the
product cannot be remanufactured again due to technologic constraints. Guide [13] defines
seven characteristics that complicates remanufacturing as the uncertain timing and quantity
of returns, the need to balance returns with demands, the complications in disassembly of
returned products, the uncertainty in materials recovered from returned items, the
requirement for a reverse logistics network, the complication of material matching
restrictions and the problems of stochastic routings for materials for remanufacturing
operations with highly variable processing times. The uncertainty and variability in
disassembly can be avoided with design for remanufacturing. Amezquita et al. confirm that
the design for remanufacturing must contain these attributes; ease of disassembly, ease of
cleaning, ease of inspection, ease of part replacement, ease of re-assembly and reusable
components [11]. The attributes above decrease the remanufacturing time of a product

considerably.

In addition, there are specific problems particularly in collection and reprocessing.
Geyer and Jackson [14] state some limitations with respect to these problems. Limited
access to end-of-life products leaving the use phase, limited feasibility of end-of-life
product reprocessing and limited market demand for the secondary output from

reprocessing are those limitations. Moreover, Geyer et al. [15] propose a model



remanufacturing system with product take back. The constraints of the model are limited
component durability and finite product life cycle. Moreover, they state that remarkable
cost savings are achieved as a result of careful coordination of collection rate, product life
cycle and component durability. They show that remanufacturing cost is reduced if the

yield of remanufacturing is above a critical value.

Particularly, in the remanufacturing area various types of queuing networks are
employed to have a method of approach for the uncertainty in quantity, quality and timing
of product returns. Similarly, in this research queuing networks are used to model the
forward, reverse and closed loop supply chains. To this end, we give related literature to
our queuing network model in the following paragraphs.

Souza and Ketzenberg [16] use a GI/G/1 network to model a remanufacturing facility
with a grading station. The remanufacturing facility is modeled as three stations where
each station is employed for a different quality grade type to capture the impact of different
quality grades for processing times and costs. Here, they try to maximize total profit and
find the optimal product mix. In another article, Souza and Ketzenberg [17] consider a
make to order manufacturing process where demand can be met with either new or
remanufactured product. They model each station as a GI/G/1 queue. Remanufacturing and
manufacturing activities are conducted at different stations. The objective is to find out the
optimal long—run production mix where the average order lead-time is restricted by service

level constraints

Vorasayan and Ryan [18] examine the optimal price of a refurbished product and
proportion to refurbish for a competitive strategy in the market by taking into account the
market cannibalization effect of the remanufactured products. The system that they
propose consists of 5 station which are manufacturing, customer usage, evaluation,
refurbishing and storage. Except for the customer usage station, they model each station as
M/M/1 queue. The customer usage station is modeled as M/G/x queue. All the stations are
analyzed independently. In another study, Vorasayan and Ryan [19] develop a general
queuing network in relation with both market segmentation and uncertainty in
manufacturing at the same time without restrictive assumptions on probability distributions

of service times. They use a GI/G/c open queuing network for this model. They also



consider the consumer willingness to buy refurbished products. They examine the variation
in profit with respect to product return probabilities, quality grade of returned products,
number of times that a product can be refurbished and uncertainty in time of

remanufacturing.

Furthermore, Toktay et al. [20] use a closed queuing network to model the life cycle
of a single use camera. To find optimal ordering policy for handling the uncertainty in
return flows which cannot be observed, they propose a heuristic procedure. The objective
is minimizing the total expected procurement, inventory holding and lost sales cost. In
another study, Bayindir et al. [21] model the life time of a product as M/G/ queuing
network to find the optimal return probability of sold items. It is assumed that there is no
demand difference between remanufactured and new products due to customer willingness.
They form a cost model to investigate the utilization of remanufacturing policy under

controllable return rate.

2.3. Leasing

Nowadays, leasing has become a remarkable and consistent strategy as an
alternative to retail. Fishbein et al. define leasing as a strategy that improves resource
productivity by preventing generation of waste and employing closed loop systems [22].
Particularly, the benefit of closed loop systems arises from the fact that the waste of
returned product becomes the source of raw materials for a new product. This fact is
achieved by recycling, remanufacturing or direct reusing. Accordingly, leasing strategy is
more environmentally friendly than traditional selling strategy, especially for durable
products. Furthermore, Desai and Prohit state that lower payments in leasing make the
products more affordable [23]. They also state that in lease agreements customers are
paying for only a portion of the product’s full value over the lease period and thus they
take the advantage of being able to finance more advanced products. In another study,
Fishbein et al. [22] examine leasing strategy as an alternative to retail for increasing
resource productivity by decreasing waste generation as a result of closed loop material
use. Also, they classify the requirements for the extended producer responsibility as taking

back the products when consumers discard them, managing them at their own expense and
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meet specified recycling targets. They state that in order to satisfy these requirements,

companies tend to increase reuse and remanufacturing.

For the most of the leasing agreements, at the end of the lease period the ownership
of the product remains in the possession of the lessor. This ownership, in a sense, forces
manufacturers to manage the product returns and reduce the life cycle impacts. However,
collecting the products after leasing period is not sufficient to provide environmental
benefits and profitability. To capture the advantage of leasing on profitability and
environmental benefits, Mont et al. [24] suggest that the manufacturer should increase the
durability of the leased products with continuous upgrade and maintenance of the product,
collect the product for remanufacturing and recycling at the end of its useful life and
follow the basic waste management hierarchy (reduce, reuse, and recycle).

However, accomplishing these goals is not simple for leasing companies as lack of
durable products becomes a problem. At the end of the lease period, the residual value of
products which highly depends on the length of the lease period can be very low. In other
words, they can be consumed heavily during the customer usage period. Therefore, the
companies are obligated to design durable and reusable products to apply leasing as a
competitive strategy. Fishbein et al. defined the product design issue as a key factor for
closing materials loops and improving the efficiency of resource utilization [22]. The
companies have to connect the link between end of life management and product design.
Gray and Charter [25] categorize the product design issue for different strategies.
According to them, a design strategy can focus on a particular step in the remanufacturing
process. As an illustration, design strategies can be based on core collection, disassembly,
multiple life cycles, upgrades and eco-design. Each strategy affects different parts in the

remanufacturing process.

Another important issue in leasing is the determination of the lease payments.
Lease payments consist of two parts; the depreciation part and the finance part. The
depreciation part is the payment for the product’s value that is lost during the leasing
period and the finance part is the interest payment for using the lessor’s money that is tied
up in the product [3]. Both parts are correlated with the residual value of the product.

Pierce [26] states that the residual value of the product cannot be calculated precisely due
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to the uncertainty about market conditions, general economic conditions and also the
complexity of determination of the deterioration rate of the product. However, it is known
that as the length of the lease increases, the residual value at the end of the leasing period
inevitably decreases. Sharma [27] determines residual value of the electronic products
where the residual value of an asset of any age is defined as the current value of an asset as
a fraction of the purchase price of the new product. At this point, we can easily say that the
determination of the leasing payments is a very complex issue and reflecting the
remanufacturing effect to prices further complicates the matter.

Another important factor for the determination of the lease payments is the
depreciation rate. Depreciation rate of a product affects the profitability of a leasing system
since it has a great impact on the residual value at the end of the lease period. Desai and
Purohit [28] try to show that the profitability of selling and leasing strategies is powerfully
linked with depreciation rates in contradiction to common belief that leasing dominates
selling in every aspect. Thus, they find out that selling is preferred if the depreciation rate
of the sold products is higher than the leased products. In the end, with an application on a
car model, they demonstrate that leased cars are likely to depreciate less than sold cars.
Also, they concentrate on the comparison of selling and leasing strategy of a durable
product. For long term decisions they investigate whether both strategies can be applied in
a competitive market. In other words, they focus on employing concurrently leasing and
selling strategies and determining an optimal strategy for different depreciation rates. In
the following paragraphs we continue to discuss some related literature about the

comparison of selling and leasing strategies.

Mont et al. [24] focus on the shift from selling products to selling functions and
service through leasing. They propose a new business model for baby prams where they
combine leasing and remanufacturing. The objective is determining the potential problems
and changes in product design to make the supply chain work. Also they organize the
reverse logistic system with different levels of refurbishing and remanufacturing. Taking
into account the financial analysis, they find out that leasing system is more profitable per
pram than traditional sales. Also they suggest that the new model provides customers to
have high quality products in exchange of low prices and avoid transaction costs of selling

the product.
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In another paper, Hanafiah et al. [29] propose a model that concerns with the
problem of remanufacturing in both developed and developing countries for selling and
leasing conditions. Total life cycle cost of the product and product take-back options for
remanufacturing in leasing and selling are considered with this model. Also the socio-
economic scenarios are taken into account. It has been found that leasing becomes more
economically preferable due to the increasing demand of second hand products and a

common nature in developing countries.

Although leasing can be economically preferable, the logistical and environmental
decisions affect this implication. In his dissertation, Sharma [27] discusses the logistical
and environmental issues in electronic equipment leasing. In an environment where
remarkable portion of the business assets is leased, he focuses on short life cycles of
electronic equipment and strict environmental legislation on electronic waste. For analysis
of decisions about lease lengths, use of logistic facilities and end of life management of
assets, he proposes a deterministic, multi-period, mixed integer linear model. He finds out
that without appropriate decisions for logistical and environmental issues profitability of a
leasing company can decrease. Also he shows that lease lengths and both forward and
reverse product flows are influenced considerably by uncertainty in transportation costs.
Furthermore, he defines a strong connection between asset purchase costs, asset disposal

costs and transportation costs.

We conclude from the literature review that although structures with sales of
product and sales of service are investigated separately, only a few studies are carried out
to compare them. Also, a few number of studies include life-cycle considerations in the
introduction and management of remanufactured products. In this study, we compare the
profitability of different supply chains with sales of product and with sales of service with
respect to product life cycle. Also, studies in the literature rarely combine remanufacturing
and sales of service. Therefore, to the best of our knowledge nobody has considered the
determination of lease payments where leased products are remanufactured at the end of
each lease term. Moreover, studies about remanufacturing only focus on the specific
problems of remanufacturing operations. However, in this research, we concentrate on the

profitability of all the operations in a closed loop supply chain rather than studying only
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the remanufacturing operations. Besides, we use open and closed queuing networks to

model our supply chains.
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3. OBJECTIVES

In this research, we compare three different supply chain structures with respect to
the product life cycle. The first structure considers the traditional supply chain where a
product is designed, manufactured, sold, used and disposed off, while the second structure
includes a reverse supply chain to recover some of the used products for remanufacturing
and sales. The third structure is a closed loop supply chain where leased products are
remanufactured at the end of each lease period and new products are manufactured only if
a returned product cannot be remanufactured. In this structure, we reflect the
remanufacturing effect to lease payments. Our aim is to find out when each structure is
more profitable. We examine the parameters of importance that differentiates the
profitability of each structure for a single product over a profit function. Since we study the
life cycle of durable and remanufacturable products, all life cycle costs are considered in
the profit function. We compare the profitability of the structures while changing the
values of parameters of interest. In order to compare the structures properly, we use
queuing network models. The open and closed queuing network models allow us to track

the return of products and model the returned product quality.

Moreover, we consider the market cannibalization effect of the remanufactured
products where new and remanufactured products are offered at the same time. We study
whether the system profits decline when remanufactured products cannibalize the sales of
new products. Also, the impacts of product design to remanufacturability level in the
introduction of a remanufacturable product are considered. Here, we investigate the
changes in profitability as the maximum number of times that a product can be
remanufactured increases and the average remanufacturing time decreases as a result of the

increase in the production and design time.
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4. MODEL

4.1. Problem Definition

In a traditional supply chain, a product goes through the steps of product design,
production, distribution, customer usage and disposal. Here, a product is designed with
respect to customer needs. Then the product is manufactured and distributed to the
customer. The customer uses the product for some time. Finally, at the end of its useful
life, the product goes to disposal. On the other hand, in a supply chain with
remanufacturing, a probabilistic amount of used products are remanufactured. Thus, the
time to disposal is delayed. Both structures are based on the sales of the product. Yet, a
supply chain designed for the sales of the service of the product would have major
structural differences. In order to model these three supply chain alternatives and study

their differences, we propose three different queuing networks.

Firstly, we consider the sales with remanufacturing model (SRM) as it has the most
general network structure. In a supply chain with end-of-life product returns, a certain
portion of the demand rate for the new products comprises the return rate. The demand for
remanufactured products is satisfied by this rate. However, sometimes it is difficult to
balance the return rate and demand. If the demand rate is larger than the return rate, lost
sales can be problem. For the exact opposite of this situation, when the return rate is larger,
holding costs increase as a result of increased number of finished products waiting in

storage.

A further problem, in a supply chain where both new and remanufactured products
are sold at the same time, sales of remanufactured products can cannibalize the sales of
new products. Remanufacturing systems that focus on the end-of-life returns can have a
direct cannibalization threat if remanufactured products still have viable technology and
same functionality as a new product. In this situation, when the profit margin of a
remanufactured product is lower than that of a new product, cannibalization of the sales of

new products can cause the total system profit to decrease.
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Furthermore, uncertainties in quality, quantity and timing of returns are major
challenges in product remanufacturing. These uncertainties are directly transferred to the
remanufacturing step where the variation in the quality of returns causes a high variability
in the remanufacturing process. Categorization of returned products (cores) based on the
quality can decrease the variability in remanufacturing times. As the quality of a core is a
function of the usage duration and behavior, the approach in the categorization should
account for them. In the categorization, cores are categorized into levels such as that
require less remanufacturing effort or more extensive operations. Cores that cannot be

remanufactured are disposed off.

As another problem, products are mainly designed for decreasing the assembly and
production times. This fact can cause variability in disassembly times and inefficiencies in
remanufacturing operations. In this context, Sundin [30] reveals some problems in
remanufacturing that arise from lack of proper product design such as product complexity,
increased part fragility and wear resistance, difficulties in identification and handling.
Design for remanufacture which considers all of the steps involved in remanufacture can
prevent inefficiencies in remanufacture, especially in disassembly, and can decrease

remanufacture times.

Secondly, the traditional sales model (TSM) where only manufactured products are
sold is considered. This model is a modification of the sales with remanufacturing model
where the return rate equals to zero. The major problem in this model is that the end-of-life
products directly go to disposal. Therefore, returned products do not provide any benefits

and thus raw material consumption increases.

The third structure is the leasing model where both remanufactured and new products
are only leased. The fundamental difference between this model and the above models is
that in this one demand is for the right of use of the service the product provides. Here, the
approach of the demand can be considered more utilitarian. Therefore, there is no demand
separation between new and remanufactured products as both products are capable of
performing the same tasks. With the help of the known leasing periods, the return times of
the leased goods can be determined perfectly. Furthermore, leasing can help companies to

forecast the quality of the returned leased products easily. We can control the quality,
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quantity and timing of the returned products which are the main problems of
remanufacturing. Also, raw materials which are used to manufacture new products are
consumed only when leased product cannot be remanufactured again. On the other hand, to
maximize the profits a leasing company must have a decision on some important topics
like length of leases, efficient utilization of logistics facilities for material, flow to and

from customer sites, and equipment reuse, refurbishment and disposal actions [27].

4.2. Queuing Network Models

In modeling supply chain systems as a queuing network, stations in the network
represent facilities where products are processed through different operations. Possible
routings are represented by the arcs between these stations. Also, the order in which the
products are processed in these stations is determined by the queue discipline. We use the
FCFS discipline (first come, first served) in which products are processed in the order of
their arrival. Moreover, it is important to determine how products enter and leave the
queuing network. In an open queuing network, products enter the network at one or more
stations, goes through the stations of the network and finally leave the network at a certain
station. However, in a closed network, population of products remains constant since
products never leave the network. In this study, the traditional sales model and the sales
with remanufacturing model are represented as open queuing networks. On the other hand,
leasing system is modeled as a closed queuing network. In the following sections, each

model is interpreted in detail.

4.2.1. Sales with Remanufacturing Model (SRM)

We model the remanufacturing system as a multiclass open queuing network where
each class represents a product and how many times it has been remanufactured. Under
FCFS policy, we use open queuing network similar to [16], [17] and [19]. The network
consists of 12 stations. The queuing network model is depicted in Figure 4.1. We have no
distribution assumptions about inter-arrival times and service times for each station.

Therefore, we evaluate each station in the queuing network as independent queues with
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general inter-arrival and service time distribution with parameters{/ii,C ri,Cii}, where

A is the arrival rate at station i,

CZ, is the squared coefficient of variation (scv) of the
external inter-arrival time at station i, 7, is the mean processing time of all jobs at station i

and CZ;is the scv of service time of jobs at station i.
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Figure 4.1. The open queuing network for the SRM

Also, we consider product classes which are determined by how many times the
product has been returned from customer. Here, n is the maximum number of times that a
product can be remanufactured before being disposed off. We assume that the
manufacturer tracks the number of returns by keeping the history of the product. Product
class O represents the new products. If they return from the customer after the usage period,

the product’s class becomes class 1. Similarly, if the customer purchased a product class r,
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it becomes product class r+1 when it returns to the manufacturer. However, when a
product class n is returned, it becomes class n+1 and directly goes to disposal since it
cannot be remanufactured again. For product classes r = 0,1,......,n,n+1 and all stations in

the model, let A" = the arrival rate of product class r at station i. Furthermore, P®) denotes
the return probability of product class r and q? is the proportion of product class r with

grade level 6.

Furthermore, SRM is a hybrid manufacturing system, which contains both
remanufacturing and manufacturing processes. Customers can purchase either new
products or remanufactured products with different prices. In general, the price of
remanufactured products is lower than the price of the new products. To model demand
differences between new and remanufactured products, the demands of new products are
met by production station and the demand for remanufactured products is met by demand
station for remanufactured products. The arrivals of the external demand for new products

at rate A, , initiate the production of new products at the production station. This station is

modeled as GI/G/1. We know that for competitive strategy design for remanufacture has a
great significance. By achieving proper product design, we can obtain sustainability in
remanufacturing cycles and extend the life cycle of the product. To include the design
effect in our models, time of the design period for new products is added to the production
time. Therefore, it is assumed that both production design and production occurs at the

same station.

On the other hand, we employ the demand station for remanufactured products. At
this station, after re-assembly the remanufactured products are matched with the demands

where the service time models the demand inter-arrivals. We model this station as GI/G/1

queue. Also, the demand arrival rate for remanufactured products, 4,, are assumed to be

larger than the arrival rate of the demand station. Thus, all remanufactured products are
sold. We assume no backorders for remanufactured products. Moreover, this station
provides us to consider the lost sales. Since we assume higher demand arrival rate, demand
cannot be satisfied when there is no products in the demand station. Therefore, the

potential sale is lost.
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Both distribution station and usage station have infinite servers. We assume that the
new and the remanufactured products are distributed and used by customer immediately
after production and remanufacturing. Thus, distribution station and usage station become
GI/G/». All departures from production station and demand station for remanufactured
products generate the arrivals for distribution station. At this station, products are
transferred to the customers. Likewise, all distributed goods come to usage station. After a
product is purchased, the customer keeps it for a certain amount of time which is
generally distributed. In order to study the effects of remanufacturing, we assume that
duration of the customer usage period is shorter in expectation than the duration of the life
cycle of the product. In other words, we allow the products to be purchased multiple times

by customers.

After the usage period, at the end of their useful lives products are either returned
with probability P due to end-of-use and end-of-life returns. As expected, the return rates
increase as the return probabilities increase. Also, the product return rate is generally less
than the demand rate of the remanufactured products. Here, the collection stage refers to
the activities of taking back returned products available and includes purchasing and
transportation of them. The collection station is modeled as a single server with general

inter-arrival time and general service time.

In addition, grading issue plays an important role in our system, especially for
profitability. The study of Ferguson et al. shows that a proper grading policy enhances
profitability by about % 4 [31]. Also, Guide claims that one of the essential problems of
remanufacturing is the uncertainty in materials recovered from returned items [13]. With
this idea, in our model the collected products are inspected and graded at the grading
station after all collected products flow from collection station to grading station. The
grading station is modeled as a GI/G/1 queue. To state precisely whether a returned
product is re-usable, grading stage is mandatory. Furthermore, Ferguson et al. find out that
the value of the grading system is more considerable when the ratio of return rates to
demand rates increases and when there are no more than five quality grades [31]. To this
end, we determine five grades which needs; minor re-processing (or sell as-is), repair
(product level), refurbishing (module level), remanufacturing (component level), disposal.

This grading approach is similar to the determination of the recovery options that is
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presented by Brito [11]. The grade that needs disposal refers to the products which cannot
be remanufactured due to technical reasons. Afterwards, graded products are sent to their
stations with probability q”? which is the proportion of the r™ time returned products with
grade level 6. Souza et al. claim that the proportion of used products assigned to each
quality grade is stable [16]. On the contrary, in our model, as the number of cycles that a
product makes increases, the distribution of the proportion of grades differs. Namely, the
proportion of grades is dependent on the number of returns for a product, r, and as r
increases, the proportion of bad quality cores increases. The representation of this part of
the model can be seen from Figure 4.2.
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Figure 4.2. Departures from grading station according to grades of the cores

After leaving the grading station, products enter their respective reprocessing station.
Our remanufacturing facility is modeled as four parallel stations. Souza et al. state that the
variability of processing times and costs for different quality grades are different [16]. To
model this variability, each station is modeled as a GI/G/1 queue. We assume that the
processing times in these stations increases as the quality level decreases. Also, as the

quality of the core decreases service times become more variable.

Ferrer and Ketzenberg assign a recovery yield y; for each returned product i [32].

Additionally, Souza and Ketzenberg define the overall yield of the remanufacturing
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process [17]. Likewise, in our model, every station at remanufacturing facility has a
recovery yield. Remanufacturing yield follows a Bernoulli process with probability y; that
a core is remanufactured well and probability 1- y; that the products go to disposal from
each station i which represent remanufacturing stations here.

We assume that disposal activities are conducted by the manufacturer in the SRM.
Here, disposal activities refer the operations like recycling, landfilling and incineration for
products that cannot be remanufactured due to technical reasons or high costs. For
example, products that require heavy repair or that cannot satisfy the demand after

remanufacturing are disposed. The disposal station is modeled as a GI/G/1 queue.

Finally, the reprocessed products are merged at the re-assembly station and tested at
the last step of the remanufacturing process. This station is also modeled as a GI/G/1
queue. Then, these products directly go to the demand station for remanufactured products
which is described above. In this way a new cycle starts and a product goes through the
same steps mentioned until it is disposed off. The number of cycles that the product can
complete which is determined at production design depends on the remanufacturability of

the product.

4.2.2. Traditional Sales Model (TSM)

We consider our selling model as a typical forward supply chain. In this model, the
customer is at the end of the process and products are directly disposed off at the end of
their useful lives. Additionally, in comparison to the SRM, there is no remanufacturing
activity. In other words, this model looks like the SRM where P"=0 for r=n=0. When
n=0, the SRM becomes the TSM which consists of design and production station,
distribution station and customer usage station. Another fundamental difference between
the TSM and the SRM s that in the TSM only the new products are purchased by the

customers. The open queuing network for the TSM is represented in Figure 4.3.
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Figure 4.3. The open queuing network for the TSM

4.2.3. Leasing Model (LM)

The leasing model (LM) is the modified version of the remanufacturing model. Both
models include forward and reverse supply chains. However, although most of the stations
in the LM work the same way as in the SRM, there are some basic differences. These
differences are that the return probability equals to one, the return time is fixed and the

return quantity is known.

In a leasing system the customer who leases the product has an obligation to return
the product. Therefore, the return probability, P"=1 for r=1, ...,n,n+1. Also, this generates
higher flow rates than in the SRM at the remanufacturing stage. As a second point, by
connecting disposal station and production station departures from disposal station become
arrivals for production station. Namely, the leasing system produces a new product to
replace a used product that is disposed off. This means arrival rates for disposal and

production stations are equal (4, = 4, ). Therefore, the products never exit the system and

thus a finite population of products circulates in the system. In summary, there are no
external arrivals and departures so under FCFS policy the LM becomes a multiclass closed
queuing network where every station except distribution and customer usage stations is

modeled as GI/G/1 queue similarly in the SRM. Figure 4.4 depicts our closed network.
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A significant difference from the remanufacturing model is that since the customer is
not interested in whether the product is newly manufactured or remanufactured before
there is no demand differentiation between remanufactured and new products. All products
are leased at the demand station, L. All arrivals from remanufacturing part of the system
and production station flow directly to demand station. We model the demand station for
leased products as a GI/G/1 queue and at this station products are stored and match with
the demand for leased products.

Another difference between the SRM and the LM occurs at the grading station. It is
assumed that processing time of the grading station is expected to be considerably shorter
for the LM. This is because the uncertainty in the quality of the returned product decreases
by keeping the records of product’s maintenance during the lease period [31]. Furthermore,
due to the short customer usage periods and increased number of remanufacturing cycles,
the deterioration of the product is slowed down. Consequently, the grade distribution is
affected. In the SRM, we assume that the grade distribution depends only on the number of
returns. However, the length of the customer usage period is another important factor for
deterioration rates. As the length of the usage period and number of returns increases, the
core quality shifts towards bad quality grades. In other words, the grade distributions in the
LM and in the SRM must be different due to the short usage periods in leasing. To analyze
the effects of these concepts, we define a parameter, 6, where r is the number of returns.
This parameter is the ratio between the proportion of good quality cores, 8= {1, 2}, and bad
quality cores, 8= {3, 4, 5}. We assume that o, is larger in the LM in comparison to the
SRM for r = 1,...,n and the quality distributions are determined by considering this

parameter.

(r.2)

(r1)
5o a™+g
r q(r13)+q(f14)+q(h5)

(4.2)
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4.3. Model Formulation and Performance Evaluation

In this section, the performance measures of the queuing network models such as
throughput rate, expected waiting time in a queue, expected number of jobs in the system,
average number of busy servers in GI/G/x queues are computed in order to define a profit
function by using the performance measures to compare the profitability of the models. For
performance evaluation of the queuing network models, we use parametric decomposition
method which is widely used in the analysis of queuing networks. In parametric
decomposition method, the network is divided into individual stations and thus, the
necessary parameters of each station are analyzed and estimated independent of the rest of
the network [33]. In this section,

According to Bitran and Dasu [34], the decomposition approach has three basic
steps; characterization of the arrival process, analysis of the queue and determination of the
departure process. We follow these steps in our work to apply parametric decomposition
approach to our model successfully. Moreover, under the parametric decomposition
approach, we know that in addition to the decomposition assumption ,which assumes that
all stations are stochastically independent, we can employ the assumption that two
parameters, which are mean and variance, of the inter-arrival and service time
distributions are sufficient to calculate approximately the performance measures at each
station [34]. Under these assumptions, firstly we analyze the flows by estimating arrival
and departure processes for each station. In order, routing probabilities, traffic rate
equations and scv of both arrivals and departures are determined. Here, the throughput rate
of each station is computed. After the flow analysis, we compute the expected waiting time
and the expected number of jobs at each station by using the first two moments of the

inter-arrival and service times.
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4.3.1. Routing Probabilities and Traffic Rate Equations

To determine the routing probabilities, we define P"and p; where P represents

the transfer probability of k type product at station i to | type product at station j and p;

represents the transfer probability of jobs from station i to station j.

The first part of the queuing network acts as a forward supply chain. The new
products go directly to the distribution station from the production and design station and
the product class remains unchanged.

RZ” =1 (4.3)

Also, all products flow from distribution station to customer usage station and again the
product class does not change. Thus, the transfer probability from distribution station can

be given as;
R =1 (4.4)

where r = 0,1, .....,n. Return probability of the new products from customer after first usage
is equal to the routing probability between customer usage and collection station. Also the
product class becomes r+1 time returned product. Subsequently, returned products pass
into grading station. Thus, the transfer probabilities from customer usage station to

collection station and collection station to grading station can be given as;

Py = PO (45)

P4(,[3'r) =1 (4.6)

where r = 1,....,n, n+1. Routings between remanufacturing stations and grading is
determined by the grade proportions of that return. In other words, the grade distribution of
r class products defines the transitions at this part of the queuing network. For r = 1,.....,n,

the routing equations set is below;
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(r,r) _ ~(r2)
Fe =4

R0 — g2

R =q"? (4.7
(r,r) _ ~(r,4)

P5,9 - q

R = g9

5
> g =1 (4.8)
0=1

As mentioned before, all remanufacturing stations have an overall yield. With probability
yi, Where i = 1,2,3,4 and denotes the remanufacturing stations for different grades, the
reprocessed products continue their routes to assembly. On the other hand, a fraction 1-y;

of products cannot be reprocessed and is disposed. Thus, the routing probabilities from the

remanufacturing stations are given as;

P =Y P =1-y,
P7(,£br) =y, P =1-y, (4.9
R = ¥a P =1-Y;

(rir) _ (rir) _
I:)9,10 =Y. F{)D =1- Y,

where » = 1,....,n. The equation (4.9) depicts the flow from re-assembly station to

distribution where r = 1,.....,n.
PoR =Py =1 (4.10)

Finally, the last routing probability equation is for the products which directly go to

disposal after grading because they cannot be remanufactured again.

RO =1 (4.11)
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Considering the traffic rates, the only external arrival to our queuing network occurs
at production and design station where demands for new products arrive. The arrival rates
of new products to production, distribution and customer usage stations is equal to each
other and also equal to the demand for new products for our hybrid production system.
Equation (4.15) shows the arrivals of one time returned products to collection and grading
stations.

T =40 =20 =2 (412)
AP =20 =2, PO (4.13)

For r class products where » = [,....,n , the arrival rates to distribution, customer usage

stations can be expressed as;
i) = 2" = 24 [ TP (@ Py, +0%?y, + 9“7y, + 9 Vy,) (4.14)
k=1

Likewise, for » =2,....,n+1 the arrival rates to collection and grading stations can be

obtained by;

A =20 = 2y [ [PO @0y 40 Dy, Py, g 0y)  (@15)
k=2

With the help of the equation sets (4.6) and (4.8), we can easily obtain the arrival rates for

the remaining part of the network for » = 1,....,n .

PIQEPICRIE
(N _ 7(Nq(r2)

A7 =29 (4.16)

A0 = 2Ngrd

A0 = 2Ngr

2 =204 4 20 A=)+ A0 A=y + A Ay + A0A-y)  (447)

A9 =2 =20y, + A0y, + A0y, + Ay, (4.18)
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While the above equations depict the arrival rates for each product class to each station, we

can express the arrival rates of all products to station i as 4, = Zﬂ,,’ .
A=Ay (4.19)

&y =2 = dam+ a2 | [PO@7y +9%?y, +q"“ 7y, +9“y,) (4.20)

r=1 k=1

n+l r
Ay =25 = 24P + 24, POY T [PY(@“™y, +q* 2y, +q“ Iy, +q“H0y,) (4.22)

r=2 k=2

Jy = Zﬂé’)q"‘”
r=1

A, = Zﬂé”q“'z)
r=1

n (4.22)
_ (r)~(r,3)
= q
8 Z;,ﬂs
_ \ (r)y(r.4)
= q
Za lefls
ﬂw :ﬂ'R :Zﬂér)yl"‘/%(r)yz+ﬂ8(r)y3+ﬂﬂa(r)y4 (4-23)
r=1

In order to calculate the average arrival rate to the disposal station, we have to consider the
arrivals from three different part of the network. The first part is the products that are
separated according to the quality of the returned product during grading process. The
second part is the products that cannot be remanufactured again due to n in the grading
process. As the last part, we consider the products that are disposed depending on the
overall yield of the remanufacturing stations. Taking these parts into consideration, we can

obtain the following equation for » =1, ...,n;

Ao =D A0+ 4D A0 A-y) + AV M- y,) + AV A-y,) + A A-y,)  (4.24)
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4.3.2. Squared Coefficient of Variances for Arrivals and Departures

Since our model is a multiclass generalized queuing network with probabilistic
routing, we use related approaches in the literature to determine squared coefficient of
variances for arrivals and departures. Moreover, in this context we have to deal with
superposition process that merges the individual arrivals from other stations and splitting
process that decomposes the departures from a station to other stations. In our network,
assembly, distribution and disposal stations need the former process and on the other hand
grading station requires the latter process.

For probabilistic routing, Whitt [35] proposes a procedure to aggregate all classes in

a single one and apply formulations of single class network. In other words, we reduce our

2
a,ij

multiclass network to aggregate single class network. Let C-.. and ijij denote the scv of

departures and arrivals of aggregate jobs that move from station i to station j with

probability p; respectively while Cdz’i denotes the scv of departures from station i , then

2
Ca,ij

and ijij can be estimated as;

Caz,ij :Cciij =1+ Pjj (Cdz,i _1) (4.25)
where i, j €{1,2,3,4,5,6,7,8,9,10, R, D}. In order to do compute scv of arrivals, we need

transition probabilities. We can obtain the transition probabilities from the equations

below;

P = (4-26)

S|

where 4; is the flow rate from station i to j and equals to sum of flow rates of product class

r from station i to j.

=2 A (4.27)
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A =AR forr=01,......n,n+1 (4.28)
Equation (4.28) is valid for all stations except for the collection station since in this station
the product class changes. Therefore, the flow rate from customer usage station to
collection station of product class r can be obtained as;

Ay = AR forr=1,......,n,n+1 (4.29)

To approximate the scv of departures from any station which is depicted in equation

(4.25) as Cdzyi , we use the formula that is proposed by Whitt [35] . At this point, we have

to remark that scv of service time for each product class is equal because they are
processed similarly at every station. As a function of inter-arrival and processing time

parameters it is estimated for every station by;

Cj,i = ﬂizfiz (Csz,i _C;i )+ Cﬁ,i (4.30)

Furthermore, for distribution, re-assembly and disposal stations we merge the flows
departing from different stations to obtain the scv of arrivals. We can write the scv of
arrivals at these stations by a convex combination of arrivals from related stations. For this

purpose, we use here the approximation by Bitran and Morabito [36] as;
cz -y A 4.31
a,j Z/l_ ' ( : )

a,ij
i

where j = {10,D} and for distribution station i = {1, R}, for re-assembly station i = {6, 7,
8, 9} and finally for disposal station i = {5, 6, 7, 8, 9}.
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4.3.3. Estimating the Performance Measures

After the calculations above, we estimate the performance measures which we use in
our profit function. At this stage, expected waiting time in each station and expected

number of jobs at each station come forward. To estimate these measures, let p, be the

utilization of station i and it is calculated for every station in the network by;
p.=Ar, ,fori=1,..,10,RD (4.32)

Under the FCFS policy the expected waiting time of jobs at each station i can be estimated
by the approximation of Bitran and Morabito [36]. By employing this approximation and

using the parameters { p,,c 7.,C } obtained from the previous steps, the expected waiting

11775

time at each station, E[W,]is calculated as;

pr(CaitC) oo et (4.33)

E[\N|] 2(1_ i) a,i’

where g(p,,CZ,,C?

a,i?

a,i’

- { 2(1- p;)1-C2)

3pCE 1 C7) } if CZ <1 and g(p,,CZ,C%)=1 if

CZ >1.

Equation (4.33) is valid for all stations except distribution and customer usage
stations. Because of being infinite servers, waiting time at these stations is equal to zero. In
addition to this, the expected number of jobs at these stations can be obtained as

E[N,]= Az, fori={2,3} where for the other stations it is obtained by;

E[N;]= A1z + E[W]} (4.34)
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4.4. Determination of the Lease Payments

Lease payment is the value of use or occupation of a product for a specified period of
time. Payments can be made at the beginning or at the end of each lease period. In our
model, we assume that payments are received at the beginning of each period 7. In general,
the amount of the payment is strongly related to the duration of the lease agreement, T, .
This is because the residual value of the product varies depending on the length of the lease
period. For instance, if T, is increased, the residual value of the product at the end of the
lease period decreases. In this context, the residual value can be defined as the estimated
market value of the product at the expiration of a lease after it has depreciated. Therefore,
the estimation of the residual value is essential for the manufacturers to determine the lease

payments.

Lease payments consist of two parts; depreciation payment and finance payment.
The depreciation part is the decline in the product’s value during the leasing period
associated with aging or usage of the product. We can interpret this as the difference
between the initial value of the product at the beginning of lease period and the residual
value at the end of period. The residual value is estimated as a percentage of the current
purchase price in terms of the depreciation rate. There are two forms of depreciation;
straight-line and geometric [37]. Straight-line depreciation assumes equal depreciation in
value for all lease periods of a product throughout its life cycle. Also, in this form the
depreciation rate increases from period-to-period to have equal depreciation in value for all
periods. On the other hand, geometric depreciation assumes higher dollar depreciation in
early periods of a product and the depreciation rate remains constant over the life time of
the product. In other words, the decline in the product’s value is higher for the early years
of a lease period. Moreover, Fraumeni [37] states that according to Bureau of Economic
Analysis report, geometric pattern of depreciation is appropriate for most assets. As an
illustration, empirical studies show that electric equipments, motor vehicles, tires,
industrial buildings and industrial machines have geometric depreciation rates. Similarly,
we use geometric depreciation assumption in our model. During each lease period,
assuming that the products depreciate with rate 6 which is constant for all periods., the

depreciation of one dollar investment can be obtained by;
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d =6@-06)" ,fori=12,..,T, (4.35)

where i is the index for years. Also, depreciation payments per period, D;, where t is the
index for lease periods, can be obtained by equation (4.35). Here, the depreciation part of
the lease payment is assumed to be a function of the residual value of the product at the

beginning of a lease period, R, , .

T )
D, =R, Y. 6(1-6)" fort=1,2,... 1 (4.36)

i=1

Note that a higher depreciation rate results in a higher depreciation payment.
Moreover, the residual value of the product at the beginning of the subsequent lease period,

R. . ,can be written as;

b,t+1

Ry =Ry =D, fort=1,2... 7 (4.37)

In equation (4.36) we assume that the residual value of a product at the beginning of the

first lease period, R, is equal to the selling price of a new product, P,. New products

begin to lose value immediately after they are leased and continue to lose value in the other
lease periods until they are scrapped. Figure 4.5 is the representation of the geometric
pattern of the changes in residual value for the first lease period of a product where T =5.
Each year the product is depreciated by a fixed depreciation rate but the decline in its
residual value is reduced from year-to-year. In other words, geometric depreciation implies
that the residual value of the product falls by the largest absolute amount in the first year of
a lease period and by decreasing amounts at each subsequent year. This exponential

decrease leaves a value at the end that is larger than zero.
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Figure 4.5. Geometric depreciation for the first lease period

We reflect the effect of remanufacturing activities which are performed at the end of
each period t to the lease payments in our model since the residual value of the product
increases remarkably after the remanufacturing activities. We need a modified version of
the equation (4.37) for the residual value estimation in our model. Recall the residual value

of the product at the beginning of period t, R,, and let R’ denote the residual value after

remanufacturing at the end of period t;

R=R,d+¢) ,fort=2,... 7 (4.38)

where ¢, is the percent of increase in residual value at period » by remanufacturing and it

takes different values for #.

Here, we assume that the residual value after remanufacturing at the end of each
lease period t is equal to the price of a remanufactured product, P;. In other words, the
residual value of the product is increased to the level which is equal to the price of a
remanufactured product by remanufacturing at the end of each period. Here, P, is a
predetermined value and by changing it we can increase or decrease the lease payments.

Then, ¢, can be obtained by;

o = R -1 ,fort=2,..., ¢ (4.39)

bt
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This equation implies that as the residual value of the product decreases, the percent
increase in the residual value as a result of remanufacturing increases. Thus, residual value
of the product continues to have high values, which is important for the finance part of the
lease payments. However, the quality of a returned product decreases in the late periods of
its useful life as the number of lease periods increases and therefore remanufacturing the
product to increase its residual value becomes more costly. Figure 4.6 illustrates the
change in residual value where leased products are remanufactured at the end of each lease

period for =5 and T_=2. For the first lease period, the depreciation is higher since P, > P.

. We can see that a higher residual value can be accomplished as a result of
remanufacturing after each period. In this way, we can have higher lease payments.

-Remanufacturing
Effect

i (years)

Figure 4.6. The change in residual value with remanufacturing for =5

The second part of the lease payment is the finance fee which is the total interest that
the lessee has to pay for the use of the manufacturer’s money. The lessee ties up the
manufacturer’s money during the usage of the product. The finance payment is related to
the value of the product at the beginning of the lease period, residual value at the end of the
period, the interest rate and the duration of the lease period. The total finance payment of

each lease period, F; can be written similarly in [3].
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"+R )T F
F :% for t=1,2,..., (4.40)
where r; is the annual interest rate. It is important to note that the lower the interest rate, the
lower the finance payments of each lease period.

Consequently, we obtain lease payments as a summation of depreciation payment
and finance payment. Here, we ignore other charges, fees, rebates, credits and cash down
payments and assume that net capitalized cost is equal to the selling price of the new

product. The total lease payment for period t can be given by;

Lease Payment(t) = Depreciation Payment(t) + Finance Payment(t)
P=D,+F , for=1,2..73 (4.412)

In summary, the critical factors for determining lease payments are depreciation rate,

o, percentage of increase in residual value by remanufacturing, ¢,, interest rate, r; and the

number of periods that the product is leased during its useful life, . Also, if =1, then the
LM becomes the TSM since leasing a product for one period throughout its useful life is
same as selling a product. Therefore, we assume that lease payment is equal to the price of

a new product when #=1.

After calculating the lease payments, we find the present value of the lease payments
collected throughout the product’s useful life in order to compare the profitability of the
LM with TSM and SRM. Note that we assume that the payments are made at the beginning
of each period. As an example for five lease periods, when the manufacturer is receiving

payments for a lease agreement, the cash flow schedule would appear as in Figure 4.7.
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Figure 4.7. The cash flow schedule for n=5

Assuming the first payment is made today, the formula of the present value of lease
payments, PV(Py) is given by;

PV(P)=P,(L+r) "  fori=12..71 (4.42)

4.5. Model Validation

In this section, we validate the accuracy of the queuing network models using
simulation. Several simulation experiments are done using the simulation software, Arena
11.0. Each experiment is replicated 20 times where each replication runs for 100,000 time
units. The warm-up period is set as 5000 time units for each replication. The warm-up
period is large enough to allow all queues reach their steady-state values. The results for

the performance measure values of the queuing network are obtained by Mathematica 6.0.

To show the accuracy of analytical models, we compare the expected values of the
throughput rates of each station and the waiting time at each station with the values
obtained in the simulation experiments by using experimental designs for each model. For

the SRM, we employ 3x3x3 full-factorial design of model parameters P, n and q"? .

We consider three different configurations for P® and n because these parameters affect

the arrival rates of the stations in the remanufacturing cycle. Also, we analyze three cases
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while determining the experimental values of the grade distributions. In the first case, the
grade of the product is related with the number of times the product is remanufactured.
Namely, as this number increases, the proportion of bad quality cores reasonably increases.
On the other hand, the grade distributions are equal and independent from r in the second
case. Lastly, the third case is the extreme case where the grade proportions take extreme
values for any two grades related with r. The experimental values of grade distributions are
given in Table 4.1. In total, there are 27 experiments for the validation of the SRM.

Table 4.1. Experimental values for grade distributions

Case 1 Case 2 Case 3

r=1 [(0.4,0.25,0.2,0.1,0.05) [(0.2,0.2,0.2,0.2,0.2) [(0.45, 0.4, 0.05, 0.05, 0.05)
r=2 |(0.2504,0.2 0.1 0.05) [(0.2,0.20.2,0.2 0.2) |(0.05,0.45,0.4, 0.05, 0.05)
r=3 |(0.2,0.25,0.4,0.1 0.05) [(0.2,0.2,0.2 0.2 0.2) |(0.05,0.05,0.45, 0.4, 0.05)
r>3 [(0.050.1,0.2 0.4,0.25 |(0.2,0.2,0.2,0.2,0.2) |(0.05,0.05,0.05, 0.45, 0.4)

On the other hand, since P=0 and n=0 in the TSM, we conduct our experiments for
the TSM by changing the values of the mean processing time of jobs at design and

production station, ;. We determine three configurations for 7, as 7z, =1, 7, =1.3 and

7, =1.6 in order to test the accuracy of the TSM.

For the LM, we have 3x3x2 full-factorial design of model parameters 5, q”? and
yi. The same approach in the validation of SRM for grade distributions is employed and the
yield of remanufacturing stations is added as an experimental factor instead of the return
probability. This is because P"=1 in all experiments for the LM. Also, experimental
values of the yield of remanufacturing stations are set under the assumption that
remanufacturing operations of the good quality cores have higher yields. In total, there are
18 experiments for the LM. The experimental values of each factor are presented in Table
4.2 for the SRM and the LM.
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Table 4.2. Experimental values for factorial designs

Sales with remanufacturing model Leasing model

Factor Experimental VValues Factor Experimental Values

n 4,56 n 4,56

q 9 Case 1, Case 2, Case 3 q -9 Case 1, Case 2, Case 3

p® 0.6,0.7,0.8 Vi (0.9,0.8,0.8,0.7), (0.8,0.7, 0.7, 0.6)

In all of the experiments, the service time of each station is exponentially distributed
except the customer usage station of the LM. Also, we choose the parameter value of the
demand arrival rate for new products, A¢m in all experiments that achieves station
utilization that is smaller than one. Namely, arrival rate of a station is smaller than the
service rate of that station. The results of the approximation and the simulation are
compared using the percent relative error defined as in (4.45).
Relative Error = ( Approximation — Simulation ) / Simulation (4.43)
As a result of the experiments for the TSM, since the throughput rate for each station
in the model always equals to Aqm , the analytical method calculates the throughputs with
a very low relative error . Therefore, there is no need to point out this in the validation
tables. On the other hand, relative errors of approximation results of expected waiting
times are very small for the TSM. The relative errors are between 0.11 percent and 0.80
percent. Also, since the distribution station and customer usage station have infinite

servers, the expected waiting time at these stations is always equal to 0. The results are
depicted in Table 4.3.

Table 4.3. Validation of the expected waiting times for the TSM

7,=1 7, =13 7, =1.6
Node App. Sim. R.Error  App. Sim. R.Error  App. Sim.  R.Error
1 0.4285 0.4251 0.80%  0.8311 0.8386 -0.89%  1.4769 1.4681 0.60%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
D 0.0882 0.0884 -0.23%  0.0882 0.0881 0.11%  0.0882 0.0885 -0.34%
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For both the SRM and the LM, the results of the analytical model demonstrate a high
degree of correspondence with the results of the simulation model. In fact, generally
throughput rates are calculated with a relative error smaller than one percent. The relative
errors of the estimation of expected throughputs change from 0.01 percent to 0.70 percent
and the average of errors is 0.18 percent for the SRM. On the other hand, for the LM
relative errors of throughput rates fluctuate in the interval 0.03 - 1.07 percent and the
average of errors is 0.18 percent. Although the relative errors of the expected waiting time
are larger than the relative errors of throughput rates, the accuracy level of the estimations
are high. In all of the experiments for the SRM, the relative errors of the expected waiting
times are smaller than 5 percent. The maximum relative error is 4.89 percent and the
average of errors is 0.63 percent. On the other hand, considering the LM, most of the time
relative errors are smaller than 5 percent. The maximum relative error is 6.77 percent and
the average of errors is 0.61 percent. These results can be seen from the validation tables.

The tables can be found in Appendix A.

4.6. Profit Function

In this section, we develop a profit function for each model to compare these models
based on profitability and understand the behavior of each model under different parameter
values. The total profit structure consists of two parts: revenues and costs. For the TSM,
revenues originate only from new product sales while both new and remanufactured
products are sold in the SRM. Revenues for the LM accumulate from lease payments.
Also, we have a revenue from disposal activities for the last two models since we assume
these activities are done by the manufacturer. In the TSM, the manufacturer is not
responsible for the disposed product. The common cost parameters for each model are raw
material cost, processing cost, backorder cost and holding cost. Additionally, in our closed

loop supply chain models the acquisition and disposal costs are considered.

Firstly, the profit function of the TSM is given and the components of it are
explained. Then, the profit functions of the SRM and the LM are demonstrated,
respectively. Before expressing the formulas of the profit functions and their components,

the necessary notations are given below.
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Table 4.4. The necessary notations for total profit structures

Pm Selling price of a new product

Py Selling price of a remanufactured product
P, Lease payment for period #

Praw Unit raw material cost

Pacq Acquisition cost of a core

Mg r Unit margin for disposal of a product class r
hi Unit holding cost at station i

Si Processing cost of station i per hour

B Unit backorder cost

Revenue from new products is the income from new product sales in the TSM. It is
calculated simply by multiplying demand arrival rate for new products with the price of a
new product, Pp, since all demand is satisfied. Furthermore, raw material cost is the main
part of the costs associated with manufacturing new products. For the TSM, it is calculated
as a multiplication of the demand arrival rate for new products, 1qm and unit raw material
cost which is depicted as Praw. Moreover, the processing cost implies the operational
expense of each station. It is obtained as a multiplication of the processing cost per hour
for station i, the mean processing time and the expected throughput of station i. Also, we
have inventory holding cost for each station except the production and design station. The
holding cost of a station is evaluated by multiplying expected number of jobs in station i
with the corresponding holding cost per unit. Holding costs per unit time for every station
are assumed to be equal. In the production and design station, if the demand for new
products is not satisfied, it is backordered until the product is ready. In order to calculate
the backorder cost for the TSM, we multiply the expected number of jobs in this station
with the unit backorder cost. Also we have to remind that processing cost and holding cost
are not considered for customer usage station. Moreover, there is no positive profit from
disposal because the products are not collected and disposal activities are not performed by
the manufacturer. The components of the profit function are given in Table 4.5 for the

TSM and the formula of the profit function can be obtained by the equation 4.44.
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Table 4.5. Components of the profit function for the TSM

Revenue from new products P Adm
Raw material cost Pawam
Processing cost izsii.fi
Holding cost izhiE[Ni]
Backorder cost bE[N,]
7, = (P = Paw) g = 2,547 = 2 NEIN1-bE[N,] (4.44)

For the SRM, both revenue from new and revenue from remanufactured products are
considered. Revenue from new products is obtained similarly in the TSM. On the other
hand, revenue from remanufactured products is obtained by multiplication of the price of a
remanufactured product with the throughput of demand station where remanufactured
products are matched with the demand. Also, processing cost, raw material cost, holding
cost and backorder cost are calculated similarly in the TSM. Furthermore, acquisition cost
is the expense for collecting back the product at the end of its usage period. For the SRM,
manufacturer must pay the residual value of the product to customer. This residual value is
equal to the acquisition cost of a core which is depicted as Pacq. Thus, the acquisition cost
for this model is calculated by the multiplication of the return arrival rate with the unit
acquisition cost. In this model, the return arrival rate is equal to the throughput of the
collection station. Moreover, while disposal cost represents the processing cost of disposal
activities, revenue from disposal is the salvage value of the end of life product which can
be sold to recycling facilities. Here, we define my, as the unit margin for disposal of the
product class r. We assume revenue from a disposed product is greater than the processing
cost of that product at disposal station. Namely, we determine positive margin for disposed
products. We calculate the profit from disposal by multiplying the throughput of disposal

station with the unit margin of the disposed product. The components of the profit function
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are given in Table 4.6 for the SRM and the formula of the profit function can be obtained

by the equation 4.45.

Table 4.6. Components of the profit function for the SRM

Revenue from new products P Aim
Revenue from remanufactured products P A:
Raw material cost Pawim
Processing cost .Z SAT;
Holding cost ZhiE[Ni]
Acquisition cost Poga
Profit from disposal Z My Ao
Back order cost bE[N,]

T, = (Pm - F>raw)/’id.m + Prﬂ’R +Zmd.r2’l; _Zsiﬂﬂ-i _ZhiE[Ni]_ I:)acclﬂ'4 _bE[Nl] (445)

The profit function of the LM and the SRM is similar. However, there are some

differences. One of the differences is that revenues accumulate from lease payments in the

LM. We obtain revenue from leased products by multiplying the present value of lease

payments with the arrival rate of the demand station for leased products. Also, for

determining raw material cost of the LM, unit raw material cost is multiplied with the

throughput of production and design station since a new product is only manufactured

when a returned product is disposed. Furthermore, the manufacturer does not have to pay

any price for the cores in the LM because the customer returns the product at the end of

lease period. However, replacement of the leased products generates cost. This issue

causes the value of the acquisition cost become positive for the LM but in comparison to
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the SRM this is a very small amount. The acquisition cost for the LM is obtained by
multiplying the throughput of the collection station with the unit acquisition cost, Pacg.
Also, in order to capture the advantage of high residual values at the end of product’s
useful life in the LM, we calculate the revenues from disposal by multiplying the
throughput of disposal station with the present value of the residual value of the end of life
product, PV(R). The components of the profit function are given in Table 4.7 for the LM
and the formula of the profit function can be obtained by the equation 4.46.

Table 4.7. Components of the profit function for the LM

Revenue from leased products ”: PV (P)A
Raw material cost Pav/s
Processing cost Zsiﬂf.ﬂ
Holding cost ZhiE[Ni]
Acquisition cost Poga
Profit from disposal APV (R)

n-1
Ty = Z PV(Pr)/lIf +;tD PV (R) - Prawﬂl _Zsiﬂiri _ZhiE[Ni] N P«'slcq/14 (4'46)

r=0
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5. NUMERICAL ANALYSIS

In this section, we perform numerical experiments for each model to explore the

following questions;

I. What are the significant parameters for each model?
ii. How are the total profits of each model affected by the significant

parameters?

In addition, we investigate the market cannibalization effect of the sales of remanufactured
products in the SRM and we examine the effects of the relationship between design time

and remanufacturability on profitability.

In the numerical analysis, we assume that equal number of customers is served in all
models except for when the cannibalization effect is studied in order to compare them
properly. To this end, expected number of jobs at customer usage station is set to be equal
for each model. Also, since there are a lot of parameters in the models, some of the
parameters are fixed in the numerical experiments using the approximations in the related

literature.

We set the mean and the scv of service times of all stations as follows. For the
production and design station, we set the mean service time in order to a have higher
service rate than the arrival rate of demands for new products. As the observed variability

for standard manufacturing and assembly operations are low [17], we set the scv of service

time at production and design station and re-assembly station atCZ, = CZ,, =0.25. Also,

the mean and the scv of service time of the distribution and the collection station are
selected to be equal. This is because we assume that the distribution channels are
optimized for product delivery and collection such that on the average they take equally
long. The mean service time of the customer usage station is very long compared to the
other stations because the time that the products are held by customers is much longer than

the time to manufacture them. As a matter of convenience, we assume exponential service
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times for customer usage station and thus we set CZ,=1. On the other hand, when

considering the LM, the service time at the customer usage station is deterministic and
equals to the duration of the lease period. Therefore, it changes with the number of lease
periods. Hence, the variability of the service time is equal to zero. Furthermore, the mean

service time at the grading station is fixed as z, =0.5 in the SRM. However, since the

quality of the returned products is known in leasing, grading the products takes a shorter
time. Thus, for the LM the mean processing time of the grading station is reduced by half

with respect to the time in the SRM. Also, the variability at the grading station is minimal

and therefore we set the scv of the service time of this station as CZ; =0 according to the

study by [16]. For the remanufacturing stations, Souza and Ketzenberg state that time to
remanufacture a product increases due to the decreasing quality level and the scv of service
time at remanufacturing stations for different grades varies from 1.5 to 2 [16]. We set the
mean and scv of the service times at the remanufacturing stations accordingly. The fixed
values of the mean and scv of service times of remanufacturing stations are presented in
Table 5.1. Here, as the quality level decreases, both the mean and scv of service time for

the corresponding stations increase.

Table 5.1. Mean service times and scvs of remanufacturing stations

Station, i 7, o}y
6 1 15
7 1.2 1.6
8 1.4 1.7
9 1.6 1.8

At the demand stations, R and L, the mean service time is equal to the average time

between demand arrivals. Namely, 7, =1/4,,and 7, =1/4,,. We assume Poisson
arrivals for the demand and thus service time becomes exponentially distributed. Since the
service time of these stations are exponentially distributed, we set C2; =CZ =1 . Also,
we consider that demand for new products follows a Poisson process (CZ =1) with rate

Ay, =0.1.
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In the cost parameters, the selling price of new products, unit margin from disposed
products, unit raw material cost, unit backorder cost and holding cost which is equal for
each station are fixed as Pn=100, mg,=5, Praw=40, b=0.1 and h;=0.01, respectively. The
holding cost per unit time appears small because it is scaled by the time factor. Namely,
monthly holding cost rate is transformed to hourly holding cost rate. Also, for the
acquisition cost in the LM, we consider a cost value that is a small fraction of the
acquisition cost of the SRM as in the leasing system it is not expected to pay a price for
cores. Moreover, to determine the processing cost of stations per hour, we mainly use the
values from the study of Souza and Ketzenberg [17]. Also, for the stations that are not
considered in that study we use the survey result in the study of Hammond et al. [38]. The
survey result represents which operations are most costly in remanufacturing. According to
this survey, we set the processing cost of collection, grading and re-assembly stations less
costly compared to the processing cost of the remanufacturing stations. Since the mean
processing times at the remanufacturing stations are different, hourly processing costs of
these stations are same. Although assigned processing costs are equal for each model, the
processing cost of collection station is not considered, since the customer has an obligation
to return the leased product to the manufacturer in the leasing model. The fixed values of

processing costs are given in Table 5.2.

Table 5.2. The processing cost of stations per hour

Station | Name Ci
1 Production 5
2 Distribution 0.5
3 Customer Usage 0
4 Collection 0.25
5 Grading 0.25
6 Minor Reprocess 5
7 Repalir 5
8 Refurbish 5
9 Remanufacture 5
10 | Assembly 0.5
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We now discuss the experimental designs which are performed to determine the
significant parameters for each model. We do not perform experiments for the TSM
because all of the parameters of this model are set to constant values before. The profit rate
of the TSM is obtained using these values. We conduct experiments for both the SRM and
the LM. There are six parameters of interest for the former model. Three of the parameters
that are presented in previous chapters are the maximum number of times that a product
can be remanufactured, overall yield of remanufacturing stations and the return probability.
In addition to these, we present three new parameters. One of them is the ratio between
average remanufacturing time and the production and design time. This ratio is important
to reflect the effect of design to the remanufacturing time of a product. As expected, design
for remanufacture provides that a product can be remanufactured easily. However, a proper
design for remanufacture requires more time at the stage of production and design of a new

product. To consider this fact, we obtain the ratio by using the equation (5.1).

_ LT T+ T
4t,

k

(5.1)

Another parameter of interest is the ratio, c,, of unit acquisition cost to unit raw material
cost. We define this ratio in order to examine the advantages of remanufacturing models
where raw material consumption is considerably low in comparison to the TSM. When we
compare the SRM with the LM, this ratio becomes important since the unit acquisition cost
is very small for the LM. Considering the last parameter, we define a ratio, p, between the
price of remanufactured product, P, and the price of new product, Py, to see the effects of

price differences and customer willingness to buy remanufactured product.

The parameters used for the leasing model are the number of periods that a product
can be leased during its useful life, the increase in residual value at the end of each lease
period by remanufacturing, grade distributions, overall yield of remanufacturing stations
and the ratio between production time and average remanufacturing time. The values of the
last two parameters are set to the same values as in the SRM. For the increase in residual
value, we determine the experimental values by changing p where Py, is held constant since
we assumed in Section 4.4 that the residual value of the product is increased to the level

which is equal to P, at the end of each lease period by remanufacturing. The experimental
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values for grade distributions are determined using the ratio g =o, /6, where &, and
o, r are the ratios between the proportion of good quality cores, 6= {1, 2}, and bad quality

cores, 6= {3, 4, 5} of product class r for the LM and the SRM, respectively. Here, the
grade distributions for the SRM are constant. In order to capture the advantage of the
leasing model on core qualities, the grade distributions for the LM are calculated with
respect to the values of the SRM by changing . The summary of the experimental factors

and their values are represented in Table 5.3.

Table 5.3. Experimental values for the factors

Experimental design for the SRM Experimental design for the LM
Factor Experimental Values Factor Experimental Values
n 1,23 n 4,5,10
p® 0.6,0.7,0.8 B 0.25,0.5,1.0
_ (0.8,0.7,0.7,0.6),(0.9,0.8,0.8,0.7), ' (0.8,0.7,0.7,0.6),(0.9,0.8,0.8,0.7),
Vi (1.0,0.9,0.9,0.8) Vi (1.0,0.9,0.9,0.8)
k 0.5,0.8,1.0 k 0.5,0.8,1.0
C, 0.4,0.25,0.1 p 0.6,0.8,1.0
p 0.6,0.7,0.8

In summary, we perform 3° full factorial design for the SRM and in total there are
729 experiments. Also, 243 experiments are done as a result of the 3° full factorial design
for the LM. The statistical analysis software package Design Expert 7.0 is used to analyze
experimental results. The ANOVA for the SRM is summarized in Table 5.4. As the p-
values less than 0.05 indicate, all of the factors are significant for this model. However,
more attention is focused on four factors which are the maximum number of times that a
product can be remanufactured, the ratio between the average remanufacturing time and
the production time, the ratio of unit core cost to unit raw material cost and the ratio of the
price of the remanufactured products to the price of new products. We conclude that these
factors affect the profitability of the model notably since sum of squares of these factors
are larger. In addition, we ignore the interactions between these factors since the influence

from interactions is small as the small sum of squares of residual indicates.
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Table 5.4. Analysis of variance for the SRM

Response T
ANOVA for selected factorial model
Analysis of variance table [Classsical sum of squares - Type 11 ]
Sum of Mean p-value
Source Squares df Square F value Prob > F
p 66.43 2 33.21 5907.79 < 0.0001
C, 62.99 2 31.49 5601.78 < 0.0001
k 38.37 2 19.19 3412.64 < 0.0001
n 9.61 2 4.81 855.09 < 0.0001
Yi 2.01 2 1.01 178.8 < 0.0001
p®" 0.062 2 0.031 553  0.0041
Model 179.47 12 14.96 2660.27 < 0.0001 significant
Residual 4.03 716
Cor Total 183.5 728

To assist in the practical interpretation of this experiment, Figure 5.1, Figure 5.2 and
Figure 5.3 present plots of three main effects. The main effect plots are just graphs of the
response averages at the levels of three factors while the maximum number of times that a
product can be remanufactured, n changes. Notice that p has a positive main effect; that is,
increasing the value of this factor moves the profitability of the SRM upward for all values
of n. On the other hand, as k and c; increases, profitability of the model declines.
Therefore, the graphs of these factors have the similar shape. Moreover, it can be seen
from the three figures that higher profits are obtained with large value of n. In other words,

n has a positive effect on profitability.
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Figure 5.3. Effect of k for different n values

Considering the experiments for the LM, the results in Table 5.5 show that the most
important effect is the increase in residual value at period # by remanufacturing since p has
the largest sum of squares. Also, the number of lease periods during product’s useful life
has a great importance for the profitability of the LM. Similar to the SRM, the ratio
between the average remanufacturing time and the production time significantly affect the
profitability of this model. However, in this experiments we find that the difference in
response between the levels of main factors is not the same at all levels of the factors. This
implies that there is an interaction between the factors. We figure this out by observing that
the sum of squares of the residual is very large when we ignore the interaction effects. In
this context, interaction effects are taken into consideration and we focus on two
interaction effects. We discover that the interaction between the increase in residual value
and # is highly considerable and the interaction between k and # is significant since these

interaction effects have larger sum of squares.
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Table 5.5. Analysis of variance for the LM

Response T3
ANOVA for selected factorial model
Analysis of variance table [Classsical sum of squares - Type 11 ]
Sum of Mean p-value
Source Squares df Square F value Prob > F
p 208.2 2 104.1 3044.3 < 0.0001
k 123.13 2 61.57 1800.46 < 0.0001
n 37.71 2 18.86 551.43 < 0.0001
p 1.02 2 0.51 14.92  <0.0001
Yi 0.16 2 0.081 2.36
Interaction Effects
p-k 2.52E-03 4  6.30E-04 0.018  0.9993
P-Yi 1.34 4 0.33 9.76  <0.0001
p-p 0.79 4 0.2 577  0.0002
p-n 122.09 4 30.52 89259  <0.0001
K-y 3.81 4 0.95 27.84  <0.0001
k-p 1.99 4 0.5 14.58  <0.0001
k-n 13.03 4 3.26 95.26  <0.0001
yi-p 0.38 4 0.095 2.78  0.0279
Yi-n 0.045 4 0.011 0.33 0.8604
p-n 0.49 4 0.12 3.55 0.008
Model 514.8 50 10.28 300.74 <0.0001 significant
Residual 6.57 192 0.034
Cor Total 520.75 242

The fact that some interaction effects have great importance makes the analysis of
how the parameters affect the profitability of the LM more complicated. It means that not
only the parameter value itself, but also the levels of the other factors must be taken into
consideration. The interaction effects are shown in Figure 5.4, Figure 5.5, Figure 5.6. In
Figure 5.4, we see that the increase in residual value by remanufacturing affects the

profitability more drastically as the number of lease periods increases. As expected, the
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increase in residual value has a positive effect for all levels of . Namely, increasing the
value of this parameter moves profits upward. Moreover, we observe in Figure 5.5 that
increasing the number of lease periods is not effective if the increase in residual value by
remanufacturing is low. However, if the increase in residual value is high, the large
number of lease periods increases profitability. Finally, high profits can be accomplished
by decreasing k. Also, we see in Figure 5.6 that the effect of this ratio is more evident for
large values of .
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5.1. Sensitivity Analysis for the Parameters of Interest

In the previous section, we determined the significant factors and discussed their
effects on the profitability of each model. We now compare the profitability of our models
and search for the critical values that change the ranking of profitabilities. To this end, we
perform sensitivity analysis for the following parameters; the profit margin of a new
product, the ratio between price of a remanufactured product and a new product, the
number of lease periods and the increase in residual value at the end of each lease period
by remanufacturing. In the sensitivity analysis, while these parameters are changed, other
significant parameters (k and c, ) are held constant. In order to examine the changes in
profitability easier, constant values of parameters are determined due to the experiment

sets whose calculated profits are high.

In these experiments, to observe the effects under different throughput rates we
consider three different throughput rate configurations. For the SRM, we arrange this by
changing the yield of remanufacturing stations and return probability of the products. On
the other hand, since the return probability is equal to one for the LM, we employ a
different strategy to determine the throughput rate configurations. We arrange low, average
and high throughput rates by changing the yield of remanufacturing stations and also the
values of 4. Notice that, for the large values of g the throughput rates decrease because the
proportion of products going to disposal increases. In Table 5.6, Case 1, Case 2 and Case 3

represent low, average and high throughput rates for the SRM and LM, respectively.

Table 5.6. Throughput rate configurations for the SRM and LM

SRM LM
p® Yi p Yi

Case 1 0.5 (0.8,0.7,0.7,0.6) Casel 1 (0.8,0.7,0.7, 0.6)
Case 2 06 (0.908,08,0.7) Case?2 05 (0.9,08,0.8,0.7)
Case 3 0.7 (1,0.9,0.9,0.8) Case 3 025 (1,0.9,0.9,0.8)
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5.1.1. Change in the Unit Profit Margin of a New Product

In this section, we study the effect of the unit profit margin of a new product on
profitability. We investigate whether it is profitable to remanufacture a product while unit
profit margin of a new product is low. Also, we compare the profitability of the SRM and
the TSM while varying this parameter. To this end, we define the unit profit margin of a
new product by finding the net profit as a percentage of the revenue. Here, net profit is
obtained simply by subtracting the marginal cost from marginal revenue. For new
products, marginal revenue is equal to the unit selling price of a new product and marginal
cost is equal to the sum of the unit raw material cost and unit production cost, ¢,. Then, the

unit profit margin of a new product, m, can be obtained as;

I:)m - F::'aw —C
m, =~ X100 (5.2)

n
m

In order to observe the effect of the unit profit margin, m, is changed from 5% to 50% by
varying the selling price of a new product while Py and c, are held constant in the
experiments. Here, the question is for which values of m, the SRM is more profitable than
the TSM. Also, for each experiment we compute the profitability of the SRM for three

different values of the ratio between the price of a remanufactured and a new product, p.

In Table 5.7, we present the results for p=0.5, p=0.7 and p=1 as m, changes. Also,
the results are computed for different throughput configurations that are proposed in
Section 5.1. In all experiment, the number of times that a product can be remanufactured is
selected to be one, n=1. Moreover, the results represented under the title “z;” are the profit
rates of the TSM. Notice that the profit rates of the TSM changes with different values of
m,. This is because the price of a new product changes in the experiments. However, 7, is
same for Case 1, Case 2 and Case 3 since different throughput rate configurations affect
only the throughput rates of the SRM. The results are depicted in Figure 5.7, Figure 5.8
and Figure 5.9.
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As a result of these experiments, it is observed that both the profitability of the SRM
and the TSM exponentially increase as the unit profit margin of a new product linearly
increases. This is because Pr, is increased exponentially in order to have linear increase in
m, . Also, when the ratio between the price of a remanufactured and a new product is high
enough, the SRM performs better than the TSM for all values of m,. This implies that it is
profitable to remanufacture a product although m, is very low. For instance, this situation
occurs when p=0.7 and p=1 for our cost structure. High profit rates are obtained in the
SRM because remanufactured goods have significantly higher profit margins than new
when p is high. As an illustration, when new and remanufactured products are sold at the
same price, namely p=1, selling more remanufactured parts with a higher profit margin
further increases total system profit. As can be seen from Table 5.7, when p=0.7 and p=1,
the profit rates of the SRM increase as the throughput rates increase for the remanufactured

products.

On the other hand, when p is low, the TSM becomes more profitable than the SRM
after a certain value of m, for all throughput rate configurations. This implies that it is not
profitable to remanufacture a product if the unit profit margin of a new product is high
enough and p is low. For instance, when p=0.5, if m, is greater than 35%, TSM is
profitable than the SRM. In this situation, because of the high profits made by selling new
products, we choose not to offer remanufactured products. This is because we can
cannibalize this profitable market. If we increase the number of sales of remanufactured
products, the profitability of the SRM decreases since new product sales are cannibalized.
It can be seen from Table 5.7, when we compare the profit rates of Case 1, Case 2 and

Case 3 for p=0.5, the profit rates of the SRM decreases after a certain value of mp,.



Table 5.7. Profit rates for Case 1, Case 2 and Case 3 as m, changes

Case 1:y;=(0.8,0.7,0.7,0.6) , P"=0.5

Profit rate, m,

EX. Pm mpy p=05 p=07 p=1 T
1 52.65 5% 0.5324  0.7937  1.1858 | 0.2403
2 56.00 10% 0.8259  1.1040  1.5210 | 0.5753
3 58.80 15% 1.0713  1.3632  1.8011 | 0.8552
4 63.00 20% 1.4394 17522 22213 | 1.2753
5 67.00 25% 1.7899 21225 26215 | 1.6752
6 72.00 30% 22281 25855  3.1217 | 2.1753
7 77.00 35% 2.6663  3.0485  3.6220 | 2.6753
8 84.00 40% 32797  3.6967  4.3223 | 3.3754
9 91.00 45% 3.8931  4.3449 50226 | 4.0754
10 100.00 50% 46818 51783 59230 | 4.9753

Case 2:y;=(0.9, 0.8,0.80.7) , P"=0.6
Profit rate, m,

Ex. Pm mp p=05 p=07 p=1 7,
1 52.65 5% 0.7131  1.1257  1.7444 | 0.2403
2 56.00 10% 0.9828  1.4216  2.0798 | 0.5753
3 58.80 15% 1.2083  1.6690  2.3601 | 0.8552
4 63.00 20% 1.5464  2.0400 27805 | 1.2753
5 67.00 25% 1.8685  2.3934  3.1809 | 1.6752
6 72.00 30% 22710  2.8351  3.6814 | 2.1753
7 77.00 35% 2.6736  3.2769  4.1818 | 2.6753
8 84.00 40% 32371  3.8953  4.8825 | 3.3754
9 91.00 45% 3.8007 45137 55832 | 4.0754
10 100.00 50% 45253 53088  6.4841 | 4.9753

Case 3:y;=(1,0.9,0.90.8) , P""=0.7
Profit rate, m,

Ex. Pm M, | p=05 p=07 p=1 m
1 52.65 5% 0.8908  1.4360  2.2537 | 0.2403
2 56.00 10% 1.1391 17189 25887 | 0.5753
3 58.80 15% 1.3466 ~ 1.9554  2.8687 | 0.8552
4 63.00 20% 1.6579  2.3102  3.2886 | 1.2753
5 67.00 25% 1.9543  2.6480  3.6886 | 1.6752
6 72.00 30% 2.3248  3.0703  4.1886 | 2.1753
7 77.00 35% 2.6054 34926  4.6885 | 2.6753
8 84.00 40% 3.2141  4.0839  5.3885 | 3.3754
9 91.00 45% 37329 46751  6.0884 | 4.0754
10 100.00 50% 43998 54353  6.9884 | 4.9753
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5.1.2. Change in the Ratio between the Price of Remanufactured and New Products

One of the important parameters that affect the profitability of the SRM is the ratio
between the price of remanufactured and new products, p. In the ANOVA analysis, we
concluded that increasing this ratio affects profitability positively. As expected, a higher
price obtained for remanufactured products increases the profitability of the SRM. Here,
we investigate for which values of p the SRM is more profitable than the TSM. Also we
examine whether it is profitable to remanufacture when p is low. To this end, p is changed
from 0.35 to 0.80 with 0.05 increments by varying the price of a remanufactured product,
Pr while price of a new product, Py, is held constant since Lund and Hauser [39] state that
the price of a remanufactured product commonly is between 45% and 65% of the price of a
comparable new product. The constant value of Py, is chosen to provide 50% unit profit
margin of a new product since we observed in the previous section that high profit margins
change the ranking of profitabilities. Also, in order to capture the effect of n while

changing p, we compute profit rates for different values of n for each experiment.

In Table 5.8, we present the results for n=1, n=2 and n=3 as p changes. Also, the
results are represented under the title “z;” are the profit rates of the TSM. Notice that this
value remains constant for all experiments in sensitivity analysis because the changes in
the price of remanufactured products do not affect the profitability of the TSM. Also, the
results are depicted in Figure 5.10, Figure 5.11 and Figure 5.12.

As a result of these experiments, we observe that as p increases, the profit rates of the
SRM linearly increases with constant increments. The reason for the constant increments is
that the price of the remanufactured products is always multiplied with the same
throughput rate for a certain throughput rate configuration. However, the amount of
increments differs as a result of different n values and different throughput rate
configurations. For instance, the highest amount of increments eventuates for n=3 under
Case 3. When we compare the profitability of the SRM and the TSM, we observe from the
results that the SRM is more profitable than the TSM for high values of p. This is because
selling a remanufactured product becomes more profitable than selling a new product as
the price of a remanufactured product increases. For instance, in our experiments if

p >0.65, the profit rates of the SRM is larger for all throughput rate configurations and
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for all values of n. However, this critical value is only applicable for our cost structure.
Another result is that it is not profitable to remanufacture a product if the selling price of a
remanufactured product is low. This implies that selling remanufactured products with a
low profit margin decreases the total system profit by discouraging the sales of new
products with higher profit margins.

Moreover, it is observed from the results that n considerably affects the profitability
of the SRM. Here, let us define remanufacturability of a product as the maximum number
of times that a product can be remanufactured, n. The results show us that profit rates can
be increased by high remanufacturability when high price ratio between remanufactured
and new products is provided. On the contrary, if the price ratio is low, increasing the
remanufacturability of the product decreases the total system profits. For instance, if
p <0.60, the SRM with n=1 performs better than the models with n=2 and n=3 for our

cost structure. On the other hand, if p>0.65, the profit rates take higher values as n

increases. The results described above can be seen in all throughput rate configurations.

Moreover, throughput rate configurations allow us to observe the profit changes
clearly. As the throughput rates increases, the difference in profit between the models
becomes more evident. In other words, the difference in maximum and minimum profit

values increases.



Table 5.8. Profit rates for n=1, n=2 and n=3 as p changes

Case 1:y,=(0.8,0.7,0.7,0.6) , P("=0.5

Profit rate, m,

Ex. p P, n=1 n=2 n=3 m
1 0.35 35 4.3053 4.1449 4.1062 4.9753
2 0.40 40 4.4293 4.2961 4.2636 4.9753
3 0.45 45 4.5533 4.4472 4.4211 4.9753
4 0.50 50 4.6773 4.5983 4.5785 4.9753
5 0.55 55 4.8013 4.7494 4.7360 4.9753
6 0.60 60 4.9253 4.9005 4.8935 4.9753
7 0.65 65 5.0493 5.0516 5.0509 4.9753
8 0.70 70 5.1733 5.2027 5.2084 4.9753
9 0.75 75 5.2973 5.3538 5.3658 4.9753
10 0.80 80 5.4213 5.5049 5.5233 4.9753
Case 2:y;=(0.9,0.8,0.80.7) , P("=0.6
Profit rate, m,
Ex. p P, n=1 n=2 n=3 m
1 0.35 35 4.1682 3.9338 3.8623 4.9753
2 0.40 40 4.3234 4.1295 4.0701 4.9753
3 0.45 45 4.4785 4.3252 4.2780 4.9753
4 0.50 50 4.6337 4.5208 4.4858 4.9753
5 0.55 55 4.7889 4.7165 4.6937 4.9753
6 0.60 60 4.9440 4.9122 4.9015 4.9753
7 0.65 65 5.0992 5.1079 5.1093 4.9753
8 0.70 70 5.2544 5.3036 5.3172 4.9753
9 0.75 75 5.4096 5.4993 5.5250 4.9753
10 0.80 80 5.5647 5.6950 5.7329 4.9753
Case 3:y;=(1,0.9,0.9,0.8) , P("=0.7
Profit rate, m,

Ex. p P, n=1 n=2 n=3 m
1 0.35 35 4.0389 3.7342 3.6235 4.9753
2 0.40 40 4.2240 3.9737 3.8824 4.9753
3 0.45 45 4.4091 4.2132 41413 4.9753
4 0.50 50 4.5943 4.4527 4.4002 4.9753
5 0.55 55 4.7793 4.6922 4.6590 4.9753
6 0.60 60 4.9645 4.9317 4.9179 4.9753
7 0.65 65 5.1496 5.1712 5.1768 4.9753
8 0.70 70 5.3347 5.4107 5.4356 4.9753
9 0.75 75 5.5199 5.6502 5.6945 4.9753
10 0.80 80 5.7050 5.8897 5.9534 4.9753
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5.1.3. Change in the Number of Lease Periods

In this section, we compare the profitability of the LM with the SRM and the TSM
while changing the number of lease periods throughout the product’s useful life. Also, we
investigate whether increasing the number of lease periods, 7 is profitable for the LM since
n is an important factor that affects the profitability of the LM. Increasing the number of
lease periods can increase or decrease the profitability because the changes in the number
of lease periods influence both the revenues and the processing costs. It is obvious that the
processing costs of all stations become larger when the number of lease periods increases
as a result of increase in the throughput rates of each station. The throughput rates increase
because the number of returns that products made increases as the duration of the lease
periods decrease. On the other hand, the effect of the increase in # on the revenues is
related to the increase in residual value after remanufacturing. If the increase in residual
value is large enough, the lease payments continue to be high and thus increase in revenues

can be larger than the increase in the costs.

We change n from 1 to 10 in order to draw some insight about the effects of this
parameter. Profit rates for these experiments are computed for different values of the
increase in residual value and for different throughput rate configurations that are given in
Section 5.1. Since we assumed in Section 4.4 that the residual value of the product is
increased to the level which is equal to P, at the end of each lease period by
remanufacturing, we determine the levels of the increase in residual value by changing p
where Pp, is held constant. The constant value of Py, is chosen to provide 50% unit profit
margin similarly in the previous section. The levels for p are selected to be p=0.6, p=0.8
and p=1. Here, the largest value of p implies that the residual value of the product becomes
equal to the selling price of a new product after remanufacturing and this value is the
maximum value that can be achieved by remanufacturing. Also, to compare the
profitability of the LM with the other models as » changes, we present the profit rates of

the other models.

In Table 5.9, we present the results for p=0.6, p=0.8 and p=1 as the number of lease
periods changes. Also, the results are represented under the title “z;” and “z,” are the profit

rates of the TSM and the SRM respectively. The profit rates for the TSM are computed
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with 50% unit profit margin of a new product and remain constant for different values of »
because the changes in 7 do not affect the profitability of the TSM. Also, the profit rates of
the SRM are computed for different values of p and for different throughput rate
configurations For the SRM, n is selected to be 3 since highest profits are achieved when
n=3. The results are depicted in Figure 5.13, Figure 5.14 and Figure 5.15.

As a result of these experiments, first we observe that the profitability of the LM
increases as the number of lease periods increases up to a certain value. When the number
of lease periods is equal to this critical value, profit rate of the LM is maximized. This
critical value changes for different values of p, e.g. for p=0.6, p=0.8 and p=1, the critical
value of 7 is equal to 3, 4 and 8 respectively. This is because high profit rates are sustained
for larger number of lease periods a result of higher lease payments. However, after this
value profit rates decline as the number of lease periods increases in all throughput rate
configurations for different values of p. This is because increase in the revenues becomes
smaller than the increase in costs after a certain value of # since the changes in the number

of lease periods influence both the revenues and the processing costs.

When we compare the LM with the TSM and the SRM, we observe that the LM
performs better than the other models in terms of profitability for high lease payments
accomplished by high increase in residual value after remanufacturing. On the other hand,
for low lease payments, e.g. p=0.6, the profitability of the LM can be lower than the
profitability of the other models as we increase # after the maximum profits are achieved.

These results can be seen for all throughput rate configurations.

In summary, we conclude that if the increase in residual value after remanufacturing
at the end of each lease period is large enough, high profitability can be achieved by
increasing the number of lease periods up to a certain value. As 5 increases, the product is
frequently remanufactured in its useful life. Thus, residual value of the product remains at
high values. This fact provides high lease payments for each lease period. However, high
remanufacturability is required to increase the number of lease periods. This requirement is

mandatory for the LM to become more profitable than the other models.



Table 5.9. Profit rates for p=0.6, p=0.8 and p=1 as » changes

Case 1:y;=(0.8,0.7,0.7,0.6) , p= 1 Case 1:y;=(0.8,0.7,0.70.6) , P("=0.5
Profit rate, i, Profit rate, =,
EX. ] p=06 p=08 p=1 |p=06 p=08 p=1 m,
1 1 5.7502 5.7625 5.7854 | 4.8935 55233 6.1531 | 4.9753
2 2 7.0115 8.5446 10.0600 | 4.8935 55233 6.1531 | 4.9753
3 3 7.0262 9.3468 11.6782 | 4.8935 55233 6.1531 | 4.9753
4 4 6.8243 9.4296 12.1767 | 4.8935 55233 6.1531 | 4.9753
5 5 5.2222 87085 12.2556 | 4.8935 55233 6.1531 | 4.9753
6 6 46060 8.6306 12.4042 | 4.8935 55233 6.1531 | 4.9753
7 7 3.7692 8.3540 12.8192 | 4.8935 55233 6.1531 | 4.9753
8 8 3.0691 8.1757 13.0262 | 4.8935 55233 6.1531 | 4.9753
9 9 15504 7.1005 12.3957 | 4.8935 5.5233 6.1531 | 4.9753
10 10 | -0.0729 59037 11.6809 | 4.8935 55233 6.1531 | 4.9753
Case 2:y;=(0.9,0.8,0.80.7) ,p= 0.5 Case 2:y;=(0.9,0.8,0.80.7) , P("=0.6
Profit rate, m; Profit rate, =,
EX. ] p=06 p=08 p=1 |p=06 p=08 p=1 L
1 1 5.7648 57822 5.8021| 4.9015 5.7329 6.5642 | 4.9753
2 2 6.9896 8.5699 10.1495| 4.9015 5.7329 6.5642 | 4.9753
3 3 7.0439 9.4265 11.8100{ 4.9015 5.7329 6.5642 | 4.9753
4 4 6.7495 9.5167 12.2458| 4.9015 5.7329 6.5642 | 4.9753
5 5 54918 8.7967 12.3626| 4.9015 5.7329  6.5642 | 4.9753
6 6 5.0739 8.7542 12.4740| 4.9015 5.7329 6.5642 | 4.9753
7 7 4.6444  8.6781 12.9128| 4.9015 5.7329 6.5642 | 4.9753
8 8 42258 85315 13.2409| 4.9015 5.7329 6.5642 | 4.9753
9 9 3.0877  7.8137 12.5572| 4.9015 5.7329 6.5642 | 4.9753
10 10 15161 6.4612 11.8884| 4.9015 57329 6.5642 | 4.9753
Case 3:y;=(1.0,0.9,0.9,0.8) , § = 0.25 Case 3:y;=(1,0.9,0.9,0.8) , P("=0.7
Profit rate, i, Profit rate, m,
Ex. ] p=06 p=0.8 p=1 p=06 p=0.8 p=1 mm
1 1 57749 57978 5.8221 | 4.9179 59534 6.9889 | 4.9753
2 2 7.0040 8.6297 10.2548 | 4.9179 5.9534 6.9889 | 4.9753
3 3 7.0950 9.5083 11.9225 | 4.9179 5.9534 6.9889 | 4.9753
4 4 6.7842  9.6163 12.4504 | 4.9179 5.9534 6.9889 | 4.9753
5 5 5.7524  8.9544 12.4675| 4.9179 5.9534 6.9889 | 4.9753
6 6 54626 8.8368 12.5045 | 4.9179 5.9534 6.9889 | 4.9753
7 7 5.1440 8.7824 12.9422 | 49179 5.9534 6.9889 | 4.9753
8 8 4.8863 8.6623 13.4217 | 49179 59534 6.9889 | 4.9753
9 9 3.9610 8.1658 12.6548 | 4.9179 5.9534 6.9889 | 4.9753
10 10 2.6006 6.9538 11.9897 | 4.9179 5.9534 6.9889 | 4.9753
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5.1.4. Change in the Increase in Residual Value after Remanufacturing

In the previous section, we observed that different values of the increase in
residual value influence the effect of #. This shows us that the increase in residual is a
significant factor that affects the profitability of the LM. This implication is also shown in
the ANOVA analysis. Mainly, the increase in residual value affects the finance part of the
lease payments. As the value of the increase in residual value increases, finance part of the
lease payments becomes larger since the residual value of the product continues to be high.
Since we assumed that the residual value of the product is increased to the level which is
equal to P, at the end of each lease period by remanufacturing, if we increase P, the
increase in residual value increases. In this section, in order to investigate the behavior of
the LM as the increase in residual value by remanufacturing changes, we determine the
levels of the increase by changing p where Py, is held constant similarly in the previous
section. We vary p from 0.55 to 1.00 with 0.05 increments. Here, we search for the values
where the LM becomes profitable than the TSM and the SRM and examine whether the
LM is profitable when lease payments are low as a result of low increase in residual value

by remanufacturing.
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Profit rates for the LM are computed for different values of » and for different
throughput rate configurations that are given in Section 5.1. The levels for # are selected to
be =2, n=5 and »=10 to compare the effects of the increase in residual value on
profitability for low, average and high number of lease periods. Also, to compare the
profitability of the LM with the other models, we include their profit rates. The profit rates
for the TSM are computed with 50% unit profit margin of a new product and remain
constant for different values of p since P, is held constant. Also, the profit rates of the
SRM are computed for different values of p and for different throughput rate
configurations similar to the previous section. For the SRM, n is selected to be 3 since
highest profits are achieved when n=3. The profit rates of the SRM increase as p increases
because P, takes larger values. In Table 5.10, profit rates are presented for #=2, =5 and
n=10 as p changes. Also, the results are represented under the title “1” and “z,” are the
profit rates of the TSM and the SRM respectively. The results are depicted in Figure 5.16,
Figure 5.17 and Figure 5.18.

As a result of these experiments, it can be stated that the profitability of the LM
increases for all levels of # as the increase in residual value by remanufacturing increases.
This is because high lease payments provide high profits. Also, the ranking of the
profitabilities for different values of # changes as the lease payments increases as a result

of increase in p. For the low values of p, e.g. p<0.75, leasing the product for low number

of periods by increasing the duration of the lease periods is profitable. However, if p is

high, e.g. p>0.80, the LM where =5 performs better. Moreover, it can be observed that

the profitability of the LM can decrease to the negative values for low values of p if the

number of lease periods is high, e.g. #=10.

Another result reported in the table and graphs is that the LM is more profitable than
the TSM and the SRM for high values of p. On the other hand, the TSM and the SRM can
perform better than the LM when the lease payments are low as a result low values of p.
This is because when the lease payments are low, increase in the cost of remanufacturing

decreases the profits. These results can be seen for all throughput rate configurations.

In summary, the LM is more profitable than the other models if the increase in

residual value is large enough. However, if the lease payments are low, it is not profitable
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to lease the products for large number of lease periods. Also, sensitivity to the changes in
the lease payments is high for the large values of 7. This is because the revenues are
affected more by the changes as the number of lease periods increase.



Table 5.10. Profit rates for #=1, =5 and =10 as p changes

Case 1:y;=(0.8,0.7,0.7,0.6) , B =1

Profit rate, m

EX. p n=2 n=5 n=10 m m,
1 055 | 6.5893 4.3500 -1.5661 | 4.9753 | 4.7360
2 0.60 | 7.0115 5.2222 -0.0729 | 4.9753 | 4.8935
3 0.65 | 7.3386 6.0928 1.4227 | 4.9753 | 5.0509
4 0.70 | 7.7870 6.9661 29158 | 4.9753 | 5.2084
5 0.75 | 8.1654 7.8371 4.4109 | 4.9753 | 5.3658
6 0.80 | 8.5446 8.7085 5.9037 | 4.9753 | 5.5233
7 0.85 | 89232 95791 7.3996 | 4.9753 | 5.6807
8 0.90 | 9.3024 10.4524 8.8926 | 4.9753 | 5.8382
9 0.95 | 9.6808 11.3234 10.3854 | 4.9753 | 5.9957
10 1.00 | 10.0600 12.2556 11.6809 | 4.9753 | 6.1531

Case 2:y;=(0.9,0.8,0.8,0.7) ,p=0.5
Profit rate, m;

Ex. p n=2 n=5 n=10 ™ T,
1 0.55 | 6.5943 4.6648 0.2809 | 4.9753 | 4.6937
2 0.60 | 6.9896 5.4918 1.5161 | 4.9753 | 4.9015
3 0.65 | 7.4383 6.3170 2.7542 | 4.9753 | 5.1093
4 0.70 | 7.7802 7.1448 3.9894 | 4.9753 | 5.3172
5 0.75 | 8.1746 7.9707 5.2271 | 4.9753 | 5.5250
6 0.80 | 85699 8.7967 6.4612 | 4.9753 | 5.7329
7 0.85 | 8.9645 9.6219 7.7002 | 4.9753 | 5.9407
8 0.90 | 9.3598 10.4697 8.9341 | 4.9753 | 6.1485
9 0.95 | 9.7542 11.3457 10.4677 | 4.9753 | 6.3564
10 1.00 | 10.1495 12.3626 11.8884 | 4.9753 | 6.5642

Case 3:y;=(0.8,0.7,0.7,0.6) , p = 0.25
Profit rate, m;

Ex. p n=2 n=>5 n=10 (2 T,
1 0.55 | 6.5973 4.9510 1.5134 | 4.9753 | 4.6590
2 0.60 | 7.0040 5.7524 2.6006 | 4.9753 | 4.9179
3 0.65 | 7.4785 6.5518 3.6907 | 4.9753 | 5.1768
4 0.70 | 7.8173 7.3538 4.7781 | 4.9753 | 5.4356
5 0.75 | 82230 8.1541 5.8679 | 4.9753 | 5.6945
6 0.80 | 8.6297 8.9544 6.9538 | 4.9753 | 5.9534
7 0.85 | 9.0358 9.7539 8.0451 | 4.9753 | 6.2123
8 0.90 | 9.4424 10.5559 9.1291 | 4.9753 | 6.4711
9 0.95 | 9.8481 11.3562 10.5129 | 4.9753 | 6.7300
10 1.00 | 10.2548 12.4675 11.9897 | 4.9753 | 6.9889
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5.2. Market Cannibalization Effect

In Section 5.1, for the comparison of models we assumed that equal number of
customers is served in each model. In the SRM, we provide this by decreasing the arrival
rate of demands for new products as the proportion of the customers that buy
remanufactured products increases. This implies that we allow cannibalization of new
product sales. In this section, we present a more detailed discussion of the market
cannibalization of new products sales by remanufactured products. We investigate whether
cannibalization actually decreases the overall profitability of the firms. The cannibalization
effect is considered under two situations. One of them is that the market share of the firm
remains constant when cannibalization occurs. In the second situation, we assess the effect
of cannibalization when the market share of the firm increases as a result of the sales of

remanufactured products.

Let Mo denote the total number of sales of a firm which sells both the new and
remanufactured products. Also, let Myo and Mg, denote the number of sales of new

products and remanufactured products, respectively. Then, My can be written as:

MO=MN,O+MR,O (5-3)

Initially, we assume Mg =0 and the firm sells only new products. Let o denote the
percent of increase in the total number of sales when remanufactured products are
introduced. Then, the total number of sales of a firm after the remanufactured products are

introduced can be written as;

M, =M 1+a) (5.4)

where a>0. Let Myi and Mg; denote the number of sales of new products and
remanufactured products after the remanufactured products are introduced, respectively.

M1 can be written as;

M1=MN,1+MR,1 (5.5)
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where M, >0 and M., >0. Introducing remanufactured products cannibalizes the sales
of new products if M, <M, ,. Namely, the number of sales of new products decreases

when the remanufactured products are introduced. The possible situations for the sales of

new products are presented in Table 5.11.

Table 5.11. Cannibalization of the sales of new products

My, =M ,>0 Increase in market size
My, =M ,=0 No cannibalization
My, =My, <0 Cannibalization

We denote the proportion of the sales of remanufactured products in the market by

p, and it can be written as:

g = 59)

Then, the number of sales of new products after the remanufactured products are

introduced can be obtained as;

MN,l =M,1-5)=M N,0(1+a)(1_ﬁ1) (5.7)

We denote the ratio between M, —M ; and M, ;as y and it can be calculated by;

y=A+a)1-4)-1 (5.8)

Here, if =0 and » >0, there is no cannibalization . On the other hand, if y <0,
cannibalization occurs. The extent of cannibalization increases as y decreases. In order to

decrease v, we increase f3, .
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We construct our experiments for different values of p and c,. In Table 5.12, profit
rates are presented for p=0.6, p=0.7 and p=0.8 as the extent of cannibalization increases
when a=0. The profit rates for a=0.3 are computed similarly and presented in Table 5.13.
Also, the results are depicted in the figures below.

As a result of these experiments, we conclude that when core cost is high and price
of the remanufactured products is low, cannibalization affects profitability negatively for
both =0 and a>0. It can be observed from Figure 5.19 and 5.22 that as the extent of
cannibalization increases, the profit rates decreases for p=0.6, p=0.7 and the model with
no cannibalization performs better in comparison to models where cannibalization occurs
with ratio y. This is because selling a new product is more profitable than selling a
remanufactured product when c, is large and therefore as the sales of remanufactured

products cannibalize the sales of new products, profitability decreases remarkably.

However, the effect of cannibalization differs when core cost is low. Allowing
cannibalization causes a significant increase in profit rates for both a=0 and >0 in this
situation. It can be observed from Figure 5.21 and 5.24 that as the extent of cannibalization
increases, profitability increasess for all price adjustments. Also, models with
cannibalization perform better than the model with no cannibalization for all values of vy.
This is because the unit margin for a remanufactured product increases with low core cost
and high price. Thus, increasing the sales of remanufactured products in the market
provides better profitability since selling a remanufactured product is more profitable in

comparison to selling a new product.

In summary, the issue whether cannibalization decreases the overall profitability of
the firms depends on the core cost and price of a remanufactured product. If the core cost is
low enough and price of the remanufactured products is high enough, selling
remanufactured products can be profitable although the sales of remanufactured products
cannibalize the sales of new products. The results mentioned above are applicable for both

o=0 and a>0.



Table 5.12. Profit rates for a=0 as the extent of cannibalization increases

c,=04
Profit rate, w,
Ex. B: p= 0.6 p= 0.7 p=038 m
1 0.34 4.1040 4.3555 4.6070 4.4702
2 0.38 4.0548 4.3291 4.6033 4.4702
3 0.42 4.0060 4.3017 4.5975 4.4702
4 0.46 3.9560 4.2719 4.5879 4.4702
5 0.50 3.9060 4.2411 4.5761 4.4702
6 0.54 3.8561 4.2092 4.5624 4.4702
7 0.58 3.8055 4.1757 4.5460 4.4702
8 0.62 3.7547 41412 45277 4.4702
9 0.66 3.7036 4.1055 4.5074 4.4702
10 0.70 3.6519 4.0684 4.4850 4.4702
c,=0.25
Profit rate, m,
Ex. B: p= 0.6 p= 0.7 p=0.8 m
1 0.34 4.3440 4.5955 4.8470 4.4702
2 0.38 4.3248 4.5990 4.8733 4.4702
3 0.42 4.3060 4.6017 4.8975 4.4702
4 0.46 4.2859 4.6019 4.9179 4.4702
5 0.50 4.2660 4.6010 4.9361 4.4702
6 0.54 4.2461 4.5992 4.9524 4.4702
7 0.58 4.2255 4.5957 4.9660 4.4702
8 0.62 4.2047 45912 49777 4.4702
9 0.66 4.1836 4.5855 4,9874 4.4702
10 0.70 4.1618 4.5784 4,9949 4.4702
c,=01
Profit rate, m,
EX. B: p= 0.6 p= 0.7 p= 0.8 m
1 0.34 4.5840 4.8355 5.0870 4.4702
2 0.38 4.5947 4.8690 5.1433 4.4702
3 0.42 4.6060 4,9017 5.1975 4.4702
4 0.46 4.6159 4.9319 5.2478 4.4702
5 0.50 4.6259 4.9610 5.2960 4.4702
6 0.54 4.6360 4.9892 5.3423 4.4702
7 0.58 4.6455 5.0157 5.3860 4.4702
8 0.62 4.6547 5.0412 5.4277 4.4702
9 0.66 4.6636 5.0655 5.4675 4.4702
10 0.70 4.6718 5.0884 5.5049 4.4702
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Table 5.13. Profit rates for a=0.30 as the extent of cannibalization increases

c,=04
Profit rate, m,
Ex. p= 0.6 p= 0.7 p= 0.8
1 o a=0.3 5.8100 5.8100 5.8100
2 0.34 5.3347 5.6616 5.9886
3 0.38 5.2717 5.6283 5.9849
4 0.42 5.2078 5.5923 5.9768
5 By 0.46 5.1433 5.5542 5.9650
6 0.50 5.0786 5.5142 5.9499
7 0.54 5.0125 5.4716 5.9306
8 0.58 4.9469 5.4282 5.9096
9 0.62 4.8807 5.3831 5.8855
10 0.66 4.8143 5.3368 5.8593
c,=0.25
Profit rate, m,
Ex. p=0.6 p= 0.7 p=0.8
1 m a=0.3 5.8100 5.8100 5.8100
2 0.34 5.6467 5.9736 6.3005
3 0.38 5.6227 5.9793 6.3359
4 0.42 5.5978 5.9823 6.3668
5 By 0.46 5.5723 5.9832 6.3940
6 0.50 5.5466 5.9823 6.4179
7 0.54 5.5194 5.9785 6.4376
8 0.58 5.4929 5.9742 6.4556
9 0.62 5.4656 5.9681 6.4705
10 0.66 5.4383 5.9608 6.4833
c,=0.1
Profit rate, m,
Ex. p=0.6 p=0.7 p=0.8
1 m a=0.3 5.8100 5.8100 5.8100
2 0.34 5.9587 6.2856 6.6125
3 0.38 5.9737 6.3302 6.6869
4 0.42 5.9878 6.3723 6.7568
5 By 0.46 6.0013 6.4122 6.8230
6 0.50 6.0146 6.4503 6.8859
7 0.54 6.0264 6.4855 6.9445
8 0.58 6.0389 6.5202 7.0015
9 0.62 6.0506 6.5530 7.0554
10 0.66 6.0623 6.5848 7.1073
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5.3. Design for Remanufacture

This section focuses on the design issue which plays an important role in improving
the efficiency of remanufacturing. Design for remanufacture can reduce the constraining
issues and sustain the facilitating properties for remanufacturing [25]. This is because
remanufacturability of a product is influenced by the physical characteristics specified
during the design phase. To increase the remanufacturability of a product, specific stages
of the remanufacturing process can be considered depending on the product. Here, we
investigate whether the profitability is increased for the remanufacturing models when the
remanufacturability of a product is improved by proper design. To this end, we consider
the effects of design for remanufacture on two factors that affect the profitability of the
remanufacturing system; the maximum number of times that a product can be

remanufactured, n and average remanufacturing time.

5.3.1. Design Effect on Multiple Remanufacturing Cycles

Here, we concentrate on the design for multiple remanufacturing cycles and define
the remanufacturability level as the maximum number of times that a product can be
remanufactured, denoted by n. This is because the ANOVA analyses showed that
increasing n results in better profitability for both the SRM and the LM. However, in these
analyses we assumed that production and design time of the product is constant as n
increases. In reality, achieving both higher remanufacturability and durability requires
more time in the design phase. Considering our model, mean service time of production
and design station, z; increases for a higher remanufacturability level. For this purpose, we
increase n as 7 increases for two cases. Case 1 and Case 2 refer to logarithmic and linear
increase in 7, respectively. The experimental values of 7; and n are presented in Table 5.14

and the linear and logarithmic increase patterns can be seen in Figure 5.25.
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Table 5.14. Experimental values for z; and n

Case 1 Case 2
EXx T, n T, n
1 1.30 0 1.3 0
2 1.70 1 2.04 1
3 2.23 2 2.78 2
4 2.92 3 3.52 3
5 3.82 4 4.26 4
6 5.00 5 5 5
6
5
4
=6=Case 1
c 3 == Case 2
2
1
0 .
0 1 2 7 3 4 5

Figure 5.25. Logarithmic and linear increase in n

We construct our experiments for different values of p and c,. Also, in the
experiments, we consider the relation between design and remanufacturability for two
situations. Firstly, we assume the market size remains constant when the remanufactured
products are introduced. Namely, the sales of new products are cannibalized. The profit
rates for this situation are presented in Table 5.15. The results are depicted in Figure 5.26,
Figure 5.27 and Figure 5.28. Secondly, we assume that the market size expands as the sales
of remanufactured products increase as a result of the large values of n. The profit rates for
this situation are presented in Table 5.16. The results are depicted in Figure 5.29, Figure
5.30 and Figure 5.31.

For constant market size, it is observed from the numerical results reported in the
tables and graphics that increasing n decreases the profit rates for low price and high core

cost. Namely, the profitability of products with n=0, is higher than the profitability of
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products with n>0. This is because increasing the design time causes the unit profit margin
of a remanufacturable product to decrease. However, for high price and low core cost ,
higher n values causes a higher increase in the revenues from remanufactured products
than the increase in the processing costs due to the larger design times. For instance, when
p=0.8 and ¢,=0.1, we obtain the highest profit rate for n=2. This situation can be seen from
Figure 5.28. Also, these results are similar for both Case 1 and Case 2. The only difference

is that linear increase results in lower profits than the logarithmic increase.

On the other hand, if the market share expands due to increase in the number of sales
of the remanufactured products, increasing n has a positive effect on profitability. As we
increase n up to a specific value where the increase in the processing costs due to the larger
design times is smaller than the increase in the revenues from remanufactured products, we
obtain higher profitability. This critical value changes for different values of p, e.g. for
p=0.6, p=0.8 and p=1, the critical value of n is equal to 3, 3 and 4 respectively. This result
is applicable for all adjustments of p and c,. Also, the results are similar for both Case 1

and Case 2. However, logarithmic increase provides higher profit rates.



Table 5.15. Profit rates as 7; and n changes when market size remains constant

c,=04 Profit rate, =,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 | p=0.7 | p=0.8
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 4.2158 4.5861 4,9563 4.1085 4.4788 4.8490
3 2 4.0283 4.5072 4.9862 3.8846 4.3636 4.8426
4 3 3.8520 4.3697 4.8874 3.7070 4.2247 4.7423
5 4 3.6446 4.1786 4.7125 3.5418 4.0757 4.6097
6 5 3.3782 3.9195 4.4608 3.3782 3.9195 4.4608
c,=0.25 Profit rate, m,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 | p=0.7 | p=038
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 4.6358 5.0060 5.3763 4.5285 4.8987 5.2690
3 2 4.4483 4.9272 5.4062 4.3046 4.7836 5.2626
4 3 4.2719 4.7896 5.3073 4.1269 4.6446 5.1623
5 4 4.0647 4.5986 5.1326 3.9618 4.4958 5.0298
6 5 3.7984 4.3397 4.8810 3.7984 4.3397 4.8810
c,=0.1 Profit rate, m,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 | p=0.7 | p=0.38
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 5.0558 5.4260 5.7963 4.9485 5.3187 5.6890
3 2 4.8682 5.3472 5.8262 4.7246 5.2036 5.6826
4 3 4.6919 5.2096 5.7272 4.5469 5.0646 5.5822
5 4 4.4847 5.0187 5.5527 4.3819 4.9159 5.4499
6 5 4.2186 4.7599 5.3012 4.2186 4.7599 5.3012
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Table 5.16. Profit rates as 7; and n changes when market size increases

c,=04 Profit rate, m,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 [ p=07 | p=0.8
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 6.6948 7.2828 7.8708 6.5243 7.1123 7.7003
3 2 7.7314 8.6507 9.5701 7.4556 8.3749 9.2942
4 3 7.9876 9.0612 10.1348 7.6866 8.7602 9.8338
5 4 7.8164 8.9618 10.1071 7.5955 8.7408 9.8862
6 5 7.3541 8.5329 9.7117 7.3541 8.5329 9.7117
c,=0.25 Profit rate, w,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 [ p=07 | p=0.8
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 7.3617 7.9497 8.5377 7.1913 7.7793 8.3673
3 2 8.5375 9.4568 10.3762 8.2617 9.1810 10.1004
4 3 8.8585 9.9321 11.0057 8.5575 9.6311 10.7047
5 4 8.7175 9.8628 11.0082 8.4965 9.6419 10.7873
6 5 8.2692 9.4480 10.6268 8.2692 9.4480 10.6268
c,=0.1 Profit rate, =,
Case 1 Case 2
Ex. n p=06 | p=07 | p=08 | p=06 [ p=07 | p=0.8
1 0 5.3230 5.3230 5.3230 5.3230 5.3230 5.3230
2 1 8.0287 8.6167 9.2047 7.8583 8.4463 9.0343
3 2 9.3436 10.2630 11.1823 9.0678 9.9871 10.9065
4 3 9.7294 10.8030 11.8766 9.4284 10.5020 11.5756
5 4 9.6185 10.7639 11.9093 9.3975 10.5430 11.6883
6 5 9.1843 10.3630 11.5419 9.1843 10.3630 11.5419
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5.3.2. Design Effect on the Average Remanufacturing Time

In the ANOVA analyses, we observed that the ratio between the average
remanufacturing time and the production and design time, k is a significant factor for the
profitability and as k increases, the profitability of the SRM and the LM decreases.
However, in those experiments, we varied k by decreasing the average remanufacturing
time while the production and design time was held constant. In this section, we study the
effects of proper design on profitability of the SRM and the LM when the average
remanufacturing time decreases as a result of the increase in the production and design
time. Namely, we concentrate on the ease of remanufacturing achieved by proper design.
We investigate whether proper design for remanufacture increases the profits. To this end,

we decrease average remanufacturing time, 7, logarithmically and linearly as the
production and design time, 7, increases. The experimental values for 7z, and z, are given
in Table 5.17. Here, Case 1 and Case 2 represent logarithmic and linear decrease in 7,

respectively. Also, the logarithmic and linear decrease patterns can be seen in Figure 5.32.

Table 5.17. Experimental values for 7, and 7,

Case 1 Case 2

Ex T1 TR T1 TR

1 1.70 1.7 1.70 1.7
2 1.80 14 1.80 1.59
3 1.90 1.2 1.90 1.48
4 2.00 1.05 2.00 1.37
5 2.10 0.95 2.10 1.26
6 2.20 0.86 2.20 1.15
7 2.30 0.79 2.30 1.04
8 2.40 0.74 2.40 0.93
9 2.50 0.71 2.50 0.82
10 2.60 0.7 2.60 0.7
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Figure 5.32. Logarithmic and linear increase in n

We construct our experiments for the SRM and the LM in order to observe the
effects of proper design for both models. The results are computed for different p values to
observe the changes in profitability for different price of a remanufactured product and
lease payments. The levels for p are selected to be p=0.6, p=0.8 and p=1. Also, we
compute the results for different n values for the SRM, e.g. n=1, n=2 and n=3 and # for
the LM, e.g. n=2, =5 and n=8. In this way, we observe the changes in profitability for
different throughput rates in the remanufacturing cycle as 7, decreases. The profit rates
for the SRM are presented in Table 5.18 and the results are depicted in Figure 5.33, Figure

5.34 and Figure 5.35. The profit rates for the LM are presented in Table 5.19 and the
results are depicted in Figure 5.36, Figure 5.37 and Figure 5.38.

As a result of these experiments, we observe that for the logarithmic decrease in 7,

the profitability of the SRM and the LM increases as the design and production time
increases up to a certain value. When the design and production time is equal to this
critical value, profit rate of the SRM and the LM is maximized. This critical value changes
for different values of n for the SRM and # for the LM. For our cost structure, when n=1,

n=2 and n=3, the critical value of 7, is equal to 1.90, 2.00 and 2.20 respectively for the
SRM and when =2, =5 and n=8, the critical value of z, is equal to 2.00, 2.40 and 2.40

respectively for the LM. These results can be seen for all p values. However, after this
value profit rates decline as the design time increases. This is because decrease in the costs

as a result of the shorter remanufacturing times becomes smaller than the increase in the
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design and production costs after a certain value of z, . Therefore, the total costs increases

and thus the profit rates of the SRM and the LM decrease.

On the other hand, for the linear decrease in z,, we observe that the profit rates of the

SRM and the LM linearly increase as the production and design time increases when n and
n is large, e.g. n=2 and n=3, #=5 and #=8. This is because the decrease in the
remanufacturing costs becomes larger than the increase in the design and production costs
as the throughput rates in the remanufacturing cycle increase. However, the profit rates of
the SRM and the LM linearly decrease if the throughput rates are low, e.g. n=1 and #=2.

These results can be seen for all p values.

Also, when we compare the profit rates of Case 1 and Case 2, we observe that if the
average remanufacturing decreases logarithmically as the production and design time
increases, higher profit rates are obtained for all configurations. This is because the
average remanufacturing time takes smaller values in Case 1 than in Case 2 as can be seen
in Figure 5.32.



Table 5.18. Profit rates of the SRM as 7; and g changes

p=0.6 Profit rate, n,
Case 1 Case 2
Ex. n=1 n=2 n=3 n=1 n=2 n=3
1 4.9595 4.8889 4.8620 4.9595 4.8889 4.8620
2 4.9869 4.9406 4.9225 4.9491 4.8910 4.8686
3 4.9944 4.9662 4.9546 4.9387 4.8931 4.8751
4 4.9919 4.9787 4.9725 4.9284 4.8951 4.8817
5 4.9796 4.9782 4.9762 4.9180 4.8972 4.8882
6 4.9653 4.9750 4.9771 4.9076 4.8993 4.8948
7 4.9469 4.9666 4.9723 4.8972 4.9013 4.9013
8 4.9246 4.9530 4.9618 4.8868 4.9034 4.9079
9 4.8983 4.9342 4.9456 4.8764 4.9055 4.9144
10 4.8680 4.9101 4.9238 4.8680 4.9101 4.9238
p=0.8 Profit rate, =,
Case 1 Case 2
Ex. n=1 n=2 n=3 n=1 n=2 n=3
1 5.7000 5.8469 5.8975 5.7000 5.8469 5.8975
2 5.7274 5.8986 5.9580 5.6897 5.8489 5.9041
3 5.7350 5.9242 5.9901 5.6793 5.8510 5.9106
4 5.7325 5.9367 6.0080 5.6689 5.8531 5.9172
5 5.7202 5.9361 6.0117 5.6585 5.8552 5.9237
6 5.7058 5.9330 6.0126 5.6482 5.8572 5.9303
7 5.6875 5.9246 6.0077 5.6378 5.8593 5.9368
8 5.6651 5.9110 5.9973 5.6274 5.8614 5.9433
9 5.6388 5.8922 5.9811 5.6170 5.8634 5.9499
10 5.6085 5.8681 5.9592 5.6085 5.8681 5.9592
p=1.0 Profit rate, m,
Case 1 Case 2
Ex. n=1 n=2 n=3 n=1 n=2 n=3
1 6.4406 6.8048 6.9330 6.4406 6.8048 6.9330
2 6.4680 6.8565 6.9935 6.4302 6.8069 6.9395
3 6.4755 6.8821 7.0256 6.4199 6.8090 6.9461
4 6.4731 6.8947 7.0435 6.4095 6.8111 6.9527
5 6.4607 6.8941 7.0472 6.3991 6.8132 6.9592
6 6.4464 6.8910 7.0480 6.3887 6.8152 6.9657
7 6.4280 6.8826 7.0432 6.3783 6.8173 6.9723
8 6.4057 6.8690 7.0327 6.3679 6.8193 6.9788
9 6.3794 6.8501 7.0166 6.3575 6.8214 6.9854
10 6.3491 6.8261 6.9947 6.3491 6.8261 6.9947
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Table 5.19. Profit rates of the LM as z; and zg changes

p=0.6 Profit rate, m,
Case 1 Case 2
Ex. n=2 n=5 n=8 n=2 n=>5 n=8
1 6.9346 5.2163 3.9920 6.9346 5.2163 3.9920
2 7.0097 5.6118 4.6413 6.9284 5.3214 4.1816
3 7.0419 5.8541 5.0469 6.9221 5.4263 4.3705
4 7.0527 6.0200 5.3313 6.9158 5.5312 4.5591
5 7.0421 6.1094 5.4948 6.9095 5.6360 4.7473
6 7.0272 6.1834 5.6340 6.9031 5.7407 49351
7 7.0037 6.2269 5.7249 6.8967 5.8453 5.1227
8 6.9716 6.2398 5.7675 6.8903 5.9498 5.3100
9 6.9309 6.2221 5.7618 6.8838 6.0542 5.4970
10 6.8816 6.1738 5.7079 6.8816 6.1738 5.7079
p=0.8 Profit rate, m;
Case 1 Case 2
Ex. n=2 n=5 n=8 n=2 n=>5 n=8
1 8.5603 8.4184 8.1080 8.5603 8.4184 8.1080
2 8.6354 8.8138 8.7573 8.5541 8.5234 8.2975
3 8.6676 9.0562 9.1629 8.5478 8.6284 8.4865
4 8.6784 9.2220 9.4473 8.5415 8.7333 8.6751
5 8.6678 9.3114 9.6108 8.5352 8.8380 8.8632
6 8.6529 9.3855 9.7500 8.5288 8.9427 9.0511
7 8.6294 9.4289 9.8409 8.5224 9.0473 9.2386
8 8.5973 9.4418 9.8835 8.5160 9.1518 9.4260
9 8.5566 9.4241 9.8778 8.5095 9.2563 9.613
10 8.5073 9.3758 9.8239 8.5073 9.3758 9.8239
p=1.0 Profit rate, m;
Case 1 Case 2
Ex. n=2 n=>5 n=8 n=2 n=>5 n=8
1 10.1854 11.6214 12.2274 10.1854 11.6214 | 12.2274
2 10.2605 12.0169 12.8767 10.1792 11.7265 | 12.4170
3 10.2927 12.2593 13.2823 10.1729 11.8315 | 12.6059
4 10.3036 12.4251 13.5667 10.1666 11.9363 | 12.7945
5 10.2929 12.5145 13.7302 10.1603 12.0411 | 12.9826
6 10.2780 12.5886 13.8694 10.1539 12.1458 | 13.1705
7 10.2545 12.6320 13.9603 10.1475 12.2504 | 13.3580
8 10.2224 12.6449 14.0029 10.1411 12.3549 | 13.5453
9 10.1817 12.6272 13.9972 10.1347 12.4593 | 13.7324
10 10.1324 12.5789 13.9433 10.1324 12.5789 | 13.9433
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6. CONCLUSIONS

In this study, we explored the idea of sales of services as a sustainable alternative to
the existing supply chain structure. To this end, we compared three different structures in
terms of profitability. The first structure is a traditional supply chain where products are
sold to customers while the second structure includes reverse supply chain where used
products are acquired by the manufacturer for remanufacturing and both remanufactured
and new products are sold. Finally, the third structure considers a closed loop supply chain
where products are leased and leased products are remanufactured at the end of each lease
period. For comparing these structures, we modeled them as queuing networks with GI/G/1
and GI/G/» stations. We analyzed these networks using the parametric decomposition
method to obtain performance measures. We also proposed a method to determine the
lease payments for the remanufactured products. Then, using the performance measures,
we defined a profit function for each model. In the numerical analysis, first we obtained
the most significant parameters of each model using ANOVA. Then, we examined the
effects of the changes in these parameters by comparing the models. In these analyses, we
assumed that equal number of customers is served in each model. Thus, we allowed
cannibalization of sales of new products in the SRM. After these analyses, cannibalization
effect was considered in detail. Finally, in the last part of the numerical analysis, the

relation between design and remanufacturability was examined.

As a result, when the unit profit margin of a new product is changed by varying the
price of a new product, we observed that if the ratio between the price of a remanufactured

and a new product is high enough, e.g. p>0.7, the SRM performs better than the TSM for

all values of the unit profit margin of a new product. On the other hand, when the price of a

remanufactured product is low ( p =0.5), the TSM becomes more profitable than the SRM

when the unit profit margin of a new product is greater than 35%. This implies that it is not
profitable to remanufacture a product if the unit profit margin of a new product is high
enough and the price of a remanufactured product is low. Moreover, when we varied the
price of a remanufactured product and held the unit profit margin of a new product

constant, we observed that if the ratio between the price of a remanufactured product and a
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new product is smaller than 0.65, the TSM performs better. This implies that selling
remanufactured products with a low profit margin decreases the total system profit by
discouraging the sales of new products with higher profit margins.

Also, we observed that the SRM is more profitable in comparison to the TSM if the
price of a remanufactured product is high although sales of remanufactured products
cannibalize the sales of new products. Also, when introducing remanufactured products
increases the market share of the manufacturer, the profitability of the SRM increases.
Here, sales of the remanufactured products cannibalize the sales of new products offered
by the other manufacturers in the market. However, the price of the remanufactured
products and the acquisition cost of the used products affect the profitability of the SRM
considerably.

When we considered the LM, which is offered as an alternative to the SRM, we
observed that the LM provides the best performance in terms of profitability. This fact is a
consequence of the low acquisition cost, the low cost in the grading process and high lease
payments achieved by remanufacturing in the LM. Acquisition cost is low in the LM
because the manufacturer does not have to pay any core cost since the customer has an
obligation to return the product at the end of the lease period. Moreover, in the grading
process the products are graded in less time because the uncertainty of the quality of the
products is decreased due to the known history of the product in leasing. This results in
less cost in the grading process for the LM. Also, remanufacturing the product at the end of
each lease period provides high lease payments throughout the useful life of the product.
This is because the residual value, which is very important in determining the lease
payments, is increased by remanufacturing at each lease period. Since we assumed that the
residual value of the product is increased to the level which is equal to P, at the end of each
lease period by remanufacturing, if we increase Py, the increase in residual value increases.
In this context, we observed that the LM is more profitable than the other models if the

increase in residual value by remanufacturing is large enough, e.g. p=>0.80, for all

number of lease periods configurations. However, if the lease payments are low, it is not
profitable to lease the products for large number of lease periods. For the low values of p,

e.g. p<0.75, leasing the product for low number of periods by increasing the duration of

the lease periods is profitable. This is because if the unit profit margin is low as a result of
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low lease payments, decreasing the remanufacturing costs by decreasing the number of

lease periods is the best idea in order to increase the total system profit.

Furthermore, we concluded that the remanufacturability of a product is essential for
the profitability of the SRM and the LM. We defined the remanufacturability level of a
product as the number of times that a product can be remanufactured, n. For the SRM,
increasing the remanufacturability level of the product provides us to keep the product in
the market for a longer time period. The product is sold multiple times with the same price
and the revenues from the sales of that product increases. Also, since the remanufacturing
cost of a product is lower than the production cost of a new product, a higher unit profit
margin is obtained for the remanufactured product. Thus, the profitability of the SRM
increases as n increases when the unit profit margin of a remanufactured product is higher
than the unit profit margin of a new product. On the other hand, for the LM, a high
remanufacturability level allows us to increase the number of times that a product can be
leased in its useful life. Therefore, the duration of the lease periods is decreased.
Decreasing the duration of the lease periods gives higher profit rates for the LM since the
added value in remanufacturing at the end of each lease period is high. We observed that
the profitability of the LM increases as the number of lease periods increases up to a
certain value. When the number of lease periods is equal to this critical value, profit rate of
the LM is maximized. This critical value changes for different values of p, e.g. for p=0.6,
p=0.8 and p=1, the critical value of # is equal to 3, 4 and 8 respectively. This is because
high profit rates are sustained for larger number of lease periods a result of higher lease
payments. In the opposite case where added value in remanufacturing is low (p=0.6),
decreasing the number of lease periods is a more appropriate decision because of high
remanufacturing cost. The TSM and the SRM performs better than the LM if we increase

the number of lease periods when lease payments are low.

In the last part of the thesis we examined the fact that longer design time is required
to increase the remanufacturability of a product To this end, we considered the effects of
design for remanufacture on two factors that affect the profitability of the remanufacturing
system; the maximum number of times that a product can be remanufactured, n and the
average remanufacturing time. First we concentrated on the design for multiple

remanufacturing cycles. For the SRM, we observed that up to a certain value of the
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remanufacturability level the increase in the profits compensates the increase in the costs
due to long production and design time. This critical value changes for different values of
p, e.g. for p=0.6, p=0.8 and p=1, the critical value of n is equal to 3, 3 and 4 respectively.
However, beyond these values, the profit rates decrease with an increase in the
remanufacturability level. Furthermore, we studied the effects of proper design on the
profitability of the SRM and the LM when the average remanufacturing time decreases as a
result of the increase in the production and design time. Namely, we concentrated on the
ease of remanufacturing achieved by proper design. We observed that the profitability of
the SRM and the LM increases as the design time increases since decrease in the costs as a
result of the shorter remanufacturing times is larger than the increase in the design and
production costs. However, when the decrease in the remanufacturing cost cannot
compensate the increase in the production and design cost, the system profits decrease for
both the SR and the LM.

In conclusion, we see that the sales of service model with remanufacturing displays a
better performance in terms of profitability in comparison to sales of products models with
or without remanufacturing. Also, it is observed that the sales of products model with
remanufacturing is more profitable than the traditional sales model although
cannibalization occurs. However, these results are applicable for the specific values of the
significant parameters set in the numerical analysis. For further research, these models can
be investigated in terms of the environmental concerns. The comparison of models with
respect to energy consumptions can be of interest. Also, since we assumed that the demand
arrival rate for remanufactured products is higher than the arrival rates of the demand
station, this assumption can be relaxed in another study. Moreover, further research can be
conducted where the price changes as the demand changes. We hope to have provided a
starting point for the research on the sales of service systems with remanufacturing and

cannibalization of new product sales by remanufactured goods.



APPENDIX A: MODEL VALIDATION TABLES

Table 0.1. Validation of expected throughput rates for the SRM with n=4

PN =0.6 q"” =Case 1

PN =0.6 q"” =Case 2

PO =06, q"” = Case 3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.4  0.00% 0.4 0.4 0.00% 0.4 0.3996 0.10%
2 0.7323 0.7334 -0.15% 0.6439 0.6436  0.05% 0.7277 0.7269 0.11%
3 0.7323 0.7334 -0.15% 0.6439 0.6436 0.05% 0.7277 0.7269  0.11%
4 04394 044 -0.14% 0.3863 0.3856 0.18% 0.4366 0.4359  0.16%
5 0.4394 044 -0.14% 0.3863 0.3856  0.18% 0.4366 0.4359 0.16%
6 0.1362 0.1362  0.00% 0.0762 0.0763 -0.13% 0.1175 0.1174 0.09%
7 0.1212 0.1214 -0.16% 0.0762 0.0759  0.40% 0.1516 0.1514 0.13%
8 0.0968 0.0971 -0.31% 0.0762 0.0761 0.13% 0.0829 0.0827 0.24%
9 0.0504 0.0506 -0.40% 0.0762 0.0759  0.40% 0.0491 0.0489 0.41%
10 0.3323 0.3328 -0.15% 0.2439 0.2436 0.12% 0.3277 0.3272  0.15%
D 0.1071 0.1072 -0.09% 0.1424 0.1467 -2.93% 0.1089 0.1087 0.18%
R 0.3323 0.3328 -0.15% 0.2439 0.2436 0.12% 0.3277 0.3272  0.15%

PO =07 q"” =Case1 P"=07 q"”=Case2 P©”=07 q”” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.4  0.00% 0.4 0.3999 0.03% 0.4 0.4007 -0.17%
2 0.8314 0.8319 -0.06% 0.7116 0.7122 -0.08% 0.8223 0.8234 -0.13%
3 0.8314 0.8319 -0.06% 0.7116 0.7122 -0.08% 0.8223 0.8234 -0.13%
4 0.582 0.5823 -0.05% 0.4981 0.4986 -0.10% 0.5756 0.5763 -0.12%
5 0.582 0.5823 -0.05% 0.4981 0.4986 -0.10% 0.5756 0.5763 -0.12%
6 0.1697 0.17 -0.18% 0.0974 0.0983 -0.92% 0.1401 0.1405 -0.28%
7 0.1575 0.1575  0.00% 0.0974 0.0973  0.10% 0.1888 0.189 -0.11%
8 0.1296 0.1298 -0.15% 0.0974 0.0972  0.21% 0.1164 0.1165 -0.09%
9 0.0699 0.0698 0.14% 0.0974 0.0975 -0.10% 0.0742 0.0741 0.13%
10 0.4315 04318 -0.07% 0.3116 0.3123 -0.22% 0.4223 0.4228 -0.12%
D 0.1506 0.1505 0.07% 0.1865 0.1863 0.11% 0.1533 0.1535 -0.13%
R 0.4315 0.4318 -0.07% 0.3116 0.3123 -0.22% 0.4223 0.4227 -0.09%

P =08 q"” =Casel P"=08 q”"”=Case2 P"=08, q"” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.3997 0.08% 0.4 0.4  0.00% 0.4 0.4002 -0.05%
2 0.9497 0.9488  0.09% 0.7908 0.7895  0.16% 0.9337 0.9332  0.05%
3 0.9497 0.9488  0.09% 0.7908 0.7895  0.16% 0.9337 0.9332 0.05%
4 0.7598 0.7581  0.22% 0.6327 0.6305 0.35% 0.7469 0.7458  0.15%
5 0.7598 0.7581  0.22% 0.6327 0.6305 0.35% 0.7469 0.7458  0.15%
6 0.2075 0.2076 -0.05% 0.1221 0.1218 0.25% 0.1641 0.164  0.06%
7 0.1999 0.1994 0.25% 0.1221 0.1216  0.41% 0.2299 0.2296 0.13%
8 0.17 0.1698 0.12% 0.1221 0.1215 0.49% 0.1576  0.157 0.38%
9 0.0956 0.0952  0.42% 0.1221 0.1217 0.33% 0.1085 0.1084  0.09%
10 0.5497 0.5492  0.09% 0.3908 0.3892  0.41% 0.5337 0533 0.13%
D 0.21 0.2089 0.53% 0.2418 0.2412  0.25% 0.2132 0.2128 0.19%
R 0.5497 0.5492 0.09% 0.3908 0.3892 0.41% 0.5337 0533 0.13%
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Table 0.2. Validation of expected throughput rates for the SRM with n=5

P" =06, q"” =Casel

P =06, q"” =Case 2

P =06, q"” =Case 3

102

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.4006 -0.15% 04 0.399% 0.10% 0.4 0.4003 -0.07%
2 0.7369 0.738 -0.15% 0.6473 0.6469  0.06% 0.7303 0.7309 -0.08%
3 0.7369 0.738 -0.15% 0.6473 0.6469  0.06% 0.7303 0.7309 -0.08%
4 0.4422 0.4425 -0.07% 0.3884 0.3879 0.13% 0.4382 0.4383 -0.02%
5 0.4422 0.4425 -0.07% 0.3884 0.3879 0.13% 0.4382 0.4383 -0.02%
6 0.1367 0.1371 -0.29% 0.0773 0.0773  0.00% 0.1178 0.1178  0.00%
7 0.122 0.1216 0.33% 0.0773 0.0772  0.13% 0.1519 0.1519  0.00%
8 0.0984 0.0989 -0.51% 0.0773 0.0772  0.13% 0.0832 0.0834 -0.24%
9 0.0537 0.0537  0.00% 0.0773 0.0769  0.52% 0.0518 0.0518  0.00%
10 0.3369 0.3374 -0.15% 0.2473 0.2473  0.00% 0.3303 0.3306 -0.09%
D 0.1052 0.1051  0.10% 0.1411 0.1406  0.36% 0.1079 0.1077  0.19%
R 0.3369 0.3374 -0.15% 0.2473 0.2473  0.00% 0.3303 0.3306 -0.09%

PO =07 q"” =cCasel P"=07 q"” =cCase2 P"=0.7, q™? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 03999 0.03% 0.4 0.3997 0.08% 0.4 0.4007 -0.17%
2 0.8416 0.8407 0.11% 0.7188 0.7183  0.07% 0.828 0.8284 -0.05%
3 0.8416 0.8407 0.11% 0.7188 0.7183 0.07% 0.828 0.8284 -0.05%
4 0.5891 0.588 0.19% 0.5031 0.5026  0.10% 05796 0579 0.10%
5 0.5891 0588 0.19% 0.5031 0.5026  0.10% 0.5796 0.579 0.10%
6 0.1707 0.1705 0.12% 0.0996 0.0996 0.00% 0.1408 0.1409 -0.07%
7 0.1592 0.1588 0.25% 0.0996 0.0996  0.00% 0.1895 0.1893 0.11%
8 0.1332 0.1331 0.08% 0.0996 0.0995 0.10% 0.117 0.1169  0.09%
9 0.0771 0.0771  0.00% 0.0996 0.0995 0.10% 0.0801 0.0798  0.38%
10 0.4416 0.4409 0.16% 0.3188 0.3186  0.06% 0.428 0.4276  0.09%
D 0.1475 01471 0.27% 0.1844 0.1841 0.16% 0.1516 0.1514 0.13%
R 0.4416 0.4409 0.16% 0.3188 0.3186  0.06% 0.428 0.4276  0.09%

PM=08 q"” =Casel P"=08 q"” =Case2 P"=08, q"? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 03999 0.03% 04 0.399% 0.10% 04 0.3999 0.03%
2 0.9695 0.9687  0.08% 0.8049 0.8027 0.27% 0.9449 0.9446  0.03%
3 0.9695 0.9687  0.08% 0.8049 0.8027 0.27% 0.9449 0.9446  0.03%
4 0.7756 0.7742  0.18% 0.6439 0.6412  0.42% 0.7559 0.755  0.12%
5 0.7756 0.7742  0.18% 0.6439 0.6412  0.42% 0.7559 0.755  0.12%
6 0.2092 0.2095 -0.14% 0.1265 0.1262 0.24% 0.1653 0.1658 -0.30%
7 0.2035 0.2024  0.54% 0.1265 0.1259  0.48% 0.2313 0.2311  0.09%
8 0.177 0.1768 0.11% 0.1265 0.1261 0.32% 0.1588 0.1585 0.19%
9 0.1096 0.1097 -0.09% 01265 0.1261 0.32% 0.1199 0.1196 0.25%
10 0.5694 0.5688 0.11% 0.4049 0.4031  0.45% 0.5449 0.5447  0.04%
D 0.2061 0.2055  0.29% 0.239 0.2381 0.38% 0.211 0.2103 0.33%
R 0.5694 0.5688 0.11% 0.4049 0.4031 0.45% 0.5449 0.5447  0.04%



Table 0.3. Validation of expected throughput rates for the SRM with n=6

P" =06, q"” =Casel

PO =06, q"” =Case 2

PO =06, q"” =Case 3
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Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.4008 -0.20% 0.4 0.4003 -0.07% 0.4 0.4001 -0.02%
2 0.7386 0.7395 -0.12% 0.6485 0.6483 0.03% 0.731 0.7305 0.07%
3 0.7386 0.7395 -0.12% 0.6485 0.6483  0.03% 0.731 0.7305 0.07%
4 0.4431 0.4434 -0.07% 0.3891 0.3886 0.13% 0.4386 0.4375 0.25%
5 0.4431 0.4434 -0.07% 0.3891 0.3886 0.13% 0.4386 0.4375 0.25%
6 0.1368 0.1367 0.07% 0.0777 0.0776  0.13% 0.1179 0.1177 0.17%
7 0.1223 0.1224 -0.08% 0.0777 0.0774  0.39% 0.1519 0.1516 0.20%
8 0.099 0.0991 -0.10% 0.0777 0.0777  0.00% 0.0832 0.0832 0.00%
9 0.0549 0.055 -0.18% 0.0777 0.0779 -0.26% 0.0525 0.0521 0.77%
10 0.3386 0.3387 -0.03% 0.2486 0.2481 0.20% 0.331 0.3304 0.18%
D 0.1046 0.1047 -0.10% 0.1406 0.1405 0.07% 0.1076  0.107 0.56%
R 0.3386 0.3387 -0.03% 0.2486 0.2481 0.20% 0.331 0.3304 0.18%

PO =07 q"” =casel P"=07 q"?=Case2 P" =07 q"? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.4005 -0.12% 04 0.3993 0.18% 0.4 0.4007 -0.17%
2 0.8456 0.8465 -0.11% 0.722 0.7206  0.19% 0.8298 0.8315 -0.20%
3 0.8456 0.8465 -0.11% 0.722 0.7206  0.19% 0.8298 0.8315 -0.20%
4 0.5919 0.5918  0.02% 0.5054 0.5042  0.24% 0.5808 0.5818 -0.17%
5 0.5919 0.5918  0.02% 0.5054 0.5042 0.24% 0.5808 0.5818 -0.17%
6 0.171 0.1711 -0.06% 0.1006 0.1006  0.00% 0.1409 0.1416 -0.49%
7 0.1599 0.1599  0.00% 0.1006 0.1006  0.00% 0.1897 0.1901 -0.21%
8 0.1346 0.1349 -0.22% 0.1006 0.1002  0.40% 0.1172 0.1173 -0.09%
9 0.0799 0.0796 0.38% 0.1006 0.1003  0.30% 0.0819 0.0819 0.00%
10 0.4456 0.4459 -0.07% 0.322 0.3213  0.22% 0.4298 0.4308 -0.23%
D 0.1463 0.1459  0.27% 0.1834 0.1829 0.27% 0.1511 0.151 0.07%
R 0.4456 0.4459 -0.07% 0.322 0.3213 0.22% 0.4298 0.4308 -0.23%

PU=08 q"”=Casel P"=08 q"”=Case2 P"=08 q”” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4 0.3998 0.05% 04 0.3995 0.13% 04 0.3996 0.10%
2 0.9784 0.9771 0.13% 0.8121 0.8108 0.16% 0.9488 0947 0.19%
3 0.9784 0.9771 0.13% 0.8121 0.8108 0.16% 0.94388 0947 0.19%
4 0.7827 0.7808  0.24% 0.6497 0.6479  0.28% 0.759 0.7569 0.28%
5 0.7827 0.7808  0.24% 0.6497 0.6479 0.28% 0.759 0.7569  0.28%
6 0.21 02106 -0.28% 0.1288 0.1288  0.00% 0.1658 0.1653  0.30%
7 0.205 0.2043 0.34% 0.1288 0.1283  0.39% 0.2317 0.2314 0.13%
8 0.1802 0.1797 0.28% 0.1288 0.1285 0.23% 0.1593 0.1591 0.13%
9 0.1159 0.1151 0.70% 0.1288 0.1282  0.47% 0.124 0.1232  0.65%
10 0.5784 05774 0.17% 0.4121 04114 0.17% 0.5488 0.5475  0.24%
D 0.2043 0.2034  0.44% 0.2376 0.2365 0.47% 0.2102 0.2094  0.38%
R 0.5784 0.5774 0.17% 04121 04114 0.17% 0.5488 0.5475 0.24%



Table 0.4. Validation of expected waiting times for the SRM with n=4
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PO =06 q"” =Casel P"=06 q"” =Case2 P" =06, q"” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6678 -0.16% 0.6667 0.6712 -0.67% 0.6667 0.6637  0.45%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.1408 0.1408  0.00% 0.1197 0.119 0.59% 0.1396 0.1397 -0.07%
5 0.1408 0.1414 -0.42% 0.1197 0.1196 0.08% 0.1396 0.1398 -0.14%
6 0.1577 0.1604 -1.68% 0.0825 0.0839 -1.67% 0.1332 0.1321 0.83%
7 0.2041 0.2056 -0.73% 0.1208 0.1218 -0.82% 0.2669 0.2636 1.25%
8 0.2195 0.2209 -0.63% 0.1672 0.1658  0.84% 0.1837 0.1803  1.89%
9 0.1405 0.1424 -1.33% 0.2222 0.2185 1.69% 0.1363 0.1347 1.19%
10 0.4977 0.4978 -0.02% 0.3226 0.3208  0.56% 0.4874 0.4885 -0.23%
D 0.0283 0.0279  1.43% 0.0383 0.0381 0.52% 0.0288 0.0287  0.35%
R 2.0689 2.0883 -0.93% 1.1418 1.1346  0.63% 2.0056 2.005 0.03%
PO =07 q"” =casel P"=07 q"”=case2 P" =07 q"? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.667 0.6629  0.62% 0.6667 0.6657  0.15% 0.6667 0.672 -0.79%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.2052 0.2037 0.74% 0.1658 0.1669 -0.66% 0.202 0.2017 0.15%
5 0.2052 0.205 0.10% 0.1658 0.1669 -0.66% 0.202 0.203 -0.49%
6 0.2045 0.2072 -1.30% 0.1079 0.1098 -1.73% 0.1629 0.1619 0.62%
7 0.2796 0.2795  0.04% 0.1587 0.1576  0.70% 0.3516 0.3584 -1.90%
8 0.3104 0.3077 0.88% 0.2209 0.2193 0.73% 0.2725 0.2687 1.41%
9 0.2018 0.1993  1.25% 0.2952 0.2954 -0.07% 0.2157 0.2159 -0.09%
10 0.7589 0.7557  0.42% 0.4526 0.4543 -0.37% 0.7309 0.738 -0.96%
D 0.0407 0.0406 0.25% 0.0514 0.0514  0.00% 0.0415 0.0419 -0.95%
R 4.2667 4.3088 -0.98% 1.8 18262 -1.43% 3.9599 4.0391 -1.96%
P"=08 q"” =Casel P"=08 q"”=Case2 P"=08 gq”” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6666  0.02% 0.6667 0.6704 -0.55% 0.6667 0.6651  0.24%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.3063 0.3053  0.33% 0.2313 0.2295 0.78% 0.2981 0.2967 0.47%
5 0.3063 0.3054  0.29% 0.2313 0.2298  0.65% 0.2981 0.297 0.37%
6 0.2618 0.2617  0.04% 0.1391 0.1383 0.58% 0.1963 0.1967 -0.20%
7 0.3788 0.3784  0.11% 0.2061 0.2067 -0.29% 0.4574 0.4575 -0.02%
8 0.4374 0.4391 -0.39% 0.2888 0.2868  0.70% 0.3962 0.3939 0.58%
9 02891 0284 1.80% 0.3886 0.3883  0.08% 0.3363 0.3404 -1.20%
10 12208 1.221 -0.02% 0.6416 0.6419 -0.05% 1.1445 1.1586 -1.22%
D 0.058 0.0583 -0.51% 0.0688 0.0684  0.58% 0.0597 0.0591 1.02%
R 18.2242 18.6067 -2.06% 31142 3.0949 0.62%  13.4165 13.2697 1.11%



Table 0.5. Validation of expected waiting times for the SRM with n=5

PO =06, q"? =Case 1

PO =06, q"? =Case 2

PO =06, q"” =Case3
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Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6709 -0.63% 0.6667 0.6699 -0.48% 0.6667 0.6726 -0.88%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.1419 0.1417 0.14% 0.1205 0.1192 1.09% 0.1403 0.1402 0.07%
5 0.1419 0.1432 -0.91% 0.1205 0.1201 0.33% 0.1403 0.1406 -0.21%
6 0.1583 0.1585 -0.13% 0.0837 0.0845 -0.95% 0.1336 0.1305 2.38%
7 0.2058 0.2028  1.48% 01226 0.121 1.32% 0.2675 0.2654  0.79%
8 0.2238 0.2209 1.31% 0.1698 0.1714 -0.93% 0.1845 0.1811 1.88%
9 0.1506 0.1493 0.87% 0.2257 0.2246  0.49% 0.1445 0.1453 -0.55%
10 0.5083 0.5094 -0.22% 0.3285 0.3306 -0.64% 0.4933 0.4929 0.08%
D 0.0278 0.0271  2.58% 0.0379 0.0376  0.80% 0.0285 0.0283 0.71%
R 21354 21544 -0.88% 1.1683 1.1769 -0.73% 2.0418 2.0439 -0.10%

PO =07 q"” =Casel PV =07 q"”=Case2 P" =07 q"” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6726 -0.88% 0.6667 0.6737 -1.04% 0.6667 0.6699 -0.48%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.2088 0.206 1.36% 0.1681 0.1664 1.02% 0.204 0.2024  0.79%
5 0.2088 0.2078  0.48% 0.1681 0.1682 -0.06% 0.204 0.2039  0.05%
6 0.2058 0.2035 1.13% 0.1106 0.1105 0.09% 0.1638 0.1661 -1.38%
7 0.2835 0.2777  2.09% 0.1629 0.162  0.56% 0.3532 0.3535 -0.08%
8 0.3209 0.3168 1.29% 0.2269 0.2253 0.71% 0.2743 0.2758 -0.54%
9 0.2253 0.2248 0.22% 0.3034 0.3083 -1.59% 0.2353 0.2285 2.98%
10 0.7908 0.7822 1.10% 0.4679 0.465 0.62% 0.7483 0.747 0.17%
D 0.0398 0.0394 1.02% 0.0508 0.051 -0.39% 0.041 0.0411 -0.24%
R 4.6457 4.683 -0.80% 1.8892 19317 -2.20% 41476 4.1889 -0.99%

PW =08, q"” =casel P"=08 q"?=Case2 P"=08, q"” =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6663  0.06% 0.6667 0.6652  0.23% 0.6667 0.6698 -0.46%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.3167 0.3166  0.03% 0.2374 0.2355 0.81% 0.3038 0.302 0.60%
5 0.3167 0.316 0.22% 0.2374 0.2367 0.30% 0.3038 0.3024  0.46%
6 0.2646 0.2641 0.19% 0.1449 0.1427 1.54% 0.1981 0.2014 -1.64%
7 0.3876 0.3856  0.52% 0.2148 0.2145 0.14% 0.4609 0.4601 0.17%
8 0.4613 0.4564 1.07% 0.3014 0.3034 -0.66% 0.4003 0.4012 -0.22%
9 0.3403 0.3373 0.89% 0.4062 0.4041  0.52% 0.3801 0.38  0.03%
10 1.3226 1.3253 -0.20% 0.6804 0.6749 0.81% 1.1973 1.1903 0.59%
D 0.0575 0.0568 1.23% 0.0678 0.0667 1.65% 0.0589 0.058 1.55%
R 31.0678 30.2289  2.78% 3.459 34008 1.71% 16.4777 17.2818 -4.65%



Table 0.6. Validation of expected waiting times for the SRM with n=6

P =06, q"” =Case 1

PM =06, q"” =Case 2

PO =06, q"” =Case 3
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Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6719 -0.77% 0.6667 0.6651  0.24% 0.6667 0.6687 -0.30%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.1423 0.1422 0.07% 0.1208 0.1207  0.08% 0.1405 0.1412 -0.50%
5 0.1423 0.1417  0.42% 0.1208 0.1214 -0.49% 0.1405 0.1402 0.21%
6 0.1585 0.1579  0.38% 0.0842 0.0832 1.20% 0.1337 0.133  0.53%
7 0.2064 0.2107 -2.04% 0.1233 0.125 -1.36% 0.2677 0.2681 -0.15%
8 0.2253 0.2286 -1.44% 0.1708 0.1722 -0.81% 0.1847 0.1845 0.11%
9 0.154 0.1573 -2.10% 0.2271 0.2254  0.75% 0.1467 0.1456 0.76%
10 0.5119 0.5121 -0.04% 0.3308 0.3313 -0.15% 0.4949 0.4918 0.63%
D 0.0276 0.0275  0.36% 0.0378 0.0384 -1.56% 0.0284 0.0284  0.00%
R 21585 21731 -0.67% 1.1787 1.1706  0.69% 2.0515 2.0304 1.04%

PN =07 q"” =casel P"=07 q"”=case2 P®"=07 q"? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.6691 -0.36% 0.6667 0.6656  0.17% 0.6667 0.6682 -0.22%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.2102 0.2099 0.14% 0.1691 0.1681  0.59% 0.2046 0.2036  0.49%
5 0.2102 0.2093 0.43% 0.1691 0.1692 -0.06% 0.2046 0.2051 -0.24%
6 0.2063 0.2052 0.54% 0.1119 0.1124 -0.44% 0.1641 0.1664 -1.38%
7 0.2851 0.2872 -0.73% 0.1648 0.1646  0.12% 0.3537 0.3574 -1.04%
8 0.3251 0.324 0.34% 0.2296 0.2243  2.36% 0.2749 0.2754 -0.18%
9 0.2348 0.2326  0.95% 0.307 0.3044 0.85% 0.2414 0.2425 -0.45%
10 0.8037 0.8014 0.29% 0.4749 0.4678 1.52% 0.7537 0.7567 -0.40%
D 0.0395 0.0394 0.25% 0.0505 0.0499 1.20% 0.0408 0.0413 -1.21%
R 48092 4.8841 -1.53% 19306 19163 0.75% 4.2079 4.2623 -1.28%

PW =08, q"” =Casel P"=08, q"?=Case2 P"=08, q"? =Case3

Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.6667 0.668 -0.19% 0.6667 0.6692 -0.37% 0.6667 0.6665  0.03%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.3215 0.3202 0.41% 0.2406 0.2389 0.71% 0.3058 0.3034 0.79%
5 0.3215 0.3199 0.50% 0.2406 0.2397 0.38% 0.3058 0.303 0.92%
6 0.2659 0.2631 1.06% 0.1478 0.1452  1.79% 0.1987 0.198 0.35%
7 0.3916 0.3894  0.56% 0.2193 0.2157 1.67% 0.4622 0.4609  0.28%
8 0.4723 0.4676 1.01% 0.3079 0.3075 0.13% 0.4018 0.4004 0.35%
9 0.3644 0.3564 2.24% 0.4152 0.4181 -0.69% 0.3961 0.3974 -0.33%
10 13717 13653 0.47% 0.701 0.6978 0.46% 1.2164 1209 0.61%
D 0.0568 0.0562 1.07% 0.0674 0.0673  0.15% 0.0587 0.0585  0.34%
R 44559  46.85 -4.89% 3.6556 3.7059 -1.36%  17.8737 17.8726  0.01%
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Table 0.7. Validation of expected throughput rates for the LM

with y; = (0.9, 0.8, 0.8, 0.7)

n=4, q"? =Case 1 n=4, q"? = Case 2 n=4, q"? =Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.3005 -0.17% 0.3 0.3005 -0.17% 0.3 0.3001 -0.03%
L 0.942 0.9429 -0.10% 0.7439 0.7445 -0.08% 0.9128 0.9107 0.23%
2 0.942 0.9429 -0.10% 0.7439 0.7445 -0.08% 0.9128 09119 0.10%
3 0.942 0.9429 -0.10% 0.7439 0.7445 -0.08% 0.9128 0.9107 0.23%
4 0.942 0.9419 0.01% 0.7439 0.7437  0.03% 0.9128 0.9107 0.23%
5 0.942 0.9419 0.01% 0.7439 0.7437 0.03% 0.9128 0.9107 0.23%
6 0.2231 0.2233 -0.09% 0.1387 0.1391 -0.29% 0.1627 0.1622 0.31%
7 0.2299 0.2305 -0.26% 0.1387 0.1384 0.22% 0.2437 0.2445 -0.33%
8 0.2092 0.2093 -0.05% 0.1387 0.1385 0.14% 0.1997 0.1989  0.40%
9 0.1286 0.1283  0.23% 0.1387 0.1387  0.00% 0.1595 0.1588  0.44%
10 0.642 0.6425 -0.08% 0.4438 0.4439 -0.02% 0.6128 0.6118 0.16%
D 0.3 0.2994 0.20% 0.3 0.2997 0.10% 0.3 0.2989 0.37%

n=5 q"? =Case 1 n=5, q"? =Case 2 n=5, q"? =Case3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.3004 -0.13% 0.3 0.3002 -0.07% 0.3 0.3001 -0.03%
L 0.9871 0.9873 -0.02% 0.7761 0.7757  0.05% 0.9384 0.9386 -0.02%
2 0.9871 0.9865 0.06% 0.7761 0.7756  0.06% 0.9384 0.9385 -0.01%
3 0.9871 0.9865 0.06% 0.7761 0.7756  0.06% 0.9384 0.9385 -0.01%
4 0.9871 0.9851 0.20% 0.7761 0.7747 0.18% 0.9384 09372 0.13%
5 0.9871 0.9851 0.20% 0.7761 0.7747  0.18% 0.9384 09372 0.13%
6 0.2271 0.2274 -0.13% 0.1488 0.1489 -0.07% 0.1656 0.166 -0.24%
7 0.2378 0.2377  0.04% 0.1488 0.1483  0.34% 0.2466 0.2465  0.04%
8 0.2251 0.2245 0.27% 0.1488 0.1485 0.20% 0.2026 0.2023 0.15%
9 0.1606 0.1603  0.19% 0.1488 0.1483 0.34% 0.1856 0.1851 0.27%
10 0.6872 0.6869  0.04% 0.4761 0.4755 0.13% 0.6384 0.6385 -0.02%
D 0.3 0.2982 0.60% 0.3 02992 0.27% 0.3 0.2987 0.44%

n=6, q"? =Case 1 n=6, q"? =Case 2 n=6, q"? =Case3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.2999 0.03% 0.3 0.2997 0.10% 0.3 0.3004 -0.13%
L 1.0127 1.0109 0.18% 0.7967 0.7944  0.29% 0.9497 09486 0.12%
2 1.0127 1.0109 0.18% 0.7967 0.7944  0.29% 0.9497 0.9484 0.14%
3 1.0127 1.0109 0.18% 0.7967 0.7944  0.29% 0.9497 09484 0.14%
4 1.0127 1.0093 0.34% 0.7967 0.7932  0.44% 0.9497 0.9469 0.30%
5 1.0127 1.0093 0.34% 0.7967 0.7932  0.44% 0.9497 0.9469  0.30%
6 0.2293 0.2299 -0.26% 0.1552 0.1552  0.00% 0.1669 0.1671 -0.12%
7 0.2424 0.2417  0.29% 0.1552 0.1541 0.71% 0.2479 0.2474  0.20%
8 0.2342 02331 0.47% 0.1552 0.1547 0.32% 0.2039 0.2037 0.10%
9 0.1787 0.1778 0.51% 0.1552 0.1547 0.32% 0.1972 0.1958 0.72%

=
o

0.7127 0.7109  0.25% 0.4967 0.4947  0.40% 0.6497 0.6482  0.23%
0.3 02984 0.54% 0.3 0.2985 0.50% 0.3 0.2987 0.44%

W)
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Table 0.8. Validation of expected throughput rates for the LM

withy; = (0.8, 0.7, 0.7, 0.6)

n=4, q"? =Case 1 n=4, q"? = Case 2 n=4, q"? =Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.3001 -0.03% 0.3 0.3003 -0.10% 0.3 0.3003 -0.10%
L 0.7929 0.7924  0.06% 0.6442 0.6448 -0.09% 0.7744 0.7751 -0.09%
2 0.7929 0.7924  0.06% 0.6442 0.6448 -0.09% 0.7744 0.7751 -0.09%
3 0.7929 0.7924  0.06% 0.6442 0.6448 -0.09% 0.7744 0.7751 -0.09%
4 0.7929 0.7924  0.06% 0.6442 0.6448 -0.09% 0.7744 0.7752 -0.10%
5 0.7929 0.7924  0.06% 0.6442 0.6448 -0.09% 0.7744 0.7752 -0.10%
6 0.2053 0.2056 -0.15% 0.1229 0.1231 -0.16% 0.157 0.1572 -0.13%
7 0.2034 0.2031 0.15% 0.1229 0.1228 0.08% 0.2266 0.2268 -0.09%
8 0.1775 0.1776 -0.06% 0.1229 0.1231 -0.16% 0.1673 0.1676 -0.18%
9 0.1033 0.1032  0.10% 0.1229 0.1232 -0.24% 0.1217 0.1215 0.16%
10 0.4929 0.4923 0.12% 0.3443 0.3445 -0.06% 0.4744 0.4748 -0.08%
D 0.3 0.3001 -0.03% 0.3 0.3002 -0.07% 0.3 0.3004 -0.13%

n=5, q"? = Case 1 n=5, q"? = Case 2 n=5, q"? =Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.3  0.00% 0.3 0.3005 -0.17% 0.3 0.2997 0.10%
L 0.8158 0.8155  0.04% 0.6608 0.6623 -0.23% 0.7872 0.7867  0.06%
2 0.8158 0.8155  0.04% 0.6608 0.6623 -0.23% 0.7872 0.7867  0.06%
3 0.8158 0.8155  0.04% 0.6608 0.6623 -0.23% 0.7872 0.7867  0.06%
4 0.8158 0.8152  0.07% 0.6608 0.6622 -0.21% 0.7872 0.7867  0.06%
5 0.8158 0.8152  0.07% 0.6608 0.6622 -0.21% 0.7872 0.7867  0.06%
6 0.2076 0.2073  0.14% 0.1288 0.1291 -0.23% 0.1587 0.1591 -0.25%
7 0.2081 0.2081  0.00% 0.1288 0.129 -0.16% 0.2283 0.2277  0.26%
8 0.1869 0.1872 -0.16% 0.1288 0.1293 -0.39% 0.169 0.1691 -0.06%
9 0.1221 0.1217 0.33% 0.1288 0.1291 -0.23% 0.1369 0.1366 0.22%
10 0.5158 0.5155 0.06% 0.3608 0.3618 -0.28% 0.4872 0.4869  0.06%
D 0.3 0.2997 0.10% 0.3 0.3003 -0.10% 0.3 0.2997 0.10%

n=6, q©? = Case 1 n=6, q"? = Case 2 n=6, q"? = Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.3 0.3001 -0.03% 0.3 0.3004 -0.13% 0.3 0.3007 -0.23%
L 0.8271 0.8273 -0.02% 0.67 0.6721 -0.31% 0.7921 0.7944 -0.29%
2 0.8271 0.8273 -0.02% 0.67 0.6721 -0.31% 0.7921 0.7944 -0.29%
3 0.8271 0.8273 -0.02% 0.67 0.6721 -0.31% 0.7921 0.7944 -0.29%
4 0.8271 0.8269 0.02% 0.67 0.6682 0.27% 0.7921 0.7837 1.07%
5 0.8271 0.8269 0.02% 0.67 0.6682 0.27% 0.7921 0.7837 1.07%
6 0.2088 0.2087  0.05% 0.1322 0.1332 -0.75% 0.1594 0.1601 -0.44%
7 0.2104 0.2104 0.00% 0.1322 0.1324 -0.15% 0.2289 0.2294 -0.22%
8 0.1915 0.1916 -0.05% 0.1322 0.1323 -0.08% 0.1696 0.1703 -0.41%
9 0.1312 0.1313 -0.08% 0.1322 0.1325 -0.23% 0.1426 0.1426  0.00%
10 0.5271 0.5272 -0.02% 0.37 0.3724 -0.64% 0.4921 0.4936 -0.30%
D 0.3 0.2996 0.13% 0.3 0.3002 -0.07% 0.3 0.3007 -0.23%
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with y; = (0.9, 0.8, 0.8, 0.7)

n=4, q"? =Case 1 n=4, q"? = Case 2 n=4, q"” =Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4286 0.434 -1.24% 0.4286 0.4303 -0.40% 0.4286 0.4263  0.54%
L 16.245 17.4238 -6.77% 2.904 29165 -0.43% 10.4713 10.3293  1.37%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.4452 0.4419 0.75% 0.2961 0.2982 -0.70% 0.4198 0.4157 0.99%
5 0.4452 0.4435 0.38% 0.2961 0.2945 0.54% 0.4198 0.4162 0.86%
6 0.2871 0.2894 -0.79% 0.161 0.1616 -0.37% 0.1944 0.1975 -1.57%
7 0.4571 0.4527 0.97% 0.2396 0.2356  1.70% 0.4961 0.4985 -0.48%
8 0.5797 0.5757  0.69% 0.3374 0.3383 -0.27% 0.5433 05442 -0.17%
9 0.4147 0.417 -0.55% 0.4564 0.4525 0.86% 0.5481 0.548 0.02%
10 1.7934 17878 0.31% 0.7981 0.7955 0.33% 15828 15656 1.10%
D 0.0832 0.0879  0.34% 0.0882 0.0877 0.57% 0.0832 0.087 1.38%

n=5, q"? =Case 1 n=5, q"? = Case 2 n=5, q"” =Case 3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4286 0.4268 0.42% 0.4286 0.4305 -0.44% 0.4286 0.4313 -0.63%
L 71.2578 67.3198  5.85% 3.4656 3429 1.07% 15.241 15.0194  1.48%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.4873 0.4868 0.10% 0.317 0.3172 -0.06% 0.4419 0.4375 1.01%
5 0.4873 0.483 0.89% 0.317 0.3167 0.09% 0.4419 0.4411 0.18%
6 0.2937 0.2949 -0.41% 0.1748 0.1744 0.23% 0.1985 0.1998 -0.65%
7 0.4793 0.4816 -0.48% 0.2608 0.2604 0.15% 0.5045 0.5053 -0.16%
8 0.6444 0.6452 -0.12% 0.3683 0.3672 0.30% 0.5543 0.5539  0.07%
9 0.5533 0.5528  0.09% 0.4998 0.5014 -0.32% 0.6761 0.6729  0.48%
10 2.1965 2.1897 0.31% 0.9086 0.9124 -0.42% 17657 17574  0.47%
D 0.0882 0.0877  0.57% 0.0882 0.0881 0.11% 0.0832 0.0871  1.26%

n=6,q"” =Casel n=6,q"” =Case 2 n=6,q"” =Case3
Node App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
1 0.4286 0.4281 0.12% 0.4286 0.4307 -0.49% 0.4286 0.4281 0.12%
L 10.5416 10.382  1.54% 3.9184 3.8172 2.65% 18.8776 18.1658  3.92%
2 0 0 0.00% 0 0 0.00% 0 0 0.00%
3 0 0 0.00% 0 0 0.00% 0 0 0.00%
4 0.5128 0.5103  0.49% 0.331 0.3274 1.10% 0.4521 0.4523 -0.04%
5 0.5128 0.5112  0.31% 0.331 0.3288 0.67% 04521 045 0.47%
6 0.2975 0.2983 -0.27% 0.1837 0.183 0.38% 0.2004 0.2025 -1.04%
7 0.4921 0.4904 0.35% 0.2747 0.2727 0.73% 0.5082 0.5018 1.28%
8 0.6828 0.6754  1.10% 0.3887 0.3873  0.36% 0.5592 056 -0.14%
9 0.6404 0.6381  0.36% 0.5286 0.5233 1.01% 0.7374 0.7297  1.06%
10 24803 24514 1.18% 0.9868 0.9832 0.37% 1.8546 1.8408 0.75%
D 0.0882 0.0865 1.97% 0.0882 0.0874  0.92% 0.0832 0.0885 -0.34%
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n=4, q"? = Case 1 n=4, q"? = Case 2 n=4, q"? = Case 3
App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
0.4286 0.4292 -0.14% 0.4286 0.4267 0.45% 0.4286 0.4301 -0.35%
3.828 3.8584 -0.79% 1.8111 1.7995  0.64% 34331 34575 -0.71%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0.3284 0.3276  0.24% 0.2376  0.236  0.68% 0.3159 0.3179 -0.63%
0.3284 0.3258 0.80% 0.2376 0.2361 0.64% 0.3159 0.317 -0.35%
0.2583 0.2564 0.74% 0.1402 0.1418 -1.13% 0.1863 0.185 0.70%
0.3875 0.3856  0.49% 0.2077 0207  0.34% 0.4483 0.4546 -1.39%
0.4631 0.4698 -1.43% 0.2911 0.2964 -1.79% 0.4243 0.4256 -0.31%
0.3168 0.3109 1.90% 0.3918 0.3855 1.63% 0.3869 0.3802 1.76%
0.9719 0.9725 -0.06% 0.525 0.5287 -0.70% 0.9027 0.903 -0.03%
0.0882 0.0876  0.68% 0.0882 0.0885 -0.34% 0.0882 0.0885 -0.34%

n=5, q"” =Case 1 n=5, q"” = Case 2 n=5, q"” = Case 3
App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
0.4286 0.4262  0.56% 0.4286 0.4262  0.56% 0.4286 0.4251 0.82%
4.4304 4.4072  0.53% 1.948 19474 0.03% 3.6997 3.6963  0.09%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0.3445 0.3459 -0.40% 0.2467 0.247 -0.12% 0.3245 0.3256 -0.34%
0.3445 0.3433 0.35% 0.2467 0.2494 -1.08% 0.3245 0.3246 -0.03%
0.262 0.2608  0.46% 0.1479 0.148 -0.07% 0.1887 0.1897 -0.53%
0.3994 0.3978  0.40% 0.2195 0.2198 -0.14% 0.4529 0.4545 -0.35%
0.4962 0.4975 -0.26% 0.3081 0.3067  0.46% 0.4339 0.4403 -1.45%
0.3883 0.3882 0.03% 0.4155 0.4181 -0.62% 0.4486 0.4445 0.92%
1.065 1071 -0.56% 0.5644 0.5705 -1.07% 0.9501 0.9494 0.07%
0.0882 0.0881 0.11% 0.0882 0.0888 -0.68% 0.0882 0.0876 0.68%

n=6, q"” = Case 1 n=6, q"” = Case 2 n=6, q"” = Case 3
App. Sim.  R.Error App. Sim.  R.Error App. Sim.  R.Error
0.4285 0.4292 -0.16% 0.4286 0.4265 0.49% 0.4286 0.4319 -0.76%
2.7554 27592 -0.14% 2.0307 2.039 -0.41% 3.8096 3.8998 -2.31%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0 0 0.00% 0 0 0.00% 0 0 0.00%
0.3526 0.352 0.17% 0.2519 0.2542 -0.90% 0.3279 0.3312 -1.00%
0.3526  0.354 -0.40% 0.2519 0.2542 -0.90% 0.3279 0.3307 -0.85%
0.2638 0.2637 0.04% 0.1523 0.1532 -0.59% 0.1896 0.1901 -0.26%
0.4053 0.4079 -0.64% 0.2262 0.2264 -0.09% 0.4546 0.4521  0.55%
0.5129 0.5109 0.39% 0.3178 0.3184 -0.19% 0.4361 0.4389 -0.64%
0.4253 0.4159  2.26% 0.429 0.4299 -0.21% 0.473 0.4876 -2.99%
1.1147 1.1208 -0.54% 0.5874 0.5991 -1.95% 0.9688 0.9774 -0.88%
0.0882 0.0874 0.92% 0.0882 0.0889 -0.79% 0.0882 0.0868 1.61%
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