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ABSTRACT

PERFORMANCE ANALYSIS OF A HYBRID SYSTEM
UNDER QUALITY IMPACT OF RETURNS

Remanufacturing is the process which transforms used products, consisting of
components and parts, into products that satisfy the same quality and other standards
as new ones. Systems that remanufacture used products face several complicating
factors that limit the effectiveness of traditional methods for manufacturing planning
and control. Original equipment manufacturers that choose to remanufacture their own
products can either meet the demand with remanufactured products, or new products,
or a combination of both when they are perfect substitutes. Such systems are referred

to as hybrid production systems.

In this study we analyze a hybrid system which meet the demand with remanu-
factured products, or new products, or a combination of both. In the remanufacturing
stage there are uncertainties in the quality of remanufactured products, return rates
and return times of these returned products. These uncertainties affect the raw material
order quantities, processing times and material recovery rates. In the study returned
products are classified by considering quality uncertainties and remanufacturing pro-
cessing times, material recovery rates, remanufacturing costs and disposal costs are
determined according to this classification. The objective of the study is to examine
the inventory control model that balances the system throughput with the order ar-
rivals and minimizes the total cost per unit. In order to compare several inventory
control strategies simulation models are constructed by using the ARENA simulation
program. In the conclusion of the study it is denoted that classifying returned prod-
ucts according to quality uncertainties decreases the total cost per unit and the best

inventory control model for the analyzed hybrid system is proposed.



OZET

KULLANILMIS URUNLERIN KALITE BELIRSIZLIKLERI
ALTINDA BIR MELEZ SISTEMIN PERFORMANS
ANALIZI

Yeniden iiretim, kullanilmig tirtinlerin, kalite ve diger standartlara uygun sekilde
yeni triinlere dontistiiriilmesi stirecidir. Kullanilmig tirtinleri yeniden tiretim siirecinde
degerlendiren sistemler, geleneksel iiretim planlama ve kontrol yontemlerinin verimliligini
azaltan gesitli faktorlerle yiizytize kalmaktadir. Yeniden iiretim sistemlerinde iireticiler
talepleri, yeniden degerlendirilen iirtinlerle, yeni iirtinlerle veya bunlarin karigimi ile

karsilayabilirler. Bu tip sistemlere melez iiretim sistemleri denilmektedir.

Bu calismada; talebi yeni veya yeniden iiretilmis iirtinden karsilayan bir melez
iretim sistemi incelenmistr. Yeniden tiretim hattinda, girdileri olusturacak olan kul-
lanilmig iirtinlerin kalitesinde, geri doniis miktarinda ve geri doniiy zamaninda be-
lirsizlikler vardir. Bu belirsizlikler hammadde siparig miktarini, islem stirelerini ve
malzeme kullanim oranlarini etkilemektedir. Bu ¢aligmada kullanilmig tiriinlerin kalite
belirsizlikleri gbz Oniine alinarak bu triinler tizerinde bir simiflandirma yapilmis ve bu
simiflandirmaya gore yeniden iiretim iglem siireleri, malzeme kullanim oranlari, yeniden
iiretim maliyetleri ve atik maliyetleri belirlenmistir. Caligmanin amaci sistem ¢iktisini
istenilen siparig miktarlar ile en iyi dengeleyecek ve iirtin bagina diigen maliyeti en
kiictikleyecek stok kontrol modelini arastirmaktir. Cesitli stok kontrol stratejilerini
kargilagtirmak amaciyla ARENA simiilasyon programi kullanilarak simiilasyon model-
leri kurulmustur. Calismanin sonucunda kullanilmig tiriinlerin kalite belirsizlikleri goz
oniine alinarak siniflandirilmasinin iiriin bagina diigen toplam maliyette diiglis sagladig

belirlenmis ve melez sistemler i¢in en uygun stok kontrol modeli sunulmustur.
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1. INTRODUCTION

In recent years, by the development of production, transportation and communi-
cation technologies, consumer goods became more affordable and approachable. This
development causes increasing consumption rates which brings depletion of natural
resources and increasing raw material costs together. By the developing technology,
especially in the electronic products, the useful life of products are shortened. This
changing structure of the product life cycles exponentially increases the amount of
waste disposals. Besides the effects of developing technologies, rapid changes in the
natural environment have also changed the way most companies perform their busi-
ness. Because of the global problems such as global warming and increasing wastes,
producers and consumers become more environmentally conscious. Many producers
are trying to find efficient ways of conducting their businesses by minimizing the en-
vironmental impact their operations generate. Waste prevention is an efficient way
for this purpose. There are several methods of waste prevention and one of them is
product recovery. The aim of the product recovery system is to recover as much of the

value-added products as possible by reducing waste disposals.

A product recovery system includes processes such as disassembly, repairing, re-
furbishing, remanufacturing, cannibalizing and recycling of products following the end-
of-life of a product [1]. Remanufacturing is “...an industrial process in which worn-out
products are restored to like new conditions” [2]. During the remanufacturing opera-
tion, firstly a discarded product is disassembled, then parts are cleaned, refurbished,
remanufactured and put into inventory, and lastly the new product is reassembled from
the old and, where necessary, new parts. Remanufacturing provides many advantages
to the producers such as, reducing the amount of wastes and minimizing the consump-
tion of natural resources besides benefits like savings in energy, raw materials, capital

and production lead time.

Currently many producers specialize in remanufacturing products. These compa-

nies conduct their operations in the same way as traditional manufacturing companies.
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Figure 1.1. A hybrid system with manufacturing and remanufacturing operations

However, some original equipment manufacturers (OEM) may choose to combine man-
ufacturing and remanufacturing activities together. Systems which include both man-
ufacturing and remanufacturing activities are called hybrid production systems. This
thesis analyses an original equipment manufacturer operating a hybrid system, which
includes both remanufacturing and manufacturing operations shown in Figure 1.1. Un-
like the traditional production systems,in hybrid production systems the demand can

be satisfied by remanufactured products or new products.

Existing production control mechanisms constructed for traditional production
systems are inadequate for hybrid systems. Hybrid production systems consist of at
least two different parallel production streams which produce to supply the same de-
mand. The remanufacturing stream of this system has different production character-
istics which requires new planning and inventory control methods. Remanufacturing
companies face several complicating factors such as uncertainties in the quality, quan-
tity and timing of product return flows. These uncertainties in return flows lead to
stochastic routings and production lead times. Quality of returns result in uncertainties
in the remanufacturing processing times and the recovery rate of the process. Because
of these uncertainties it is hard to balance demands with returns. Manufacturers are

trying to reduce the variability in the volume and timing of return flows by different



applications such as buy-back campaigns or lease contracts. However, quality uncer-

tainties in returns cannot be manipulated as easily.

Typically remanufacturing operations have shorter processing times and consume
less energy and natural resources. However, product return rate is always less than or
equal to the demand rate which leads companies to manufacture new products besides

remanufactured ones in order to satisfy the total demand.

In this study, we model and analyze a hybrid system including both remanufac-
turing and manufacturing operations allowing different quality levels for return flows.
The aim of the study is to test alternative policies that consider the effect of return
qualities and to find the most effective policy for the analyzed hybrid system to bal-
ance both manufacturing and remanufacturing throughputs with demand. In order
to achieve our objective and analyze the system a simulation model is constructed.
According to the quality levels of returned products remanufacturing processing times
and material recovery rates are determined and performance analysis of the system is
made under different parameters and policies. We deal with different inventory control
policies and blocking mechanisms. Related cost values are assigned to the system pa-
rameters and a cost function is constructed. Optimum values of the cost function are

found for different parameters.

The rest of the thesis is organized as follows. The literature survey on hybrid
production systems and remanufacturing subject is given in Chapter 2. In Chapter 3
the analyzed problem is defined and research objective is introduced. In Chapter 4 a
single stage inventory control model is analyzed. We propose two different multi stage
inventory control models in Chapter 5. In Chapter 6, sensitivity analysis on the cost
function is analyzed and finally in Chapter 7 the study is concluded by discussing the
results of the simulation study of the analyzed hybrid system.



2. LITERATURE SURVEY

Hybrid production systems consist of at least two different parallel production
streams which produce to supply the same demand viz. manufacturing and remanu-
facturing. At the manufacturing stage of this system new products are produced from
raw materials while at remanufacturing stage returned items are recovered. Thierry et
al. [1] defined the processes of a product recovery system such as repairing, refurbish-
ing, remanufacturing, cannibalizing and recycling of products following the end-of-life
of a product. In this thesis we mainly focus on the remanufacturing part of product

recovery system.

Remanufacturing is defined by Lund [2] as an industrial process in which worn-
out products are restored to like new conditions. Guide [3] made a study to identify
and discuss the complicating characteristics of a remanufacturing process that require
significant changes in production planning and control activities. According to Guide,

the seven characteristics of the remanufacturing process are;

The uncertain timing and quantity of returns,

The need to balance returns with demands,

The disassembly of returned products,

The uncertainty in materials recovered from returned items,
The requirement for a reverse logistic network,

The complication of material matching restrictions,

No e W

The the problems of stochastic routings for materials for remanufacturing oper-

ations and highly variable processing times.

Due to these unique characteristics, the remanufacturing process faces several chal-

lenges.

One branch of product recovery research concentrates on production planning

and scheduling issues. A state of the art survey on this subject is presented by Guide



et al. [4]. They present an overview of the production planning and control problem
for remanufacturers. Guide and Srivastava [5] evaluated various order release strategies
in a remanufacturing environment using a simulation model for aircraft engine com-
ponents work shops. Guide et al. [6] examined disassembly release mechanisms and
priority dispatching rules via a simulation model. Their results indicate that simple
due-date based priority dispatching procedures generally perform well for a variety of
performance measures and disassembly release mechanisms had very little impact on

performance measures.

2.1. Inventory Control Models

Inventory planning and control is another extended subject examined by product
recovery researchers. Inventory management in hybrid systems has received interest in
the academic literature relatively recently. Most of the inventory control models for
remanufacturing environment assume that the correlation between the demand and the
return arrivals is negligible. Remanufacturing systems face the uncertainties in time,
quantity and quality of the returned product arrivals. In addition, they need to deal
with the uncertainty in materials recovered from returned items. Material recovery
rates can be used while establishing an inventory control model with random demand
arrivals and lead-time to reflect these uncertainties in the model. Coordinating raw
material and used product arrivals in order to supply the demand is another important
aspect of hybrid systems. Established model also needs to minimize the total amount
of backorders, finished goods inventory and lost sales. All these modeling issues make

hybrid system inventory modeling different from traditional inventory control models.

Inventory control models can be analyzed in two classes as uncapacitated and
capacitated control models. Uncapacitated control models consider deterministic or
probabilistic replenishment lead times for arrival of orders. These models assume that
the inventories are replenished within lead times independent of the order size and they
do not impose a finite production speed for the end product replenishment process.
Capacitated control models consider inventories as queues of jobs before each process

while they assign a finite production rate for each process and analyze the balance



between minimum inventory levels and maximum output of the system.

2.1.1. Uncapacitated Control Models

Uncapacitated control models can be examined in two classes as deterministic or
stochastic models. In deterministic inventory control models the arrival rates of demand
and returns are known with certainty. The objective of these models is to find the EOQ
(Economic Order Quantity) that balances the set-up costs with inventory holding costs.
Mabini et al. [7] developed EOQ formula for hybrid system with deterministic demand
and lead times. Richter [8]; Richter and Dobos [9]; Richter and Sombrutzki [10] are
examples for the deterministic models where they aimed to examine the effect of returns
on the optimal order quantity. Teunter [11] studied a deterministic system where a

disposal option is included.

The first stochastic model was proposed by Simpson [12]. It assumes stochastic
and mutually dependent demands and returns. Remanufacturable products can be
disposed if they are not needed. Outside procurement satisfies the demand that is
not fulfilled by used product returns. The system is controlled by a PULL strategy.
However as a limitation of this model, remanufacturing and outside procurement lead
times are assumed to be zero, and fixed manufacturing and outside procurement costs
are not taken into account. Kelle and Silver [13] constructed a model where they assume
that demand and return processes are totally independent and no disposal occurs.
The system is controlled by a PUSH control strategy. Additionally, the cost function
include fixed outside procurement costs , and service is modeled in terms of a service-
level constraint instead of backordering costs. Teunter and Vlachos [14] analyzed the
impact of the disposal option by using discounted average cost method. According
to their study, when there are more demands than returns and remanufacturing is
marginally profitable, it is in general not necessary to include a disposal option for
returned products. Mahadevan et al. [15] studied a remanufacturing facility with
returned products and demands following a Poisson process. Their objective was to
answer the questions such as when to release returned products to the remanufacturing

line and how many new products to manufacture. They did not consider returned



product disposals in their model.

On the other hand the first continuous review model was studied by Heyman
[16] . He studied a situation with stochastic uncorrelated demands and returns where
the objective was to determine the optimum inventory level that minimizes the total
inventory holding costs. He used a PUSH strategy with disposal options. As in discrete
time models, a limitation of this model is that remanufacturing and outside procure-
ment lead times are zero. Muckstadt and Isaac [17] considered lead times but ignored
disposal option. Extensions of the Muckstadt and Isaac model to include the disposal
of returned products was studied by van der Laan, Dekker and Salomon [18]. They
showed that disposal is a necessary option for cost minimization. Van der Laan and
Salomon [19] studied a stochastic hybrid inventory system with disposal operations.
They have extended the the PUSH and PULL strategies to coordinate production, re-
manufacturing and disposal operations. They concluded that disposal can be effective
only if it reduces the variability in the systems’ inventories. PULL disposal strategy
is favorable over PUSH disposal strategy only if remanufacturable inventory is valued
lower than serviceable inventory, otherwise PUSH disposal strategy is more favorable.
Van der Laan et al. [20] compared traditional systems without remanufacturing to

PUSH and to PULL controlled systems with remanufacturing.

2.1.2. Capacitated Control Models

Capacitated control models are the more complex problems of inventory control
models. They are generally based on queuing networks with stochastic return, demand
and service rates. Korugan and Gupta [21] constructed a two echelon inventory system
with stochastic lead times and arrival rates. They used a PUSH type make to stock
open queuing network. They concluded that as the return rates increase, expected
total cost decreases when the holding cost of returned products at the lower echelon
is lower than the lost sales costs. Souza and Ketzenberg [22] modeled a hybrid system
considering service level constraints. They used a two stage GI/G/1 queuing network
model to analyze the system. They assumed both remanufactured and new products

are perfect substitutes for satisfying make to order demand and they included the dis-



posal option in their model. Their objective was to find the optimal product mix to
satisfy the total demand. Souza et al. [23] analyzed a remanufacturing facility using
a GI/G/1 queuing network. They aimed to find the optimal product mix over the
long run that maximizes profits while maintaining a desired service level. They mod-
eled the remanufacturing facility as a multi class open queuing network where classes
are determined according to quality levels of returned products. They considered dif-
ferent remanufacturing stations special for different quality type returns. Different
quality types can be processed at each machine bu at a higher time if this machine is
not special for that type. They applied dispatching rules to remanufacturing stations
and analyzed their effects. They concluded that the choice of the dispatching rule
is important in reducing flow times and improving service levels. Guide et al. [24]
proposed a remanufacturing model which handles two remanufacturable products. In
their model both remanufacturing facilities have limited capacity and are modeled as
M/G/1 queues. They objective is to minimize total weighted average sojourn time
by implementing non-preemptive static priority rules. Bayindir et al. [25] presented a
hybrid production system in order to evaluate the inventory related costs. They chose
return ratio as the decision variable and used an order up to policy. When demand
occurs, depending on the return ratio previously sold items are returned to the system
after the end of their useful lifetimes while new parts are ordered and received following
a stochastic lead time. Then returned products are remanufactured and are sent to the
assembly operation where they are mixed with new products. The authors modeled the
system as an open queuing network with M/G /oo queues. They concluded that when
the capacity restriction of the remanufacturing and manufacturing operations is negli-
gible, remanufacturing option does not provide any cost benefits. On the other hand,
when capacity constraints are taken into account, remanufacturing becomes profitable.
Aras et al. [26] constructed a continuous time Markov chain model in order to analyze
the effect of returned products quality on the remanufacturing and disposal decisions.
They used a PULL disposal strategy. They included quality based remanufacturing
lead times and disposal costs. They concluded that quality based categorization is
most effective when quality difference between returned products is high, the quality
of both return types is low, return rate is high and demand rate is low. Aksoy and

Gupta [27] examined a near optimal buffer allocation plan (NOBAP) developed for



a remanufacturing cell with finite buffers and unreliable servers. They proposed an
algorithm that uses an open queuing network, decomposition principle and expansion
methodology to analyze the remanufacturing cell. The algorithm distributes a given
number of available buffer slots among the various stations to optimize the system

performance.

In our previous studies we analyzed the impact of the quality uncertainties of
returned products by different models. In the first study [28] we analyzed a hybrid
system under general distributed processing times with different variances and in the
second study [29] we used an average utilization rate for the system and analyzed

different priority strategies on the returned products.



10

3. PROBLEM DEFINITION AND RESEARCH
OBJECTIVES

3.1. Problem Definition

We model and analyze a hybrid system with remanufacturing operations differ-
entiating quality levels for return flows. We can satisfy the demand by either remanu-
factured or new products. The model is depicted in Figure 3.1. At the manufacturing
stage new products are manufactured from raw materials and sent to the assembly
stage. At the remanufacturing stage, returned products are first inspected and classi-
fied according to their quality status. We classify returned products into three quality
levels as good quality returns, average quality returns and bad quality returns where
they require minimal, average and major remanufacturing effort, respectively. After
classification, returned products go to the remanufacturing station which includes dis-
assembly of returned products and recovery of parts. The yield at the remanufacturing
process is not perfect as some of these returns cannot be remanufactured due to some
unforeseen defects that are detected after disassembly. After manufacturing and reman-
ufacturing processes the new and the ‘as good as new’ products are sent to assembly

station.

We assume that the demand follows an independent Poisson process with param-
eter 7v. We assume that the arrival rate of system () is also Poisson and greater than
the demand rate. The returned product arrival rate is determined as the proportion
of demand rate (r7). The returned product arrival rate must always be smaller than
or equal to the demand rate since at most all the satisfied demand can return to the

system.
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Raw
M.O Manufacturing

Demand
Assembly Lps (v)
Returned
Products
Lost sales
»d Remanufacturing
(1-z4)
(1-z2)
Operational
disposals
Figure 3.1. Analyzed model
A>
ry<~vy ;(0<r<1) (3.1)

Return flows are classified into three groups with respective probabilities k; where
i (1 = 1,2,3) represents the quality of returns ¢ = 1 means good quality, i = 2
means average quality and ¢ = 3 means bad quality respectively. Since we assume the
yield at the remanufacturing operation is not perfect, material recovery rates for the

remanufacturing operation are determined depending on the quality class of returns

(zi)-

The average throughput rate of the manufacturing stage accounts for the differ-
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ence between the total arrival rate and the expected throughput of the remanufacturing
process. Following the assembly operation products are sent to the finished parts stor-

age (FPS) in order to meet the demand, where unsatisfied demand is backordered.

Typically remanufacturing operations have shorter processing times and consume
less energy and natural resources. We reflect this situation in the model. On the other
hand, remanufacturing processing times change in relation with the quality levels of

returns.

In this study at the first stage the analytical model of the system is proposed
for the single stage inventory control case. Later general distributions are used for the

remanufacturing stage and these cases are analyzed using a simulation model.

3.2. Objectives

The aim of the study is to find the most effective policy for the analyzed hybrid
system to balance both manufacturing and remanufacturing throughputs with demand.
Because of the stochastic nature of the system, it is almost impossible to balance the
system with zero backorders or lost sales. Therefore we balance the finished goods in-
ventory by using different inventory control mechanisms. On the other hand, different
from the previous remanufacturing literature we classify returned products into three
quality levels in order to analyze the impact of quality uncertainty of returns. This clas-
sification enables us to determine different processing times and material recovery rates
for different quality levels of returns which reflects a more realistic remanufacturing en-
vironment. Afterwards, related cost values will be assigned to the system parameters
and a cost function will be constructed. Optimal values of the cost function will be

searched for the control variables of different control policies and parameters.
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4. SINGLE STAGE INVENTORY CONTROL

4.1. Model-1

This model assumes that all buffers in the hybrid system have infinite capacities
and is modeled as a network of a single class M/M/1/co queues, only the finished
products storage (FPS) has a finite capacity (K) and is modeled as a single class
M/M/1/K queue (Figure 4.1). Therefore in this model we can only control FPS
capacity in order to minimize the objective function. Here objective function is the
total expected cost per unit (7'C') where related parameters and values are explained

below.

In the model we can satisfy the demand by either remanufactured or new prod-
ucts. At the manufacturing stage new products are manufactured from raw materials
and sent to the assembly stage. At the remanufacturing stage, returned products are
inspected and classified according to their quality status. We classify returned prod-
ucts into three quality levels as good quality returns, average quality returns and bad
quality returns where they require minimal, average and major remanufacturing effort
respectively. After classification returned products go to the remanufacturing station
which includes disassembly of returned products and recovery of parts. The yield at
the remanufacturing process is not perfect as some of these returns cannot be reman-
ufactured due to some unforeseen defects that are detected after disassembly. After
manufacturing and remanufacturing processes the new and the ‘as good as new’ prod-
ucts are sent to the assembly station. In the model we have totally eight buffers and
finished products storage. The first buffer stands for the raw material arrivals before the
manufacturing operation. We have three buffers before the remanufacturing operation
for different quality returned products. Returned products with different quality sta-
tus are remanufactured at the same station but we assign different buffers to different
quality returned products in order to assign different holding costs to these products.
Before the assembly station all the products are assumed as ‘as good a new’ products

but at this stage we also separated the buffers of incoming arrivals from manufactur-
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ing station and remanufacturing station. The incoming arrivals from remanufacturing

station to the assembly station are placed in different buffers as these products have

different holding costs.

Raw
M.@

Returned
Products

Manufacturing

System Parameters:

K Demand

(v)
FPS

l Lost sales
End stock

Assembly

(1-22)

Operational
disposals

Figure 4.1. Model-1

demand rate

arrival rate of the system

proportion of return rate

probability for the returned product being quality ¢ where
1=1,2,3
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recovery rate for remanufactured products of quality ¢ where

i=1,2,3

proportion of expected processing time of the manufacturing
operation over the expected processing time for the remanu-

facturing process

proportional difference of remanufacturing processing times

expected raw material arrival rate
expected returned products arrival rate
expected remanufacturing processing time for returned prod-

ucts of quality ¢ where i = 1,2, 3

expected manufacturing processing time
expected assembly processing time
average rate of remanufactured products for returned prod-

ucts of quality ¢ where i = 1,2, 3

average rate of manufactured products
average rate of assembled products
average rate of operational disposals from remanufacturing

process for returned products of quality ¢ where i = 1,2,3

expected number in the j* queue where j = 1,2,...8
expected number in the FPS
expected number of backorders

average rate of end stock disposals

raw material purchasing cost per unit



Cr
cp.,

CP,
CP,
CDO;

CH,

CHyps

CDyps,
CD fpsm

Control Variable

Objective Function:

TC =

16

returned product purchasing cost per unit
remanufacturing cost per time for return product of quality @

where 1 = 1,2,3

manufacturing cost per time
assembly cost per time
operational disposal cost per unit for returned products of

quality ¢ where ¢t = 1,2,3

holding cost per unit/time for the number in the j** queue

where j =1,2,...8
finished parts holding cost per unit/time

backorder cost per unit
end stock disposal cost per unit for remanufactured products

end stock cost disposal per unit for manufactured products

FPS capacity

(CRW X RW) + (CR X R)

3

Z(CPTZ. X Ty X Vp,) + (CPyy X Ty X Upy)

=1

3

(CPyx T4 X va) + Y _(CDO; x NDO;)

8

=1

> (CH;j x NQ;) + (CHpps X NQpps) + (Cy X Ny)

i=1

(zik:)

3
Y 2=
(CDyps, X NDyps X 2 )\1 )

A—ry ?_ zik;
(CDy¢ps,, X NDg,s X Z}\l( ))
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In this model and all the subsequent models we use the following assumptions.
Firstly, the demand follows an independent Poisson process with parameter v. We
assume that the arrival rate of system () is also Poisson and greater than the demand
rate. The returned product arrival rate is determined as the proportion of demand rate
(r7). The returned product arrival rate must always be smaller than the demand rate

since at most all the satisfied demand can return to the system (Equation 3.1).
R = ry (4.1)

The average throughput rate of the manufacturing stage accounts for the difference
between the total forecasted arrival rate of the system and the expected throughput of

the remanufacturing process.

RW = (A—rfyZ(ziki)) (4.2)

We want the system to work at an average utilization (p4,,). We choose the maximum
return rate of the returned products (7,4.) considering Equation 3.1 and fix processing
times of operations with respect to paug and rp,q,. All the processing times are assumed
to be exponentially distributed. Remanufacturing processing times differ due to quality
level of returns. The parameter w represents the relative difference of remanufacturing

processing times within quality levels. Hence,

pavg
Mpy = —r
Tmax7
Trqy
w = _—
Try
Ty = Ty + (71—7“2 - 7T7”1)

The throughput rate of the remanufacturing operation for different quality returned

products are calculated as below;

Ve, = 1kiyi=1,2,3

K3
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We use a parameter f which stands for the proportion of expected processing time of
the manufacturing operation over the expected processing time for the remanufacturing

process for returned product of average quality.

The throughput rate of the manufacturing operation is calculated as below;

Vpy = (A—er(zik:i))

Arrival rate of the assembly process equals to the summation of total throughput of
manufacturing operation and total throughput of the remanufacturing operation after

operational disposals. And the throughput rate of the assembly operation is as below;

Ve = (A—17 Z(zik‘i)) + (ry Z(Zi/ﬂ))

v, = A\

Assembly processing time is calculated considering the average utilization of the system,

Pavg

A

Ty =
Average rate of operational disposals from remanufacturing process for return product

of quality 7 is calculated due to material recovery rates for different quality levels of

returned products.
NDO; = ryki(1—2) (4.3)

Expected number in M/M/1/oco queues at steady state (NQ;) are calculated as below
[30].
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Pm = VUm X T
2

NQ, = —Pm_
1—pm

We assume remanufacturing processing time (7,) is equal to the weighted average of
the respective processing times of the returned products of quality ¢ for simplification in
calculations and remanufacturing expected number in the queue (NQ),) is calculated
according to this processing time. We also assume that there is no priority among

remanufacturing queues.

NQy; = ki x NQ,
NQ?) - kQXNQT
NQ4 - k3XNQT

Assembly expected number in queue (N@Q,) is calculated according to (7,) and related
NQ); are approximated as below. We assume that there is no priority among assembly

queues.

AN = Up+Vy +1p, + 1y

NQs = ”7’” x NQ,

NQs = %lex]\f@a
NQ; = %XZQXNQG
NQs = %ngx]\f@a

After the assembly operation products are sent to the finished parts storage (FPS)
in order to meet the arriving demand, where unsatisfied demand is queued in B as a
backorder. Here we model Sales (S) as a synchronization station fed by two Markovian
arrival processes, respectively throughput of the system and demand arrivals, with
arrival rates Af,s and 7. Here finished parts storage has a capacity K and backorder

queue has no capacity (Figure 4.2).
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The throughput rate of the system is represented as Ay, and equals to the total

throughput rate of the last station which is assembly station in the system.

3

Afps = ()\—WZ(%/%))+(WZ(2’¢/€¢))

i=1

Finished Parts Demand
Storage Queue
Throughput Mos Sales Y Demand
of the System Arrivals
With capacity '
K

Figure 4.2. Synchronization station

We constructed the underlying Continuous Time Markov Chain (CTMC) as be-
low, (Figure 4.3) [31]. The state of this CTMC is (nq,ns), where n; is currently present
number in the FPS and ny is currently present number of backorders in the synchro-

nization station.
}\'f S }\,f S
@) k“ OWQs ORI D
Ve - v- - Ve - v--
Y
Figure 4.3. CTMC of a synchronization station

The equations for the steady state probabilities exist for As,s > v and are given

as below:

P00 = [(1/(1—( Afps +Z fps
Pl0] = P00 x (1/(1— <AZPS>>>
Plny = POOx(/\fpS)

g
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We can calculate expected number in the FPS and expected number of backorders

by using the above formula.

NQpe = 3 (mPlu) (4.4
N, = P|0] )\fpsl . (4.5)
NDpps = Apps XYP[K] (4.6)

We used the following assumptions while assigning the cost values;

o Crw < Cpg
e« CP., <CP,<CP, <CP,
® CDOl 2 CDOQ Z CDOg

We assigned different cost values for the end stock from remanufactured parts

(CDyps,) and from manufactured parts (C'Dyps,, ).

We adopted the traditional average cost (AC) approach in modeling the holding
costs [32]. Here h represents the out-of-pocket holding cost rate and « represents the
opportunity cost of capital. All of the holding costs are calculated as out-of-pocket
holding cost rate plus the opportunity cost of capital times total cost incurred by the

products held at the designated queue.

CHy = h+aCrw

CHy, = h+aCg

CH, = CHs;=CH,

CHs = h+ o(Crw + CPyhmy)
CHs = h+a(Cr+ CP, 7))
CH; = h+a(Cr+CP,m,.,)
(

CHy = h+a(Cr+CPyr,,)
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Cprs h + O./((CRW + CPme)(Vm/Va)

3

+ Z((CR + CF,m,) (v, 2:) [ Va))

=1

+ (Opaﬂ-a))

4.2. Numerical Analysis

In order to analyze the effects of the system parameters on the T'C' we constructed

6 x 5 x 2 x 6 x5 full factorial design (Table 4.1).

Table 4.1. Experimental design of system parameters

Factor | Name Levels
A r 0.7/0.75/0.8/0.85/0.9/0.95
B k1 — ko — ks | 0.8-0.1-0.1/0.5-0.3-0.2/0.1-0.8-0.1/0.2-0.3-0.5/0.1-0.1-0.8
C z1 — 22 — 23 | 0.9-0.6-0.3/0.9-0.7-0.5
D f 1/1.2/1.4/1.6/1.8/2
E w 1.2/1.4/1.6/1.8/2

We use Design Expert 7.02 to construct the experimental design. We assume
that arrival rate to the system equals to 1 and demand rate equals to 0.95. We want
the system to work at an average utilization (pu.e) equal to 0.8 and we choose the
maximum return rate of the returned products (r,4:) as 1. Following cost values are

used in the analysis.

Table 4.2. Cost values

We choose holding cost parameters as h equals to 0.01 and « equals to 0.05.

Cost values Cost values
Crw 0.1 CDO; 1
Cr 1 CDyyps, 5
CP,, 1 CDyps,, -0.1
CP,, 10 CP, 1
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Backorder cost per unit (C}) is assumed to have twice the value of FPS holding cost

per unit/time (C'H ).

After setting all the variables of the cost function we find the local optimum
value of the inventory control variable (K) which minimizes the objective function
(T'C). Here when we assign a low value to K, expected number in the FPS decreases.
However on the other hand at smaller values of K expected number of backorders
in the system increase and vice versa. The increase of expected number in FPS also
increases the total holding cost of numbers in this storage and increasing bacorders
increase the backorder cost. We must search for a best value of K which balances
the total finished parts holding cost with total backorder cost. We use a brute-force
search method for the values of K from 1 to 100 and observe that the minimum 7'C' is
obtained for the control variable value of 21 in our experiments (Figure 4.4). This value
is only depending on the Af,s and . Therefore, the best value of the control variable

is unique for all experiments. We assigned 21 to the value of K in our experiments.

B0

a0

. "

_— /
M

20 =4

T 6 1M 16 21 26 31 38 41 46 31 56 61 66 71 Y6 81 86 91 96
K

Figure 4.4. Effect of K on TC

We can analyze factor effects from the chart below. Figure 4.5 represents the
T'C' values for the return arrival probabilities of 0.8-0.1-0.1. Here the great proportion
of returns include good quality returns. T'C' decreases as the return rate increases

because the unit cost of remanufacturing a product is cheaper than manufacturing.
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The increase in f causes an increase in 7T'C', because of the increasing manufacturing
processing time with f. As the manufacturing processing time increases unit manu-
facturing cost also increases. As w increases, T'C' decreases because the increase of w
causes a decrease in the remanufacturing processing time of the good quality returned
products. Consequently remanufacturing cost also decreases. When we increase mate-
rial recovery rates T'C' decreases. Higher recovery rates result with higher throughput
of remanufactured products which causes a decrease in the T'C'. Figure 4.6 presents the

T'C values for the return arrival probabilities of 0.5-0.3-0.2. This case shows similarities

with the case 0.8-0.1-0.1.
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Figure 4.5. Factor effects for k; — ko — k3 =0.8 — 0.1 — 0.1

For the case of which the great proportion of returns include average quality
returns (Figure 4.7), w has no more effect on T'C'. The parameter w represents the

proportional difference of remanufacturing processing times. When the system mostly

includes average quality returns in the returned products mix, the proportional dif-
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Figure 4.6. Factor effects for k; — ko — k3 =0.5—0.3 — 0.2

ference of remanufacturing processing times have an insignificant effect on the T'C.

Because by the factor w we find the remanufacturing processing time of good quality

and bad quality returned products over average quality returned products. In a situ-

ation where the great proportion of returns include average quality returns, the effect

of w decreases.

k1-k2-k3=0.1-0.8-0.1
21-22:23=0:9-0.7-0.5

40

=0.8 =2 w=1.86

f

35 i & A 4 &

PO ary

A & & A &
A & & &

30 o

TC

P O O & 4

&

- e
,&,Q,%,%%l:‘a&‘&t:
* A &
*

A & b & &
- S S N

¢ &+ o 9

”*‘””*%%%%%““

25 F A A A A

20

15
—{ =07 =075 — =08 — =085 - =08 }—]=0% —>

[42=09-06-0.3 +2=09-07-05 |

12141618 2

k1 k2 k3
01 08 01
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In Figure 4.8 half of the return arrivals is composed of bad quality returns, hence
the system tends to manufacture more than the cases above to balance the system
throughput with demand. However, manufacturing capacity is exceeded at some factor
combinations seen on the Figure 4.8. Figure 4.9 represents the T'C' values for the return
arrival probabilities of 0.1-0.1-0.8. Here the great proportion of returns include bad
quality returns which causes a T'C' increase. The manufacturing capacity problem is
also seen in this case for much more of the factor combinations. Because of the longer

remanufacturing processing times of bad quality returns remanufacturing capacity is

also exceeded in some cases.
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Figure 4.8. Factor effects for k; — ko — k3 =0.2—-0.3—-0.5
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4.3. Conclusion

Experimental analysis show us that T'C' decreases as the return rate increases,
the increase of f causes an increase on T'C' and as w increases T'C' decreases in most
of the cases. However in the cases where the proportion of bad quality arrivals are
greater than others (0.2-0.3-0.5 and 0.1-0.1-0.8 cases) there could happen some capacity
problems with manufacturing and remanufacturing processes. We offer to increase
related capacities in these cases or to use capacitated queues to decrease the queue
lenghts. In order to solve these problems we used capacitated queues in the next

models.

The outputs of the analysis show that the most important factor affecting T'C'
is probability of return arrivals (k;) with 45 per cent contribution, second factor is
expected processing time of the manufacturing operation relative to the expected pro-
cesssing time for the remanufacturing process (f) with 36 per cent contributon, other
factors as proportion of return rate (r) and material recovery rates for remanufactured
products (z;) have effects with contributions respectively 4 per cent and 5 per cent and
relative difference of remanufacturing processing times (w) does not seem to have any

important effect on T'C’' with 0.1 per cent contribution (Table 4.3).



Table 4.3. Per cent contributions of factors

Term DOF SumSqr % Contribution
A-r 5 1850.164131 3.98080749
B-ky — ko — k3 4 20986.31965 45.15410123
C-z1 — 29 — 23 1 2459.471662 5.291791712
D-f 5 16993.79518 36.56379777
E-w 4 50.20616369 0.108023428
AB 20 1077.882816 2.319169372
AC 5 17.65077035 0.037977344
AD 25 286.4420037 0.61630774
AE 20 98.65158141 0.212258441
BC 4 649.4947305 1.397450877
BD 20 1010.137274 2.17340827
BE 16 303.2481401 0.652467771
CD 5 200.329914 0.431029231
CE 4 0.021199517 4.56128E-05
DE 20 0 0

28



29

5. MULTI STAGE INVENTORY CONTROL WITH
BLOCKING

In the following models we will use the classifying information in managing the

inventory buffers and deciding on the blocking limits.

5.1. Model-2

This model uses blocking mechanism for the control of inventory levels at every

stage in the system.

5.1.1. Problem Definition

In this thesis different from the previous remanufacturing literature we classify
returned products into three quality levels in order to analyze the impact of quality
uncertainty of returns. If we do not classify returns, we cannot accurately forecast
expected raw material arrival rates and this can result in inaccurate T'C' calculations.
By classifying we can place returns of different quality levels into different remanufac-
turing and assembly queues. This way we can assign different holding cost values to
these products. Classifying returned products also enables us to give different blocking

limits to different remanufactured parts of quality ¢ buffers.

In this model we use blocking mechanism in order to control buffer sizes. The
blocking mechanism works with "block after service’ (BAS) principle. In this principle
when an item is ready to join a station, if the buffer of the station is not full then the
item joins the queue at that station else if the buffer of the station is full then the item
cannot join the queue and stays where it is originated from and blocks that server. A
blocked item is released from the up station when the buffer of downstream station

becomes available.

When a demand occurs we check the FPS; if a finished product is available then
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demand is satisfied with this product. If we do not satisfy demand, then a backorder
occurs. As an addition to the previous model there is a backorder capacity in the sys-
tem (B). When this capacity is reached subsequent orders are rejected and recorded
as lost sales. FPS has a capacity (K), when the finished products storage reaches this
limit then the assembly station is blocked until FPS becomes empty. The blockage of
the assembly station increases the numbers of the parts in the downstream buffers of
this station. Assembly station has four downstream buffers which are manufactured
parts buffer, remanufactured parts of quality 1 buffer, remanufactured parts of quality
2 buffer and remanufactured parts of quality 3 buffer. These buffers have capacities
respectively K5, K6, K7 and K8 which cause the blockage of downstream stations.
When the manufacturing station is blocked, the number in the raw materials buffer
increases. This buffer has a capacity K1, when this buffer becomes full then the incom-
ing raw materials cannot enter the buffer and are considered lost without increasing
any costs. When the remanufacturing station is blocked, the returned product num-
bers in the downstream buffers increase. These buffers have the respective capacities,
K2, K3 and K4. In the case of reaching the capacity limits of these buffers incoming
returned products can not enter these buffers and the arriving returns are disposed of

with different disposal costs for different quality typed returned products, (Figure 5.1).

The system parameters, cost parameters and cost values are the same as in Section

4.1 with the following additions.

Cost Parameters:

ND; average rate of overflow disposals from buffer j where 5 =

1,2,3,4

Cost Values:

CD; overflow disposal cost per unit for overflows from buffer j

where j =1,2,3,4
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Figure 5.1. Model-2

Control Variables:

Buffer capacity for buffer j where j =1,2,3,4
Blocking limit for buffer 7 where j =5,6,7,8
Blocking limit for FPS

RS I

Backorder capacity
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Objective Function:

TC = (CRW X RW) + (CR X R)
3
+ Z(C’Pm X Ty X Vp,) + (CPyy X Ty X Upy)
=1
3
+ (CP, x4 X va) + Y _(CDO; x NDO;)
=1
8
+ > (CD; x NDy)
j=1
8
+ D (CHj x NQj) + (CHpps x NQpps) + (Cy x Ny)

J=1

+ (Cls X le)

Here, different from Model-1 overflow disposals occur from the buffers 1,2,3.4.
We assume that overflow disposals from manufacturing buffer are directly sent to raw
material supplier with the salvage value equals to the raw material purchasing cost.

However, remanufacturing overflow disposals have a penalty cost.

CD; = —Crw
CDy; > (CDs>CDy

5.1.2. Simulation

Here we choose the experiments from the full factorial design represented in Sec-
tion 4.2 which give us the maximum 7'C', as given in Table 5.2. Since simulating all
the experiments of full factorial design requires too much time. A set of experiments
that represent the general trend of the whole system are selected. In this model we
have a total of 10 control variables and we construct a simulation model to find the

best values of these control variables minimizing the total cost of our system.
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The cost values used in the simulation model are as given in table 5.1:

Table 5.1. Cost values

Cost values Cost values
Crw 0.1 CDO; 1
Cr 1 Cis 50
CP, 1 CD, 0.1
CP, 10 CDy=CD3=CDy | 5
CP, 5
h 0.01 o 0.05

The simulation program Arena 9.0 is used for the implementation of the simu-
lation model of multi stage inventory control. Within this program, each experiment
is simulated for 36 000 minutes and replicated 30 times. The first 6000 minutes of
each replication are set as the warm-up period. Thus the statistics are calculated for
30 000 minutes in each replication. The length of the warm-up period was chosen by
using the Welch procedure [33]. We analyzed the average number of queue lengths
by the Welch procedure and found the time at which the average number of queue
lengths reach steady state. We observed that 6000 minutes is more than adequate for
the queue lengths to reach steady state. The common random numbers are used in the
simulation in order to have identical experiments for each replication and to reduce the

experiment-wise error.

Arena 9.0 simulation program gives the half width results in the output report
files. If a value is returned in the half width category, this value may be interpreted by
saying ‘ in 95 per cent of repeated trials, the sample mean would be reported as within
the interval sample mean half width’. The half width can be reduced by increasing the
number of replications. The 30 replications and long simulation runs provide accurate

results.



Table 5.2. Simulated experiments

Experiments | A ¥ r ki | ko | ks | 21 29 z3 | flw
1 1109507080101 [09]|06|03]|2]2
2 110950808 (01]01[{09]|06|03]|2]2
3 11095/0908(01]01[{09]|06|03]|2]2
4 1109510705 (03]02[09]06|03]|2]2
5 11095|/08|05(03]02[09]|06|03]|2]2
6 11095/09|05(03]02[09|06|03]|2]2
7 1109070108 ]01[{09]|06|03]|2]2
8 11095/08|01[08]01[09]|06|03]|2]2
9 1109090108 |01{09]06|03]|2]2
10 1109507 ,02(03]05[09|06|03]|2]2
11 11095/08|02(03]05[09]|06|03]|2]2
12 110951090203 ]05[09]|06|03]|2]2
13 1109507010108 [09]|06|03]|2]2
14 11095/08|01(01]08[09|06|03]|2]2
15 11095/0901(01]08[09]|06|03]|2]2
16 110950708 (01]01[09]|07|05|2]2
17 1109508 08(01]01[09]|07|05|2]2
18 11095/0908(01]01[09]|07|05|2]2
19 1109507 ,05(03]02[09]|07|05|2]2
20 1109508 05(03]02[09|07|05|2]2
21 11095/0905(03]02[09|07|05|2]2
22 11095070108 ]01[09]|07|05|2]2
23 1109508 01(08]01[09]|07|05|2]2
24 11091090108 |01(09]07]05]|2]2
25 1109507102103 ]05[09]|07|05|2]2
26 11095/08|02(03]05[09]|07|05|2]2
27 11095/109|02(03]05[09]|07|05|2]2
28 1109507010108 [09]|07|05|2]2
29 11095/08|01(01]08[09|07|05|2]2
30 11095/0901(01]08[09]|07|05|2]2

34
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5.1.3. Verification and validation of the model

After the implementation of the simulation model of multi stage inventory control
with blocking by modeling the processes, queues, disposals and arrivals under the above
described assumptions and through exercising the basic process modules, elements and

blocks of Arena 9.0, the verification and validation of the model are conducted.

Verification is determining that a simulation computer program performs as in-
tended, i.e. debugging the computer model. In this study we used the techniques that
can be used to debug the computer program of a simulation model proposed by Law
and Kelton [33]. In order to verify the simulation model, we decomposed our model
and debugged in modules. Since we analyze different parameter sets and experiments
we ran the simulation under a variety of these settings and observed the output val-
ues. We compared the output of the simulation model under different settings with
the previous analytical model outputs and observed that the output of the simulation
model is reasonable. One of the most powerful techniques, that can be used to debug
a discrete-event simulation program is a trace. In a trace, the state of the simulated
system is printed out just after each event occurs. We analyzed the trace of our simu-
lation model and compared the outputs with the hand calculations and observed that
the program is operating as intended. Also we animated the simulation model in order

to observe the simulation output.

After the verification of the model is completed and the model is run by the
input data, the outputs are collected and the validation step is initiated. Validation is
concerned with determining whether the simulation model is an accurate representation
of the system under study. We refer to the authors Naylor and Finger [34], where a

three-step approach is given for validating a simulation model.

The first step of the validation process is to develop a model with high face
validity which means to construct a model that seems reasonable to people who are
knowledgeable about the system under study. For this reason we get the aid of expert

people in this subject showed us that our simulation model is reasonable. In the second
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step of validation one of the most useful tool is the sensitivity analysis. This can be used
to determine if the simulation output changes significantly when the value of an input
parameter is changed. While implementing the sensitivity analysis we used common
random numbers to control the randomness in the simulation. We used Design Expert
7.02 to construct the experimental design and analyzed the effects of the factors, eg. we
expect a decrease in the T'C’ with the increase of r as we observed from the single stage
inventory control model and our simulation outputs gave the expected relation. The
third step of the validation process is to establish that the simulation model’s output
data closely resembles the output data that would be expected from the actual system.
However there is not an actual system similar to the model we simulated. Therefore
the validation of the simulation model has been limited to what has been done in the

literature.

5.1.4. Optimization of the control variables

In the previous sections the simulation model of the multi stage inventory control
with blocking problem is constructed, run time, warm-up period, replication numbers
are determined and model verification and validation is performed. We constructed
this simulation model in order to optimize the inventory control variables which we
defined in Section 5.1.1. Arena simulation program uses OptQuest as a simulation
optimization method. OptQuest is a generic optimizer that successfully separates the
method from the model [35]. In this case, the optimization problem is defined outside
the complex system. This way, the simulation model can change and develop to incor-
porate additional elements of the complex system, while the optimization procedure
remains the same. Hence, there is a complete separation between the model that rep-
resents the system and the procedure that is used to solve the optimization problem.
OptQuest does allow the user to input problem structure through the use of constraints

and has specialized mechanisms for analyzing specific types of problems.

OptQuest includes a highly efficient algorithm for the optimization process. The
optimization procedure uses the outputs from the simulation model to evaluate the

inputs to the model. Analyzing this evaluation and previous evaluations, the optimiza-
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tion procedure selects a new set of input values, (Figure 5.2).

Cutput
) — Input . ;
»| Cphmization »| imulation
Procedure Model

Figure 5.2. Coordination between optimization and system evaluation

In the optimization procedure a ‘ non-monotonic search ’ is used. In this search
algorithm successively generated inputs produce varying evaluations, not all of them
improving, but which over time provide a highly efficient route to the best solutions.
The process continues until an appropriate termination criterion is satisfied. This non-
monotonic search algorithm is a special combination of tabu search and scatter search.
Scatter search operates on a set of points, called reference points, that result in good
solutions. The approach systematically generates linear combinations of the reference
points to create new points, each of which maps into an associated point that yields
integer values for discrete variables. Tabu search is then superimposed to control the

composition of reference points in each stage [35].

Tabu search uses memory concept by which the search history guides the pro-
cess. Using memory excludes the search from repeatedly investigating the solutions
that have already been evaluated. However, the use of memory in OptQuest is much
more complex and uses memory functions to encourage search diversification and in-
tensification. These memory components let the search escape from locally optimal

solutions to find a global optimal solution [35].

Scatter search is an information-driven approach, developing knowledge obtained
from the search space, high-quality solutions found within the space, and routes through
the space over time. The combinations of these factors creates a highly effective solution
process. The incorporation of such designs gives OptQuest the ability to solve complex

simulation based problems with high efficiency [35].
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5.1.5. Outputs of the model

In this study, we used OptQuest to find the best values of inventory control vari-
ables for the chosen experiments of the multi stage inventory control with blocking
models which minimizes the total cost of the system. We replicated each experiment
30 times and used a termination criterion for the optimization process which stops the
search algorithm after 250 combinations. We choose 250 combinations for the termi-
nation criterion, because we observed that after 200 replications of each experiment
with different control variables the total cost of the system does not change any further.
Thus we simulated 250 different combinations of each experiment to get an appropriate

total cost value.

We simulated the experiments with the defined parameters seen in Table 5.2. We
set the upper values of the buffer capacities to 30. The OptQuest algorithm found
the values for the control variables minimizing the T'C'; (Appendix A). When we
analyzed the proposed values of the control variables minimizing 7'C', we noticed that
there is on the average 37.705 per cent decrease in the T'C' among the chosen 30
experiments compared with the T'C' values found in model-1, (Table 5.3). The proposed
values of the control variables indicate that giving lower values to the manufactured
parts buffer capacity decreases the T'C'. The reason for this phenomenia is, when we
assign lower values to the manufactured parts buffer capacity then we mainly block
the manufacturing operation and dispose raw materials from the on hand inventory
buffers. In this situation we produce more from the remanufactured parts and we can
decrease the T'C' by this way. In all of the experiments we observed that this limit takes
the value 1. And the other best limits for the control parameters change according to

the scenarios.



Table 5.3. Comparison of Model-1 and Model-2

Ex. TC(modell) TC(model2) %decrease

1 27.952 16.204 42.030
2 25.202 14.896 40.893
3 22.449 13.047 41.882
4 31.321 18.671 40.388
5 29.015 17.579 39.413
6 26.767 15.948 40.418
7 34.351 20.681 39.795
8 31.978 18.958 40.714
9 30.089 17.710 41.142
10 inf. 25.568 inf.
11 inf. 23.757 inf.
12 33.458 21.962 34.359
13 inf. 27.222 inf.
14 inf. 28.765 inf.
15 inf. 29.640 inf.
16 27.141 15.766 41.912
17 24.256 13.955 42.470
18 21.471 13.374 37.710
19 29.487 17.126 41.920
20 27.001 15.846 41.314
21 24.447 14.673 39.982
22 31.277 18.357 41.308
23 29.018 16.798 42.113
24 26.771 16.079 39.941
25 33.125 25.948 21.668
26 30.975 22.520 27.295
27 29.133 20.399 29.979
28 inf. 25.387 inf.
29 34.062 27.739 18.564
30 inf. 28.443 inf.
max decrease 42.470
avg decrease 37.705

min decrease 18.564
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5.2. Model-3

This model uses blocking mechanism for the control of inventory levels at manu-

facturing stage in the system.

5.2.1. Problem Definition

In this model different from Model-2 we do not use blocking mechanism in the
remanufacturing process. The blocking mechanism works with ‘block after service’
(BAS) principle. In this principle when an item is ready to join a station, if the buffer
of the station is not full then the item joins the queue at that station else if the buffer of
the station is full then the item cannot join the queue and stays where it is originated
from and blocks that server. A blocked item is released from the downstream station

when the buffer of upstream station becomes empty.

When a demand occurs we check the FPS, if a finished product is available then
the demand is satisfied with this product. If we do not satisfy demand then a backorder
occurs. There is a backorder capacity in the system (B), when this capacity is reached
subsequent orders are rejected and recorded as lost sales. FPS has a capacity (K),
when the finished products storage reaches this limit then the assembly station is
blocked until FPS becomes empty. The blockage of the assembly station increases the
numbers of the parts in the downstream buffers of this station. Assembly station has
four downstream buffers which are manufactured parts buffer, remanufactured parts of
quality 1 buffer, remanufactured parts of quality 2 buffer and remanufactured parts of
quality 3 buffer. We assigned priority to remanufactured parts at the assembly stage
in this model. Among these buffers only manufactured parts buffer has a capacity K5
which causes the blockage of manufacturing station in the case of reaching the buffer
limit. Other buffers have infinite capacities since they have priority at assembly station
and the waiting numbers in these buffers do not increase so much. When manufacturing
station is blocked, the number in the raw materials buffer increases. This buffer has
a capacity K1, when this buffer becomes full then the incoming raw materials can

not enter the buffer and are considered lost. Also returned product buffers have the
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respective capacities, K2, K3 and K4. In the case of reaching the capacity limits
of these buffers incoming returned products can not enter these buffers and they are

considered lost, (Figure 5.3).
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Figure 5.3. Model-3

Cost parameters are the same as in Model-2. The only difference is in K6, K7

and K8 where they are set to infinity.
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Hence objective function is given as:

TC = (CRW X RW) + (CR X R)
3
+ Z(Cpn X Ty X Vp,) + (CPyy X Ty X Upy)
i=1
3
+ (CP, x4 X va) + Y _(CDO; x NDO;)
i=1
4

+ > (CD; x NDy)

j=1
8
+ > (CH; x NQj) + (CHpps X NQpps) + (Ch x Ny)

J=1

+ (Cls X le)

5.2.2. Outputs of the model

In this model we simulated the same 30 experiments proposed in Section 5.1.
Here we have a total of 7 control variables. We constructed a simulation model to
find the best values of these control variables minimizing the total cost of our system.
The constructed simulation model includes the same parameters and variables as the
analytical model defined in Section 4.1 and the additional parameters, variables and
values given in Section 5.1. The cost values used for the cost function in this section
is proposed in Table 5.4.

Table 5.4. Cost values

Cost values Cost values
Crw 0.1 CDO; 1
Cr 1 Cis 50
CP, 1 CD, 0.1
CP, 10 CDy=CD3=CDy | 5
CP, 5
h 0.01 o 0.05

The experimental setup is the same as in Model-2. We set the upper values of
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the buffer capacities to 30. OptQuest algorithm found the best values for the control
variables minimizing the TC', (Appendix A). When we analyzed the proposed values of
the control variables minimizing 7T'C', we noticed that there is on the average 38.042 per
cent decrease in the T'C' among the chosen 30 experiments compared with the T'C' values
found in Model-1, (Table 5.5). We compared the T'C' values of Model-2 and Model-3 and
observed that there is on the average 0.412 per cent decrease in the cost values by using
Model-3 versus Model-2 (Table 5.6). We use a single control variable for the finished
products storage capacity in Model-1. This model gives us maximum throughput from
the system. However because of infinite queues the number of parts in the buffers are
high and this position brings higher holding costs to the system. In Model-2 we use
blocking mechanism at every stage in the system. This way we can control inventory
levels and decrease holding costs. In Model-3 we use the blocking mechanism for only
the manufacturing stage and use infinite queues for remanufacturing buffers before the
assembly operation. In this model we give priority to the remanufactured parts at the
assembly stage. Model-3 gives better T'C' values in most of the experiments. Because in
this model we produce more of the remanufactured parts and blocking manufacturing
parts enables us to dispose raw materials mainly, which brings us a cost decrease.

Therefore we choose Model-3 for the sensitivity analysis in this thesis.



Table 5.5. Comparison of model-1 and model-3

Ex. TC(modell) TC(model3) %decrease

1 27.952 16.310 41.651
2 25.202 14.828 41.165
3 22.449 13.417 40.231
4 31.321 18.344 41.431
5 29.015 17.016 41.354
6 26.767 16.005 40.206
7 34.351 21.006 38.849
8 31.978 18.961 40.705
9 30.089 17.816 40.789
10 inf. 25.645 inf.
11 inf. 23.914 inf.
12 33.458 21.206 36.618
13 inf. 27.393 inf.
14 inf. 28.711 inf.
15 inf. 29.354 inf.
16 27.141 15.598 42.529
17 24.256 14.146 41.680
18 21.471 12.983 39.532
19 29.487 17.426 40.904
20 27.001 15.845 41.315
21 24.447 14.593 40.309
22 31.277 18.093 38.955
23 29.018 16.930 41.657
24 26.771 15.969 40.350
25 33.125 24.832 25.036
26 30.975 22.610 27.004
27 29.133 20.693 28.968
28 inf. 25.099 inf.
29 34.062 27.069 20.531
30 inf. 28.092 inf.
max decrease 42.529
avg decrease 38.042

min decrease 20.531



Table 5.6. Comparison of model-2 and model-3

Ex. TC(model2) TC(model3) %decrease

1 16.204 16.310 -0.654
2 14.896 14.828 0.460
3 13.047 13.417 -2.841
4 18.671 18.344 1.750
5 17.579 17.016 3.203
6 15.948 16.005 -0.356
7 20.681 21.006 -1.572
8 18.958 18.961 -0.015
9 17.710 17.816 -0.600
10 25.568 25.645 -0.301
11 23.757 23.914 -0.658
12 21.962 21.206 3.442
13 27.222 27.393 -0.628
14 28.765 28.711 0.188
15 29.640 29.354 0.964
16 15.766 15.598 1.062
17 13.955 14.146 -1.373
18 13.374 12.983 2.925
19 17.126 17.426 -1.748
20 15.846 15.845 0.000
21 14.673 14.593 0.546
22 18.357 18.093 1.438
23 16.798 16.930 -0.788
24 16.079 15.969 0.682
25 25.948 24.832 4.301
26 22.520 22.610 -0.401
27 20.399 20.693 -1.444
28 25.387 25.099 1.134
29 27.739 27.069 2.416
30 28.443 28.092 1.233

max decrease 4.301

avg decrease 0.412

min decrease -2.841
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5.3. Extension to General Distribution

In this section we extend the models by using general distributed remanufactur-
ing processing times instead of exponential in order to reflect a more realistic hybrid
system. We use lognormal distribution in our analysis and study under different stan-
dard deviations. In the general distribution cases we use the same cost structure as in
the previous chapters. For the remanufacturing processing times we assign the mean
processing times equal to the exponential model and calculate lognormal standard

deviations as a multiplier (¢) times mean of the distribution.

Standard deviation calculations for the lognormal distribution:

Mean of remanufacturing processing time for return product of quality 1 = =,

(Standard deviation = ¢ * m,,)

Mean of remanufacturing processing time for return product of quality 2 = 7,

(Standard deviation = ¢ * 7,,)

Mean of remanufacturing processing time for return product of quality 3 = m,,

*

(Standard deviation = ¢ * )

In this study we used three different levels for multiplier ¢ which are 0.5, 1 and 2.
We simulated Model-1, Model-2 and Model-3 with the best control variables provided in
the previous chapters by using lognormal distributed remanufacturing processing times
and compared the T'C' values obtained by these simulation results with the exponential
cases. From the simulation results we observed that when ¢=0.5, T'C' values decrease
with respect to exponential models, when c¢=1 the T'C' values of exponential cases
and lognormal cases get closer and when ¢=2 T'C' values obtained by lognormal cases
exceed the exponential cases. The distribution of the remanufacturing processing times
affects the queue lengths before this operation, with smaller variances queue lengths
decrease and with higher variances queue lengths increase. The decrease in queue

lengths decreases the holding costs and therefore decreases the total expected cost per
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unit (7°C'), while the increase of queue lengths has the opposite effect. The figures,

Figure 5.4 to 5.6, show the per cent differences of T'C' values between the exponential

and lognormal models for the chosen 30 experiments.
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6. SENSITIVITY ANALYSIS

In this study we classify returned products into three quality levels in order to
analyze the impact of quality uncertainty of returns. This classification enables us to
assign different processing times and material recovery rates to different quality types
of returned products. After determining the system parameters we assign the cost
values and construct the cost function. Classification of returned products also enables
us to assign different remanufacturing and disposal costs to returned products with

different qualities.

In this chapter we construct a benchmark model which assumes no classification
of returned products, in order to compare the T'C' values of the model with classification
to the model with no classification. In the benchmark model we use the same properties

of Model-3 but we do not classify returned products, (Figure 6.1).
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Figure 6.1. Benchmark model with no classification
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In the benchmark model since returned products are not classified, we have only
one queue for the returned products before remanufacturing operation including all
qualities of returned products and for the remanufactured products before the assem-
bly operation. We have an average remanufacturing processing time for all returned

products and only one average material recovery rate for all returned products.

In the model with no classification (benchmark model), we use a single remanu-
facturing processing time for all returned products. This processing time is calculated

as the weighted average of the processing times of different quality returned products.

m = (k1 X )+ (k2 X ) + (k3 X 7py)

We also use a single material recovery rate for all typed returned products in the
model with no classifying. Similar to the remanufacturing processing time, material
recovery rate is calculated as the weighted average of the material recovery rates of

different quality typed returned products.

Zyr = (kl X 2'1) -+ (kg X 22) + (k?g X 23)

In the previous models which considered classification of returned products ac-
cording to quality levels, we could assign different remanufacturing processing and dis-
posal costs to different type of returned products. However in this benchmark model
we use a single remanufacturing processing cost and a single disposal costs for all re-
turned products. For the remanufacturing processing cost we use the weighted average

of the remanufacturing processing costs of different quality returned products.

CPT = (klXCPTI)+<k2XCPr2)+(k3XCPr3)
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Operational disposal cost is calculated as following:

CDOT = (k’l X CDOl) + (kg X CDOQ) + (kg X CDOg)

Overflow disposal cost from the returned products queue is assumed as the

weighted average of the costs of different quality returned products.

CDQ = (]{51 X ODl) + (kQ X ODQ) + (k?g X CD3)

The system and the cost parameters and values for the model with no classifying

are as below:

System Parameters:

Zr

Cost Parameters:

e
28

NDO,

NQ;
ND.

recovery rate for remanufactured product

expected remanufacturing processing time
average rate of remanufactured products
average rate of operational disposals from the remanufactur-

ing process

expected number in the j*" queue where j = 1,2, 3,4

average rate of overflow disposals from buffer j where j = 1,2
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Cost Values:

CP, remanufacturing cost per time

CDO, operational disposal cost per unit

CH; holding cost per unit/time for the number in the j** queue
where j =1,2,3,4

CD, overflow disposal cost per unit for overflows from buffer j
where j = 1,2

Control Variables:

Buffer capacity for buffer j where j = 1,2
Blocking limit for buffer j where j = 3
Blocking limit for FPS

RSN IS

Backorder capacity

Objective Function:

TC = (CRW X RW) + (CR X R)

+ (CP.- X7 X))+ (CPy X T X Upy)

+ (CP, xm, X V) + (CDO, x NDO,)
2

+ Y (CD; x ND;)

j=1

+ > (CHj x NQj) + (CHpps X NQpps) + (Ch x Ny)
j=1

+ (Cls X le)
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6.1. Comparison of Models

In the comparison of the model with classification and the model with no clas-
sification we used four different cost scenarios. In the first cost scenario we used
increasing remanufacturing processing costs inversely related to the quality levels of
returned products and increasing disposal costs linearly increasing with quality levels.
The difference of the cost values ( remanufacturing costs and disposal costs) is 2/3 of

the mid value, (Table 6.1).

Table 6.1. Cost values (scenario-1)

Cost Values (scenario-1)

Crw | 01| CDy | -0.1
Ch | 1| CDy| 5
CP, | 10 | CDs | 3
cp, | 1 ||cDpy| 1

CcP, | 3 || C. | 50
cp, | 5 ho| 001
cP, | 5| a |005
CDO; | 5
CDO, | 3
CDO; | 1

By using the cost scenario-1 we simulated 12 experiments with the parameters
seen in Table 6.2 for models with classification and with no classification and observed
the per cent cost savings ( 100*((7T'C'(with no class)-T'C(with class))/T'C(with class))

obtained by classifying returned products according to their quality levels.

While comparing the T'C' values of the models with classification and with no
classification we used the confidence interval approach to a paired comparison in or-
der to test the significance of the difference between T'C' values obtained by different
models. We used maximum half-width levels provided from the simulation results in
this approach. According to confidence interval approach to a paired comparison, the
confidence interval of the difference between T'C' with clasification and 7T'C' with no

classification must not cover a zero value. If this interval covers a zero value then we
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Table 6.2. Simulated experiments

Ex | A| ~ r k1 ko ks 21 | 22 |z | f|w
1 |{1]095 08| 0.8 0.1 01 [09]|06]03]2]2
2 |1]09 |08 0.1 0.8 01 [09]06|03]|2]2
3 |1]109 |08 0.1 0.1 08 [09]06]03]2]2
4 |1(109 |08]| 05 0.3 02 [09]|06|03]|2]2
5 11109 |08]| 02 0.3 05 (09|06 |03]|2]2
6 |1[095]08]0333|0.333]0333]09]|06|03]|2]2
7 11109508 0.8 0.1 01 [09]07]05]2]|2
8§ |1]109 |08 0.1 0.8 01 0907|0522
9 |1]09 |08 0.1 0.1 08 [09]07]05]2]2
10 | 1109 08| 05 0.3 02 [09]|07|05]2]2
11 11]1095]08] 0.2 0.3 05 [09]07|05]|2]2
12 |1 1095|081 0333|0333 ]0333(09]|07|05]|2]2

can not say these two T'C' values are significantly different, [36].

From the simulation results we observe that maximum half-width for models
with the first cost scenario is 0.75. According to this half-width level we analyzed the

significant per cent cost savings for the chosen experiments, (Table 6.3).

OptQuest results shows that among the chosen 12 experiments maximum per
cent cost saving achieved by using the first cost scenario is 8,934 and the average per
cent cost saving is 2,531. We observed from the simulation results that the maximum
cost savings by classifying returned products according to quality levels is achieved
in the cases where the proportions of different qualities in the returned products are
closer to each other viz. maximum in the k1=0.33, k;=0.33, k3=0.33 case. Hence
minimum cost savings attained when the system includes mostly one particular quality
dominating the returned product mix. The analysis indicates that in the cases where
material recovery rates of remanufactured products from different quality levels are
closer to each other (z;=0.9, 2,b=0.7, 23=0.5) we can obtain less significant cost savings
by classifying returned products. On the other hand, when the difference between
material recovery rates of returned products increases (z1=0.9, 20=0.6 23=0.3), more

significant per cent cost savings by classifying are observed (Figure 6.2).



Table 6.3. per cent cost savings for scenario-1

Ex | TC(with class) | TC(no class) | diff min | max | % saving
1 15.721 15.669 -0.052 | -0.802 | 0.698 -0.331 okox
2 21.501 21.737 0.236 | -0.514 | 0.986 1.098 ook
3 28.686 28.307 -0.379 | -1.129 | 0.371 -1.321 ook
4 18.566 19.140 0.574 | -0.176 | 1.324 3.092 ok
5 24.025 25.600 1.575 | 0.825 | 2.325 6.556
6 20.998 22.874 1.876 | 1.126 | 2.626 8.934
7 15.211 15.314 0.103 | -0.647 | 0.853 0.677 ok
8 19.492 19.522 0.030 | -0.720 | 0.780 0.154 ok
9 25.375 25.039 -0.336 | -1.086 | 0.414 -1.324 ok
10 17.892 18.366 0.474 | -0.276 | 1.224 2.649 ook
11 22.188 22.897 0.709 | -0.041 | 1.459 3.195 ook
12 18.522 19.818 1.296 | 0.546 | 2.046 6.997
*** values are not significant
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Figure 6.2. per cent cost savings for scenario-1
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In the selected 12 experiments we assumed return rate of returned products equals
to 0.8. In the following analysis we analyzed the effect of return rate on the per cent

cost savings by classifying. We simulated 6 experiments with different return rates,

(Table 6.4).

Table 6.4. Simulated experiments

Ex | A 0% r k1 ko ks z1 29 23
1 11095| 0.7 {0333 03330333091 06]0.3
11095 0.75|0.333 | 0.333 | 0.333 | 0.9 | 0.6 | 0.3
11095| 08 |0.333]0.333|0333|09]06]0.3
0.95 | 0.85 | 0.333 | 0.333 | 0.333 | 0.9 | 0.6 | 0.3
11095| 09 |0.333]0.333 0333|091 0.6 0.3
11095|095]0.333]0.333|0333|09]06]0.3
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From the simulation results we observed that the increase of return rates increases
the effect of classifying returned products according to quality levels (Table 6.5). How-
ever in the r=0.95 case there is a decrease in the per cent cost saving and we think
the reason of this decrease is the joint effects of holding costs and capacity problems

(Figure 6.3).

Table 6.5. Effect of return rate for scenario-1

Ex | TC(with class) | TC(no class) | diff | min | max | % saving

1 22.955 23.099 0.144 | -0.606 | 0.894 0.627 ok
2 21.980 23.223 1.243 | 0.493 | 1.993 5.655

3 20.998 22.874 1.876 | 1.126 | 2.626 8.934

4 20.325 22.432 2.107 | 1.357 | 2.857 10.367

) 19.886 21.997 2.111 | 1.361 | 2.861 10.616

6 19.224 20.999 1.775 | 1.025 | 2.525 9.233

*** values are not significant
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Figure 6.3. Effect of return rate for scenario-1

In the second cost scenario we increased the difference between the remanufac-
turing cost values of returned products, (Table 6.6). In this scenario we assigned the
difference between the remanufacturing costs to 3/4 of the mid value. From the simu-
lation results we observed that maximum half-width for models with the second cost

scenario is 0.76.

Table 6.6. Cost values (scenario-2)

Cost Values (scenario-2)

Crw | 01| CDy | -0.1
Cr 1 ||CDy | 5
CP, 10 || CDs3 3
cp. | 1 | cp,| 1

cp, | 4 || C. | 50
cp, | 7 ho| 001
CP, | 5 a | 0.05
CDO; | 5
CDO, | 3
CDO;s | 1

In the third cost scenario we assigned equal remanufacturing costs and disposal

costs to different quality typed returned products, (Table 6.7). From the simulation
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results we observed that maximum half~width for models with the third cost scenario

1s 0.73.

Table 6.7. Cost values (scenario-3)

Cost Values (scenario-3)

Crw |01 CDy | -0
Ch | 1| CDy| 1
CP, | 10 | CDs | 1
CP., | 1 | CDy| 1
CP, | 1 || Cs | 50

CP, | 1 ho | o001
CP, | 5 a | 0.05
CDO; | 1

CDO,

CDO; | 1

And in the last cost scenario we increased the difference between the disposal cost
values of returned products, (Table 6.8). In this scenario we assigned the difference
between the disposal costs to 3/4 of the mid value. From the simulation results we

observed that maximum half-width for models with the fourth cost scenario is 0.76.

Table 6.8. Cost values (scenario-4)

Cost Values (scenario-4)

Crw | 0.1 CD; | -0.1
Cr 1 |cDy | 7
cpr, | 10 || cDs | 4

CP, | 1 | CcDy| 1
CP., | 3 | Cus | 50
CP,, | 5 ho | 0.01
CP, | 5 a | 0.05
CDO; | 7
CDO, | 4

CDOs3 | 1
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For the cost scenarios 2,3 and 4 we simulated the following experiments in order

compare the per cent cost savings obtained by these scenarios, (Table 6.9).

Table 6.9. Simulated experiments

Ex | A\ 5y r kq ko ks 21 29 z3
1 11095| 0.7 | 0.333]0.333 0333|091 0.6 | 0.3
1109507510333 0.333|0333|09]| 06| 0.3
11095| 08 |0.333]0.333 0333|091 06| 0.3
0.95 | 0.85 | 0.333 | 0.333 | 0.333 | 0.9 | 0.6 | 0.3
11095| 09 |0.333]0.333]|0333|09]06]0.3
110950950333 0.333 | 0333|091 06| 0.3
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Simulation results indicate that when the difference between the remanufactur-
ing costs of different quality returned products increases the effect of classifying also

increases. We can see this effect from the results obtained by cost scenario 2 and 4,

(Table 6.10 and Table 6.11).

Table 6.10. Effect of return rate for scenario-2

Ex | TC(with class) | TC(no class) | diff | min | max | % saving

1 23.838 24.087 0.249 | -0.511 | 1.009 1.045 okx
2 22,777 23.962 1.185 | 0.425 | 1.945 5.203

3 21.668 23.643 1.975 | 1.215 | 2.735 9.115

4 21.021 23.297 2.276 | 1.516 | 3.036 10.827

5 20.295 22.636 2.341 | 1.581 | 3.101 11.535

6 19.956 21.897 1.941 | 1.181 | 2.701 9.726

*** values are not significant
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Table 6.11. Effect of return rate for scenario-4

Ex | TC(with class) | TC(no class) | diff | min | max | % saving

1 23.531 23.990 0.459 | -0.301 | 1.219 1.951 ok
2 22.748 23.758 1.010 | 0.250 | 1.770 4.440

3 21.537 23.494 1.957 | 1.197 | 2.717 9.087

4 21.341 23.577 2.236 | 1.476 | 2.996 10.477

) 20.413 22.726 2.313 | 1.553 | 3.073 11.331

6 19.758 21.656 1.898 | 1.138 | 2.658 9.606

*** yalues are not significant

We observe from the simulation results of scenario-1 that when we assign equal
remanufacturing processing costs and equal disposal costs to different quality returned
products, we can not achieve any significant cost saving by classifying returned prod-

ucts, (Table 6.12). In such situations we should not classify returned products.

Table 6.12. Effect of return rate for scenario-3

Ex | TC(with class) | TC(no class) | diff | min | max | % saving

1 21.107 21.168 0.061 | -0.669 | 0.791 0.289 ok
2 20.600 20.788 0.188 | -0.542 | 0.918 0.913 ok
3 19.496 19.767 0.271 | -0.459 | 1.001 1.390 okx
4 18.716 19.160 0.444 | -0.286 | 1.174 2.372 ook
5 18.230 18.769 0.539 | -0.191 | 1.269 2.957 ook
6 17.765 18.169 0.404 | -0.326 | 1.134 2.274 ook

*** values are not significant

Comparison of models with different cost scenarios indicate that classifying re-
turned products according to their quality levels brings significant cost savings when
there is difference between remanufacturing processing costs, operational disposal costs

and overflow disposal costs of different quality returned products, (Figure 6.4).
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Figure 6.4. Comparison of cost scenarios

In the analysis we do not assign a cost value for classification of returned products.
If we make a sensitivity analysis on this cost value, unit classification cost of returned
products (Cgass) must be lower than the difference of the total costs for the models
with and without classification. Thus we can say classification of returned products is

profitable, when

Cclass X rvy < TCnoclass - TCwithclass
TCnoclass - TCwithcl(zss

™y

Cclass <

where Cy 445 is the unit cost of classifying a returned product.

We analyze the system profitability with classification cost by using experiment

set shown in Table 6.9 and cost scenario-2, Table 6.13.



Table 6.13. Classification cost analysis

Ex r y TC(no class) | TC(with class) | diff | Ceuss <
1 0.7 | 0.95 24.087 23.838 0.249 0.374
2 10751095 23.962 22,777 1.185 1.663
3 | 0.8 095 23.643 21.668 1.975 2.599
4 | 0.85| 0.95 23.297 21.021 2.276 2.819
5 1 0.9 | 095 22.636 20.295 2.341 2.738
6 | 0951 0.95 21.897 19.956 1.941 2.151
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Figure 6.5. Classification cost analysis

6.2. Extension to General Distribution
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In this section we analyze the impact of classifying by using general distributed

remanufacturing processing times. We used lognormal distribution in our analysis and

study different standard deviations as in Section 5.3. In the model with classifying

we use the same calculations as in Section 5.3 for the remanufacturing processing

times and standard deviations. For the model with no classifying the processing time

of remanufacturing operation is calculated as the weighted average of the processing



times of different quality returned products.

7 = (k1 X my) 4 (ko X mpp) + (kg X 7py)

And the standard deviation of the remanufacturing operation is calculated as

follows:

Standard deviation of remanufacturing operation =

\/(C 7, )2+ (C* py)2 + (€% Ty )

In these comparisons we use three different levels for multiplier ¢ which are 0.5, 1
and 2, and simulate the model with classification and the model with no classification

using these distributions. For the analysis we simulate 12 experiments given in Table

6.14 for the cost scenario-1, (Table 6.1).

Table 6.14. Simulated experiments

Ex | A| ~ r k1 ko ks 21 | 22 |z | f|w
1 |11]09 08| 08 0.1 01 [09]|06]03]2]2
2 109 08| 0.1 0.8 01 [09]06|03]2]2
3 /1(09 |08 0.1 0.1 08 [09]06|03]|2]2
4 |1(109 |08]| 05 0.3 02 [09]|06|03]2]2
5 109 | 08| 02 0.3 05 [09]06|03]|2]2
6 |1[1095]08]0333)|0.333]0333[09]|06|03]|2]2
7 11109508 0.8 0.1 01 [09]|07]05]2]2
8 |1]09 |08 0.1 0.8 01 [09]07]05]2]2
9 |1]09 |08 0.1 0.1 08 [09]07]05]2]2
10 | 1109 08| 05 0.3 02 [09]07|05]2]2
11 | 1109 08| 02 0.3 05 [09]07|05]2]2
12 |1 1095|081 0333|0333 ]0333]09]|07|05|2]2
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The simulation results indicate that when ¢=0.5, the T'C' values decrease accord-

ing to exponential models, when c=1, the T'C' values of exponential cases and lognormal

cases get closer and when c=2, the T'C' values obtained by lognormal cases exceed the

exponential cases, (Figure 6.6).
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Figure 6.6. per cent differences between exponential and lognormal cases

We simulate the model with no classification for lognormal distributions and

analyzed the per cent cost savings from model with classification case. Our analysis

indicate that when the variance of the distribution is lower ( ¢=0.5) then the impact of

classifying decreases, when c¢=1 the impact of the classifying approximately the same

as the exponential case and when the variance of the distribution is higher (¢=2), the

impact of classifying increases, (Figure 6.7).

In conclusion we can state that using general distributions for the remanufacturing

processing times effects the impact of classifying returned products according to quality

levels.

classifying also increases.

If the variance of the used distribution increases then the cost savings by
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Figure 6.7. per cent cost savings for general distributions
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7. CONCLUSION AND FURTHER RESEARCH

Remanufacturing companies face several complicating factors such as uncertain-
ties in the quality, quantity and timing of product return flows. These uncertainties in
return flows lead to stochastic routings and production lead times. There are also un-
certainties in the remanufacturing processing times and the recovery rate of the process
due to different quality levels of return flows. Because of these uncertainties it is hard
to balance returns with demands in a hybrid system. Typically remanufacturing op-
erations have shorter processing times and consume less energy and natural resources.
However, product return rate is always less than or equal to the demand rate which
leads companies to manufacture new products besides remanufactured ones in order to

satisfy the total demand.

In this study, we modeled and analyzed a hybrid system including both reman-
ufacturing and manufacturing operations allowing different quality levels for return
flows. In the first phase we searched for the inventory control policy that balances the
system and minimizes the cost function. Here we constructed a single stage inventory
control model in order to achieve an upper bound for our objective function where we
analyzed the system using Jackson networks. This model was a base model for our
studies which gave us the maximum throughput of the system. By the help of this an-
alytical model we performed a numerical analysis for the effects of system parameters
on the cost function. We observed that the most important factor affecting the cost
function is the probability of return arrivals (k;) which showed us the importance of
classifying returned products. Experimental analysis indicated that the total expected
cost per unit (T'C') decreases as the return rate increases. The increase of expected pro-
cessing time of the manufacturing operation relative to the expected processing time
for the remanufacturing process (f) causes an increase on T'C'. Also as the relative
difference of remanufacturing processing times (w) increases T'C' decreases in most of
the cases. However in the cases where the proportion of bad quality arrivals are greater
than others some capacity problems arise for manufacturing and remanufacturing pro-

cesses. Our suggestion to the system managers is to increase related capacities in these
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cases or to use capacitated queues to decrease queue lengths.

At the second stage of our analysis we constructed two different multi stage
inventory control simulation models which use blocking mechanisms in order to balance
the system throughput with demand arrivals. In the first model with blocking we used
this blocking mechanism at every stage of the system. This model provided us on the
average a 37.705 per cent decrease in the T'C' for the selected experiments compared
with the T'C' values found in the single stage inventory control model. In this model we
observed that the system tends to block manufacturing operation in all experiments
instead of remanufacturing. Then we constructed the second model which also uses
blocking mechanisms. In this model we used blocking only for the manufacturing
operation. When we analyzed the proposed best T'C' values of this model, we noticed
that there is on the average 38.042 per cent decrease in the T'C' among the chosen
experiments compared with the T'C' values found in single stage inventory control
model. The multi stage inventory control model with blocking manufacturing operation
provided the minimum 7'C' values on the average among the other models. Therefore

we used this model for the sensitivity analysis in this thesis.

At the construction of models we used exponential distribution for processing
times of operations. However, in order to reflect a more realistic hybrid system envi-
ronment we simulated these three models with using lognormal distributions for the
remanufacturing processing times. This way we had the chance of observing the im-
pact of the variance of the distribution on the T'C'. Our analysis denoted that with
smaller variances T'C' values decrease according to exponential models and when the
variance of the distribution increases T'C' values obtained by lognormal cases also in-
crease. The reason of this effect is increasing queue lenghts of the buffers before the
remanufacturing operation by increase of the variance of the distributions for remanu-
facturing processing times. The decrease of queue lengths decreases the holding costs
and thus decreases the total expected cost per unit (7'C') and the increase of queue
lengths increases the holding costs related with these queues and thus increases the

TC.
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In the second phase of this thesis we investigated the impact of quality uncetain-
ties of the returned products on the hybrid system. For this purpose we constructed
a benchmark model which assumes no classification of returned products, in order to
study the impact of classification. We observed the % cost improvements by classifying
returned products compared to the not classifying case. Our analysis with different cost
scenarios denoted that quality based classifying of returned products brings significant

cost savings in the cases when;

the return rate of returned products is high,

the arrival rate of different quality returned products is closer to each other,

the difference between material recovery rates of returned products is high,

there is difference between remanufacturing processing costs, operational disposal

costs and overflow disposal costs of different quality returned products.

By classification of returned products, system can select the product type to
produce more and the product type to dispose by using blocking limits and disposal
capacities. Certainly in order to minimize the cost function, the system tends to pro-
duce the products which have minimum producing costs, while disposing the products
which have minimum disposal costs. Classifying returned products gives the oppor-
tunity to the hybrid system to produce more of the good quality returned products
and to dispose especially bad quality returned products which minimizes the 7'C'. Our
numerical analysis indicated that by classifying managers can achieve greater than 8

per cent cost improvements at the higher return rates.

Finally we simulated models with clasification and with no classification by us-
ing lognormal distributed remanufacturing processing times under different variances,
where we observed that using general distributions for the remanufacturing processing
times effects the impact of classifying returned products according to quality levels. If
the variance of the used distribution increases then the cost savings by classifying also

mcreases.

In this thesis we constructed an analitical model for single stage inventory control
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case and used simulation for other cases. This study can be extended by analyzing
multi stage inventory control models using queueing networks. In addition we classified
returned products into three quality levels and observed significant cost savings due
to this classification. Classifying returned products into more quality levels can bring

extra cost savings since the more we classify the more we decrease the system variance.
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APPENDIX A: BEST VALUES FOR THE CONTROL
VARIABLES

This appendix includes the tables (Table A.1 and Table A.2) representing the
provided control variables for Model-2 and Model-3 by OptQuest for the best T'C’
values.

Table A.1. Best values for the control variables of Model-2

Ex. | K1 | K2 | K3 | K4 | K5 | K6 | K7 | K8 | K | B
1 20 23 10 12 1 15 8 14 4 5
2 29 25 10 28 1 22 7 27 5 6
3 2 11 12 5 1 11 1 18 1 9
4 30 4 30 11 1 30 30 1 5 3
5 3 7 6 2 1 6 1 8 4 6
6 26 11 4 12 1 6 25 17 3 4
7 30 15 30 14 1 30 27 1 6 1
8 23 6 24 4 1 20 25 5 5 3
9 15 6 22 8 1 15 23 9 5 4
10 30 4 20 15 1 21 23 13 9 6
11 23 12 25 13 1 24 21 6 4 3
12 1 14 30 4 1 30 30 30 6 1
13 30 10 28 7 1 29 29 6 7 2
14 26 4 30 6 1 30 30 12 6 1
15 18 13 13 8 1 10 15 10 9 2
16 17 8 13 6 1 16 10 6 4 3
17 10 30 30 30 1 1 26 22 3 9
18 1 30 1 12 1 30 30 1 2 9
19 13 9 7 7 1 11 7 16 3 6
20 11 12 8 12 1 9 1 1 4 7
21 3 6 6 6 1 6 6 6 3 6
22 9 5 14 1 4 1 16 4 4
23 14 6 21 4 1 16 15 10 3 5
24 7 1 30 24 1 29 29 5 3 4
25 14 3 3 4 1 7 30 22 7 3
26 19 17 27 17 1 1 30 26 4 7
27 30 12 30 26 1 30 18 26 4 4
28 14 14 7 9 1 8 17 8 9 4
29 29 17 29 11 1 21 24 10 4 4
30 12 4 6 11 1 11 15 6 6 5
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Best values for the control variables of Model-3

Table A.2.
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