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Evaluating End-of-Life Recovery
Profit by a Simultaneous
Consideration of Product Design
and Recovery Network Design
Product recovery has become a field of rapidly growing interest for product manufactur-
ers as a promising solution for product stewardship as well as for economic viability.
Because product recovery is highly dependent on the way a product is designed, it should
be considered in the design stage so that the product is designed to have high recovery
potential. To make a product easy to recover, manufacturers first need to understand the
links between product design and recovery profit and be able to evaluate which design is
better than others and why. This study proposes a framework for analyzing how design
differences affect product recovery and what architectural characteristics are desirable
from the end-of-life perspective. For better design evaluation, an optimization-based
model is developed, which considers product design and recovery network design simul-
taneously. For illustration, a comparative study with cell phone examples is presented.
Three cell phone handset designs that share the same design concept but have different
architectural characteristics are created, and the recovery potential of each design vari-
ant is evaluated under three different recovery scenarios. The results show that the
framework can highlight preferred design alternatives and their design implications for
the economic viability of end-of-life recovery. �DOI: 10.1115/1.4001411�
Introduction
As environmental regulations urge stronger stewardship for

roduct retirement, recovering used products has become a field
f rapidly growing interest for product manufacturers. Recovery
ptions, including reuse, repair, refurbishment, and recycling, en-
ble companies to comply with legislation while also gaining
ome economic advantage. At comparatively little cost, compa-
ies can utilize many of the resources remaining in used products.
s a result, more companies have been choosing product recovery

nstead of disposal as their primary retirement strategy. Accord-
ngly, engineering methods for maximizing recovery profit have
ome into increasing demand from industry �1,2�.

Product design is the most important factor in maximizing re-
overy profit �3–6�. As depicted in Fig. 1, product recovery is the
rocess of collecting used products from their former users, send-
ng recoverable units to recovery plants, reprocessing collected
nits to render them remarketable, and distributing recovered
roducts, components, or materials to customers �7�. This recov-
ry process is highly dependent on the way a product is designed.
roduct design features, including function, material, and struc-

ure, greatly affect what kinds of recovered items can be pro-
uced, what recovery operations are necessary to produce them,
nd how profitable the recovered units can be. Therefore, product
ecovery should be considered at the design stage in order to
acilitate efficient and effective recovery at the end of the prod-
ct’s life.

This paper presents a study conducted to develop a design-for-
ecovery method. Improving the recovery potential of product de-
ign is achievable only by understanding the links between prod-
ct design and recovery profit. However, the connection between
roduct design �i.e., prelife� and the recovery process �i.e., end-
f-life� has not been clear, hindering the movement toward
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design-for-recovery. Thus, this study suggests a framework that
can analyze how design differences, particularly, architectural dif-
ferences, affect product recovery and what design properties are
desirable from the end-of-life perspective.

This paper consists of two parts. In the first part, a generic
mathematical model is proposed for evaluating design alterna-
tives. As input to the model, each design alternative is first repre-
sented in the form of a transition matrix before being evaluated in
terms of the maximum recovery profit that corresponds to an op-
timal recovery plan.

In the second part, a comparative study based on the proposed
model is conducted following the framework in Fig. 2. A cellular
phone serves as the subject of the study, and three handset designs
with the same concept but different architectural characteristics
are created based on actual designs of cell phones in the market.
We apply the evaluation model to each of three handset designs
using a scenario that reflects the features of returned product,
market parameters �e.g., demand�, recovery network features �e.g.,
facility capacity and capability�, and so on. Based on the evalua-
tion results for the maximum expected recovery profit, the best
design under a particular scenario is determined and the impact of
design differences on recovery plans and recovery profit is ana-
lyzed.

The suggested framework and evaluation model can help manu-
facturing companies enhance their design competence. They en-
ables a company to evaluate which design is better than others and
why. Ultimately, they can support manufacturers to make an op-
timal product with maximum recovery potential in terms of cost,
time, and materials recovered. Although being developed for
product manufacturers, the framework and evaluation model can
assist other recovery companies as well that work independently
from manufacturers but use their products for recovery. For ex-
ample, the framework can help independent remanufacturers to
evaluate original manufacturers’ products so as to analyze which
model or brand is more profitable to recover and find what the

optimal reprocessing strategy is for a product.
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The rest of this paper is organized as follows. Section 2 briefly
xplains the evaluation of recovery profit, which is the area of
ajor difference between the proposed approach and previous
ork, and gives an overview of a product recovery logistics net-
ork. Section 3 follows with the transition matrix, a key design

nabler. A mathematical model, a method of evaluating design
lternatives, is presented in Section 4. Section 5 presents the com-
arative study, where the individual designs, multiple design and
ecovery scenarios, and the analysis results are described in detail,
nd the conclusion follows.

Recovery Profit Evaluation: Linking Product Design
o Recovery Profit

In the area of design-for-disassembly �5,8–20�, a number of
ethods have been developed to evaluate product design alterna-

ives at the design stage based on their ease of disassembly and/or
ecovery. Similar to the current study, many of these studies se-
ected recovery profit as the evaluation criterion and demonstrated

way to obtain profit value by finding an optimal recovery plan
5,17–20�. However, the existing literature has limitations in that
t has overlooked the impact of recovery network design on re-
overy profit, since the recovery profit of a product is affected, not
nly by product design but also by the design of the recovery
ogistics network.

Recovery network design determines the feasibility of recovery
perations as well as the profitability of possible recovery plans.
etwork features—what facilities are involved in the network,
hat sorts of recovery operations are performed and how well,
hich facility is assigned to do a particular job, what customers

re included as end nodes of the network, and so on—affect re-
overy cost and/or recovery revenue. Thus, even if product de-
igns are identical, recovery profits can differ depending on the
ecovery network design. Therefore, when decision makers evalu-

Fig. 1 General rec
Fig. 2 Framework of propo
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ate the recovery profit of design alternatives, they should consider
product design in conjunction with the design of the recovery
network.

Earlier evaluation methods have dealt with product design and
recovery network design separately by assigning logistics costs
before finding the optimal recovery plan. They have regarded the
network design as a parameter in optimizing the recovery plan. If
there is a predefined fixed network design, this approach might be
reasonable; however, it is more realistic that the logistics network
applied and the corresponding cost differ based on changes in the
recovery plan. Neglecting network features causes another prob-
lem in that these approaches consider only a single product,
whereas, in reality, even the same products can be recovered dif-
ferently in terms of both recovery procedures and final recovered
outputs, based on facility capacity or market demand.

The proposed approach is distinguished from previous works
by its evaluation model. In this approach, a generic method for
optimizing a recovery network design was developed for the pur-
pose of design evaluation. The model reflects the impact of prod-
uct design during network optimization by using a transition ma-
trix. Specifically, it regards network design as a set of decision
variables that should be optimized simultaneously with the recov-
ery plan. As a result, it identifies both the optimal network design
and the optimal recovery plan for large numbers of products; thus,
we can expect more realistic and reasonable evaluations of recov-
ery profit from the proposed framework.

Figure 1 depicts a general recovery logistics network that the
proposed model aims to optimize. Product recovery usually in-
volves five types of facilities in its logistics network: collection
centers, disposal sites, warehouses, recovery plants, and demand
sites. Collection centers are central points where used products are
collected from customers. After tests to assess the product’s qual-
ity status, unrecoverable units are sent to disposal sites for landfill

ery structure †1,7‡
sed comparative study
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r incineration, and recoverable products are transferred to recov-
ry plants for reprocessing or to demand sites when a recoverable
nit has sufficient resale value and additional reprocessing opera-
ions are not necessary. Some returned products may also be
tored at a warehouse for later recovery, in which case the recov-
ry decision is suspended.

The reprocessing options considered in this research include
euse, refurbishment, and recycling �1,7�.

• Reuse: An item is used for its original purpose without re-
pair.

• Refurbishment: An item maintains its identity and structure
and is repaired or remanufactured as a like-new product.
Disassembly, overhaul, replacement, and reassembly are
parts of refurbishing a product.

• Recycling: An item is disassembled, shredded, and/or sepa-
rated to recover raw materials. Incineration of parts that are
not reusable produces heat and electricity.

Component recovery is another option that can be more worth-
hile than product recovery, especially when parts or modules

ccount for most of the residual value. In such cases, disassembly
s first performed to turn a product into a set of “child” subassem-
lies. Individual child subassemblies then start their recovery as
ndependent units, each with its own reprocessing option.

According to chosen reprocessing options, recovery plants con-
uct a sequence of operations for returned products to transform
hem into marketable units. A reprocessing operation is regarded
s a state change of a unit since, via reprocessing operations, a
ecoverable product transitions to a set of serviceable units with a
ew state in terms of quality and/or form. A product can be re-
overed not only in the form of a product but also of a module, a
omponent, or a material. Multiple operations may be required to
ransform a unit into a desirable form, and different recovery
lants can be required to accommodate necessary operations. Af-
er all reprocessing is complete, recovered units are sold to de-

and sites, such as manufacturing plants and used-product mar-
ets. When a company does not carry out any recycling on its own
ccount, the company can regard recyclers as demand sites as
ell.

Transition Matrix for Modeling

3.1 Recovery Modeling Using Transition Matrix. A transi-
ion matrix is one that represents every possible recovery scenario

product design derives. Specifically, a transition matrix enables
athematical modeling of the relationship between product de-

ign and recovery processes. In previous research �5,20�, a transi-
ion matrix has been used to model product disassembly. In this
esearch, a transition matrix is modified so that its transitions can
odel various reprocessing operations including disassembly, part

eplacement, and reassembly.
Table 1 shows an example of a transition matrix. The rows of

he matrix are related to product design. Every possible state a
eturned product can take on the recovery network is defined as a
tate, s. The entire set of feasible states constitutes the rows. The

able 1 Example transition matrix for recovery modeling „the
ot represents zero value…

Operation 1 Operation 2 Operation 3 … Operation p

tate 1 �1 �1 1 . .
tate 2 1 . . . .
tate 3 . 1 �1 . .

. . . . .
tate s . 1 �1 . 1
ype �1 to 1� �1 to N� �N to 1� … �0 to 1�
olumns show feasible transitions, namely, recovery operations, p.
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An operation p is regarded as a state change and the integer values
in the relative column are used to indicate such state changes; the
values in a column describe the input and output of the corre-
sponding operation. If a cell �s , p� has a value of �1, a unit
having state s is processed according to operation p. Alternatively,
if a cell �s , p� has a value of 1, a unit having state s is generated
according to operation p. If a cell �s , p� has a value of 0, repre-
sented as a dot in the table, that state has nothing to do with the
operation p. In short, the transition matrix shows which operation
is needed to transform a parent unit in a certain state into a certain
set of child units in other states. This implies that different designs
result in different transition matrices as the feasibility of a transi-
tion and every possible state that can result from transitions are
affected by product design.

As shown in Table 1, four types of transitions are useful in
modeling different recovery operations: �1 to 1�, �1 to N�, �N to 1�,
and �0 to 1�. Transition �1 to 1� links an input unit with another
single output unit. For example, a unit in state 1 is transformed
into a unit in state 2 by means of operation 1; a repair operation
that changes a failed unit into a functioning unit might be repre-
sented in this way. Transition �1 to N� links an input unit with
multiple output units having different states. For instance, opera-
tion 2 changes a unit in state 1 into two units in states 3 and s; a
disassembly operation can be represented in this manner. Transi-
tion �N to 1� is for an operation changing multiple units into a
single item. Operation 3 belongs to this category. It converts two
units in states 3 and s into a unit in state 1; a reassembly operation
that occurs in remanufacturing can be represented as such. Finally,
transition �0 to 1� represents the additional entrance of an input
unit. For example, operation p adds a unit in state s with no
changes in other units; supplying spare parts can be represented in
this way.

By using these transitions, every possible recovery scenario of a
returned product can be represented in a matrix form. Figure 3 and
Table 2 illustrate this. A product XYZ with a defect in part X is
assumed as the recovery target. In this case, the company can

Fig. 3 Recovery operations for product XYZ

Table 2 Transition matrix for product XYZ

1 2 3 4 5 6 7 8 9 10

Disassembly Spare Reassembly Refurbishment

X�YZ �1 �1 . . . . . . . �1
XYZ . . . . . . . 1 1 1
X�Y 1 . �1 . . . . . . .
XY . . . . . 1 . �1 . .
X�Z . 1 . �1 . . . . . .
XZ . . . . . . 1 . �1 .
X� . . 1 1 . . . . . .
X . . . . 1 �1 �1 . . .
Y . 1 1 . . �1 . . �1 .
Z 1 . . 1 . . �1 �1 . .
JULY 2010, Vol. 132 / 071001-3
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hoose a plan from several recovery options for the product: They
an reuse the product �reuse�; they can refurbish the product by
eplacing the defective part, X, in order to sell the renewed prod-
ct XYZ �refurbishment�; or, they can disassemble the product
ith the intent to reuse or resell the resulting modules and/or

omponents �component recovery�. As for material recycling, it is
ssumed that the company does not perform recycling jobs but
ells the product or disassembled components to third-party recy-
lers. Accordingly, there are ten possible states �asterisks are used
o indicate the defective part� and nine feasible recovery opera-
ions, operations 1–9. In Fig. 3, recovery operations are repre-
ented by a solid line while movement without state change is
epresented by a dotted line. Depending on which operation is
erformed, an input product XYZ can be led to a different output.

Additionally, defining a transition and modeling the recovery is
matter of abstraction. In this example, refurbishment of XYZ can
e represented by a combination of disassembly, replacement
spare�, and reassembly operations. However, it is also possible to
epresent the same process by means of a single transition, opera-
ion 10.

3.2 Linking the Transition Matrix With Network Design.
he capacity and capability of recovery plants are defined for each

acility and for each transition. Each recovery plant has different
apabilities as well as capacities for recovery operations. The ca-
acity ujp for plant j operation p indicates the maximum amount
hat a facility can handle at one time. In contrast, capability indi-
ates whether a facility has the ability to do the operation, and if
o, how well. Capability of plant j is reflected through the unit
peration cost, cjp. High capability is reflected through a low op-
ration cost, and vice versa. If a facility cannot perform an opera-
ion, then capacity is set to zero; concurrently, the cost for that
peration is set to +�.

The connection between the transition matrix and the facilities’
apacity and capability information is represented by Eqs. �1�–�3�,
here zjp is a decision variable indicating the number of times
peration p is executed at recovery plant j. Equation �1� shows the
apacity constraints and Eq. �2� shows the total operation cost of
network. Equation �3� pertains to the balance between inflow

nd outflow at a recovery plant j in terms of the volume of units.
js and Ojs represent the total volume of input and output units,

espectively, in state s at plant j. A recovery operation changes an
nput’s state into another state. The transition matrix entry Tsp
ndicates the input and output of operation p. When operation p
ses a unit with state s as its input, Tsp has a value of �1; when
peration p produces a unit with state s, Tsp has a value of 1;
therwise, Tsp is 0. Therefore, if plant j conducts a particular
peration p zjp times, the initial input amount Ejs is changed by
jp ·Tsp. Accordingly, the total changes due to recovery operations
esult in the summation of zjp ·Tsp with respect to all p. Ojs should
e equal to the remaining units reflecting the total changes. The
etails of the symbols used are described in the Nomenclature.

zjp � ujp, ∀ j � J, ∀ p � P �1�

Coperation = �
j=1

Nf

�
p=1

No

cjp · zjp �2�

Ejs + �
p=1

No

zjp · Tsp = Ojs, ∀ j � J, ∀ s � S �3�

Mathematical Model

4.1 Problem Statement. The recovery profit of a design is
btained by a mathematical model. The model is summarized as
he following optimization problem
�1� Given

71001-4 / Vol. 132, JULY 2010
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• Transition matrix and the amount and quality of returned
products.

• Location and distance of the potential recovery facilities.
• Cost of facility opening, recovery operations, and trans-

portation; revenue from recovered items.

�2� Find

• Facilities to be opened or used and the volume of items
flowing from one facility to another.

• Recovery operations performed by each facility and their
frequency.

�3� Subject to

• Flow balance feasibility: An item must be sent only to an
available facility that is open or in use; also, a facility
should maintain its flow balance between input and out-
put units.

• Facility capacity: Relative to a recovery operation, a
plant has its own capacity and can deal with the input
amount less than its capacity. A plant has zero capacity
for unavailable operations.

• Unit state change feasibility: A recovery operation con-
verts a single item into other unit�s�. This state change
should be feasible.

• Avoiding excess fulfillment: The supply of a recovered
unit cannot exceed the demand for the unit.

�4� Maximizing

• Recovery profit expected from an amount of product
with a given design.

�5� Supposition

• Deterministic parameter values; no penalty cost for not
satisfying customer demand

4.2 Objective Function. The objective of this model is to
maximize the profit from product recovery. Conversely, it is to
minimize the total recovery cost after deduction in the total rev-
enue. In this model, the total recovery cost is the sum of eight cost
components �detailed descriptions are given below�: cost for site
opening �C1�, cost for disposal �C2�, cost for storage �C3�, cost for
transportation �C4 ,C5 ,C6�, cost for recovery operation �C7�, and
penalty cost �C8� for unprocessed or discarded products. The ob-
jective function is modeled as shown in Eq. �4�.

min f:�
n=1

8

Cn − R �4�

4.2.1 Site Opening. A returned product reaching the collection
point i is sent to another place in order for further recovery pro-
cesses. There are three different types of site where the used prod-
uct can be transported to: recovery plant, disposal site, and ware-
house. What should be considered here is that a product can be
transferred only to an available place. Perhaps, a site is con-
structed by the company. Or, a site can be used by the company
under some contracts with the site owner. In such cases, the com-
pany should pay some fixed costs. Equation �5� represents this
fixed cost, where Y is a binary variable indicating whether a site
opens or not.

C1 = cj
fY j

f + cl
g1Yl

g + cr
w1Yr

w �5�

4.2.2 Disposal From Collection Sites. A returned product can
be thrown away at a disposal sites after it is tested/inspected at a
collection site. The disposal cost consists of transportation cost

and processing cost. The former is for moving a product from
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ollection point to disposal site, and the latter is for doing actual
obs for disposal, such as landfill or incineration. Equation �6�
epresents disposal cost.

C2 = �
i=1

Nc

�
l=1

Ng

�
s=1

Nq

�cil
g2 + cil

g3�Xils
g �6�

4.2.3 Storage. Instead of throwing a product into the recovery
etwork, the company can suspend the decision and store the
roduct for a while for some reasons. In this case, the company
hould pay the storage cost in Eq. �7� composed of transportation
ost and warehousing cost.

C3 = �
i=1

Nc

�
r=1

Nw

�
s=1

Nq

�cir
w2 + cir

w3�Xirs
w �7�

4.2.4 Transportation. In the recovery network, products or
isassembled units are transported between sites. Three types of
ransportation can exist: transportation from collection point i to
ecovery plant j and demand site k �C4�, transportation between
ecovery plants �C5�, and transportation from plant j to demand
ite k �C6�.

C4 = �
i=1

Nc

�
j=1

Nf

�
s=1

Nq

cijs
� · Xijs

� + �
i=1

Nc

�
k=1

Nd

�
s=1

Nq

ciks
� · Xiks

� �8�

C5 = �
jm=1

Nf

�
jn=1

Nf

�
s=1

Nq

cjmjns
� · Xjmjns

� , jm � jn �9�

C6 = �
j=1

Nf

�
k=1

Nd

�
s=1

Nq

cjks
� · Xjks

� �10�

4.2.5 Recovery Operations. Each facility performs various re-
overy operations, such as reuse, repair, recycling, remanufactur-
ng, disassembly, and others. Every operation for an input causes
nit operation cost, and this cost has different value depending on
he facility’s capability. Equation �11� represents operation cost.

C7 = �
j=1

Nf

�
p=1

No

cjp
o · Zjp �11�

4.2.6 Penalty for Unprocessed /Discarded Unit at Recovery
lants. In a recovery plant, some units can be discarded without

urther processing. Penalty cost for such units is calculated by Eq.
12�.

C8 = �
j=1

Nf

�
s=1

Nq

cjs
h · Xjs

h �12�

4.2.7 Revenue. Besides cost, a recovery network brings about
evenue by satisfying customer demand. For example, selling re-
anufactured products or recovered material returns income for

he seller. Equation �13� describes the total revenue of a recovery
etwork.

R = �
k=1

Nd ��
i=1

Nc

Xiks
� + �

j=1

Nf

Xjks
� � · rks

d �13�

4.3 Constraints

4.3.1 Flow Balance at Collection Point. From a collection
oint, a returned product with state s should move to one of the
ollowing places: recovery plants, disposal sites, and warehouses.
onstraint �14� represents this; here, Eis indicates the total volume

f returned product with state s at collection point i.
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Eis = �
j=1

Nf

Xijs
� + �

l=1

Ng

Xils
g + �

r=1

Nw

Xirs
w + �

k=1

Nd

Xiks
� , ∀ i � I, ∀ s � S

�14�

4.3.2 Facility Feasibility. A returned product can be treated
only by available facilities. Recovery operations can be performed
only by open plants. Constraints �15�–�17� constrain this feasibil-
ity condition in terms of disposal sites, warehouses, and recovery
plants, respectively; here, � is an extremely large number.

�
i=1

Nc

�
s=1

Nq

Xils
g � � · Yl

g, ∀ l � L �15�

�
i=1

Nc

�
s=1

Nq

Xirs
w � � · Yr

w, ∀ r � R �16�

�
i=1

Nc

�
s=1

Nq

Xijs
� + �

jm=1

Nf

�
s=1

Nq

Xjmjs
� + �

jn=1

Nf

�
s=1

Nq

Xjjns
� + �

k=1

Nd

�
s=1

Nq

Xjks
�

+ �
s=1

Nq

Xjs
h � � · Y j

f, jm � j, j � jn, ∀ j � J �17�

4.3.3 Input Flow Balance at Recovery Plants. Every input unit
of a recovery plant is either from collection points or other recov-
ery plants. Thus, Ejs, the total volume of input unit in state s at a
facility j, is the sum of input flows from collection points and
input flow from recovery plants.

Ejs = �
i=1

Nc

Xijs
� + �

jm=1

Nf

Xjmjs
� jm � j, ∀ j � J, ∀ s � S

�18�

4.3.4 Unit State Change Feasibility at Recovery Plants. A re-
covery operation changes an input’s state into another state. As
explained in Eq. �3�, the left-hand side represents the total number
of units with state s that remain at plant j after all recovery op-
erations. This number should be non-negative according to con-
straint �19�. For example, when operation p uses a unit with state
s as its input �Tsp=−1�, the number of operations for the unit in
state s cannot exceed the number of inputs with s.

Ejs + �
p=1

No

Zjp · Tsp 	 0, ∀ j � J, ∀ s � S �19�

4.3.5 Capacity of Recovery Plants. There is a set of operations
a facility can do, and the facility can perform only the activities in
the set. As for an activity, a facility has the upper bound of input
amount, that is, capacity. The facility can deal with only the
amount of inputs less than capacity. Capacity for unavailable op-
eration is set as 0.

Zjp � ujp
f , ∀ j � J, ∀ p � P �20�

4.3.6 Output Flow Feasibility at Recovery Plants. The output
in state s at the recovery plant j is equal to the remaining units,
changing from the initial input amount due to recovery operation.
The output, Ojs, increases if the plant j performs any recovery
operation generating unit with state s. In contrast, it decreases if
the plant operates recovery operation transforming unit’s state into
other states.

Ojs = Ejs + �
No

Zjp · Tsp, ∀ j � J, ∀ s � S �21�

p=1
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4.3.7 Output Flow Balance at Recovery Plants. An output unit
n state s should move to either one of other recovery plants or
emand sites. Or, a plant could stop to recover the unit even
ccepting some penalty cost for giving up the recovery. Equation
22� represents this output balance constraints.

Ojs = �
jn=1

Nf

Xjjns
� + �

k=1

Nd

Xjks
� + Xjs

h , jn � j, ∀ j � J, ∀ s � S

�22�

4.3.8 Demand Satisfaction and Avoidance of Excess
ulfillment. Each of demand sites requires an amount of unit in
tate s, and this demand can be satisfied by the input from collec-
ion points and recovery plants. This supply of recovered units at
he demand site k is controlled not to exceed the corresponding
emand, vks

d , by constraint �23�.

�
i=1

Nc

Xiks
� + �

j=1

Nf

Xjks
� � vks

d , ∀ k � K, ∀ s � S �23�

4.3.9 Variable Condition. Y is a binary variable indicating
hether a site opens or not. X represents the volume of items
oving on the network; thus, every X should have nonnegative

nteger value. Also, Zjp indicating the number of operation should
e a non-negative integer. Constraints �24� and �25� restrain these
ariable conditions.

Y j
f,Yl

g,Yr
w = 0 or 1 �binary� �24�

Xils
g ,Xirs

w ,Xijs
� ,Xiks

� ,Xjks
� ,Xjmjns

� ,Xjs
h ,Zjp = non-negative integer

�25�

Comparative Study
To illustrate how to apply the proposed framework and how it

enefits product design and recovery decision making, this section
resents a comparative study with cellular phone design alterna-
ives.

5.1 Overview of Cellular Phone Recovery. As the number
f discarded cellular phones �cell phones� per year rapidly in-
reases, recovering cell phones has become a great concern world-
ide. Because cell phones are small, both the environmental im-
act and the economic value of an obsolete unit are also perceived
o be small. However, when large numbers of discarded products
re considered, the impact and value of those phones become
ignificant. Short market cycles and high product variety are also
haracteristic of cell phones, making their need for recovery
nevitable.

Following is the design-recovery scenario considered in the
omparative study. Suppose that there is a cell phone manufac-
urer �the decision maker� who has interests in recovery business.
urrently, the company conducts take-back of used cell phones
ut does not perform any recovery activities in-house. Instead, the
ompany sends collected phones to a recycling partner for recov-
ry. However, if the company can carry out recovery as an in-
ouse business, it will be possible to reuse or refurbish used
hones �i.e., fixing defects� and resell them as refurbished phones.
ecycling partners will also be available if recycling is more prof-

table than reuse or refurbishment. Now, the manufacturer is de-
eloping a new cell phone model, for which there are currently
hree design alternatives to be considered. If the company decides
o start recovery business, this model will be the first one recov-
red by the company. In order to make a decision, the manufac-
urer needs to know whether undertaking in-house recovery would
e profitable or not. Especially, the manufacturer seeks the an-
wers to following questions: Can cell phone recovery make a

rofit that surpasses its anticipated negative side effects? Does cell

71001-6 / Vol. 132, JULY 2010
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phone design affect recovery profit? If so, among the three design
alternatives, which one would be the best from the end-of-life
perspective? Given this situation, this comparative study aims to
demonstrate following two points. First, the proposed framework
can help the manufacturer to find the answers to those questions.
Second, the framework can support the manufacturer to consider
not only product design but also recovery network design, which
leads to better evaluation of recovery profit.

The general recovery process for used cell phones starts with
segregating handsets from their accessories, including battery,
charger, and hands-free devices. It is the handset recovery that
carries considerable portion relative to the entire profit from cell
phone recovery. Thus, this research accounts only for the handset
design in their differences and the effect on the profit. We also
assume that the company can discern the condition of a handset
accurately without any disassembly operations. During the test at
a collection center, every part passes through function tests, and
the handset is given a state s based on the test result. In this paper,
a component’s condition is a binary parameter: functioning and
nonfunctioning. Finally, the cell phone designs and parameter val-
ues used here—such as plant location and capacity, operation
costs, and resale revenues—are simulated and controlled. Every
data have been created to approximate reality. Three individual
handset designs and market parameter values are established
based on previous literature �21,22� as well as market research
�23�.

5.2 Three Handset Designs. To analyze whether architec-
tural differences can make one handset design more profitable
than others, three design variants �Handset �, �, and �� were
created based on actual cell phones on the market. The handsets
were designed to have identical functions and the same clamshell-
type appearance, which makes it reasonable to assume same
amounts of returned units and same prices for recovered handsets
for all three handsets.

A clamshell �or folding� handset considered here is composed
of upper and lower blocks �Fig. 4�. The upper block comprises the
main and sub-LCD, UI board, camera, and earpiece, all contained
by cover A �outside upper cover� and cover B �inside upper
cover�. In the lower block the key mat, dome sheet, main PWB,
antenna, and microphone are positioned, contained by cover C
�inside upper cover� and cover D �outside lower cover�. Covers B
and C compose the main frame constructing the folding structure
of the handset and are fastened by a hinge module. The PWB flex
connects the UI board and main PWB through the folding frame.
Detailed component information used here is described in Table 3,
where “cost” represents the price for a new component that the
recovery company should pay for a new spare part, and “resale”
indicates the revenue from a used component in working condi-
tion in a cell phone market. The company can gain resale values
by selling the components resulting from handset disassembly.
Resale values are assumed to be half of new part cost.

The three handsets in this study share identical components,
except for the display-related parts. Table 3 gives detailed infor-
mation about the part composition of each handset. Each design is
differentiated from the others in terms of modular design in three
ways: �1� display parts, �2� folding structure, and �3� key mat.
Figure 4 represents the three handset designs and their architec-
tural characteristics.

5.2.1 Integrated Design of Display Parts. For the display, a
handset requires four components: a main liquid crystal display
�LCD�, a sub-LCD �or caller ID LCD�, a user-interface �UI�
Board, and a printed wiring board �PWB� flex connector. These
components can be integrated into a handset in three ways, as
shown in Fig. 4: They can be designed as four distinctive parts:
the main LCD and sub-LCD can be combined as a dual LCD
component, or all four can be integrated into a single LCD mod-

ule. The last method of integration tends to be lighter, since less
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aterial is used. In this work, Handsets �, �, and � follow differ-
nt ways and have four distinctive parts, a dual LCD, and a LCD
odule, respectively.

5.2.2 Disassemblability of the Folding Structure. Whether dis-
lay parts are integrated into a module affects the disassemblabil-
ty of the folding structure, when a handset contains an integrated
isplay part, i.e., a LCD module, the handset can be disassembled
nly from the lower cover. In order to dismantle the upper block,
he lower block must be disassembled. However, in other cases, a
andset can be disassembled from either the upper block or the
ower block, so there is no precedence between two blocks.

5.2.3 Detachability of Key Mat. There are two possible alter-
atives for designing the connection between the key mat and the
emaining lower block: The key mat can be easily detachable

Fig. 4 Three design variant

Table 3 Handset component information „th
handsets…

Part information

Part ID Part name
Cost
�$�

Re
�

A Cover A �upper cover� 4 2
B Camera 5 2
C UI board 5 2
C� UI board �with an opening� 5 2
D Main LCD 15 7
E Sub LCD 8 4
�DE� Dual LCD 23 11
�CDEI� LCD module 30 15
F Earpiece speaker 1 0
G Cover B �inner upper cover� 5 2
H Cover C �inner lower cover� 3 1
I PWB flex 2 1
J Hinge module 0.5 0
K Key mat 3 1
L Dome sheet 1 0
M Main PWB 20 10
N Antenna 2 1
O Microphone 1 0
P Cover D �lower cover� 5 2

Weight of handset �lb�
ournal of Mechanical Design

ded 21 Jun 2010 to 128.174.193.86. Redistribution subject to ASM
from the entire handset without any prerequisite disassembly or
the key mat is blocked by other parts in the lower block, thus
requiring another disassembly process in order to be detached. In
this study, Handset � has a key mat that can be disassembled at
any time, unlike other handsets.

To evaluate the three handset designs, we need to convert each
design into a transition matrix. Three transition matrices for Hand-
sets �, �, and � appear in the Appendix.

5.3 Design and Recovery Scenarios. There are several fac-
tors besides product design that influence recovery profit: the
number and quality of returned product, market parameters �e.g.,
demand size and potential resale revenue�, and recovery network
features �e.g., possible locations and expected capacity of recov-
ery facilities, operation cost, and transportation rate�. In order to

r a clamshell-type handset

’s indicate the parts included in each of the

Handset information

Weight
�lb� Handset � Handset � Handset �

0.01 O O O
0.01 O O O
0.02 O
0.01 O
0.02 O
0.02 O
0.04 O
0.05 O
0.0025 O O O
0.02 O O O
0.01 O O O
0.02 O O
0.02 O O O
0.005 O O O
0.005 O O O
0.08 O O O
0.005 O O O
0.0025 O O O
0.01 O O O

0.26 0.25 0.23
s fo
e O

sale
$�

.5

.5

.5

.5

.5

.5

.5

.5

.25

.5

.5

.5

.5
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valuate handsets �, �, and � impartially, we need to assume such
etwork conditions and parameters identical if they are indepen-
ent of design differences. For example, possible locations of fa-
ilities and basic transportation rate should be controlled to be
dentical for all three handsets because they are insensitive to the
resumed architectural differences. In contrast, if network condi-
ions and parameters are dependent on design differences so that
hey need to be differentiated, such values are assigned based on
n estimating equation and same basic data. For instance, trans-
ortation rate for a unit s is estimated by multiplying the basic
ransportation rate �$/lb per unit distance� by distance between
acilities and weight of unit s. A scenario in this paper defines a
et of values for the network conditions and parameters and pro-
oses circumstances under which the three subject designs can be
ompared fairly so as to reveal the meaningful design implications
n terms of product recovery.

Three scenarios used in this paper assume different quality �i.e.,
efect condition� of the returned handsets. Defect conditions de-
ide which part must be disassembled and replaced in refurbish-
ent. They also determine which part can be �or cannot be� sold

o the market for component recovery. Therefore, defect condi-
ions are important when evaluating different designs for parts and
isassembly structures. Specifically, an important design issue re-
ates to how different part designs and disassembly structures re-
ct to a specific defect condition �i.e., what designs are better than
thers under the defect condition� and how different defect con-
itions affect the result. Thus, three scenarios are defined to have
ifferent defect conditions and used to examine Handsets �, �,
nd � with different display parts and disassembly structures.

Scenario 1 assumes that every returned handset has a defect in
he main LCD and examines different designs for that part. Sce-
ario 2 assumes defects in the key mat and compares the handsets
ocusing on different disassembly structures. Finally, scenario 3

ig. 5 Logistics network assumption for handset recovery
numbers represent the distance between two facilities; 1 rep-
esents a unit distance…

Table 4 Evaluation res

Scenario �1� Defect in LCDs

No. of returned units=5000 Handset � Handset � Handset �

otal cost 178,138 218,081 253,857

1 Site opening 100,000 100,000 100,000

2 Disposal - - -

3 Storage - - -

4 Transportation from i 2,000 1,923 1,769

5 Transportation between js - - -

6 Transportation from j to k 538 558 538

7 Recovery operation 75,600 115,600 151,550
�Disassembly� �150� �150� �375�

�Part replacement� �75,000� �115,000� �150,000�
�Reassembly� �450� �450� �1175�

8 Penalty - - -
evenue 375,038 375,077 375,096
et profit 196,900 156,996 121,239
71001-8 / Vol. 132, JULY 2010
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assumes a defect in the microphone. Because the three handsets
have the same microphone and the design differences are not re-
lated to microphone disassembly, the defect has a negligible effect
on handset refurbishment. If the proposed model works well, the
evaluated recovery profits in scenario 3 for handsets �, �, and �
should be similar. While these scenarios do not provide an exhaus-
tive analysis, each highlights distinctively different design impli-
cations and can validate the proposed framework.

Except the defect condition, all three scenarios share the same
network conditions and parameters. As Fig. 5 depicts, the com-
pany has one main collection center and sells the recovered hand-
sets to a cell phone market �market 1� and to a recycling center
�market 2�. Both markets are assumed to have unlimited demand
for any working unit. For nonworking units, however, market 1
has no demand, while market 2 has unlimited demand. The rev-
enue from each market that the company can expect for selling a
used or refurbished item is shown in the Appendix.

There are two potential locations for recovery plants. Plant 1 is
located much closer to the markets, while plant 2 is located closer
to the collection center. Except for location, both plants have iden-
tical features and are assumed to have unlimited capacity. There is
also one disposal site and one warehouse available, and the capac-
ity of each facility is assumed to be unlimited. In summary, the
scenarios have values of i=1, j=2, k=2, l=1, and r=1.

The site-opening costs for plants 1 and 2, the disposal site, and
the warehouse are set as $100,000, $10,000, and $50,000, respec-
tively. Transportation costs are assigned based on the distance and
unit weight; for simplification, “unit distance” is defined as a mea-
sure of the relative distance between two facilities; $0.385/lb is
assigned for unit distance, which is represented as 1 in Fig. 5.
�Dotted lines in the figure distinguish the flow between recovery
plants.� Unit weights are also used to assign other costs: the dis-
posal and storage cost as well as the penalty cost at recovery
plants. All these unit cost data appear in the Appendix, along with
the unit operation cost of each recovery plant.

5.4 Analysis Results. Scenario 1. All returned products have
a defect in the LCD. Design Implication: A high-cost part has
different designs. Best design: Handset �.

Regardless of the handset type, suppose that all returned hand-
sets have problems with their main LCDs—broken LCDs, for
example—while other components are in working condition. In
this scenario, three handset designs are evaluated one by one un-
der the same condition. The number of returned items for each
handset is given as 5000, and every recovery plant has enough
capacity to accommodate the items. While market 2 has unlimited
demand for any type of item, market 1 has no demand for items
containing defective LCDs. Optimization was conducted using
EXCEL PREMIUM SOLVER PLATFORM �Version 9.5�. Table 4 shows

s with three scenarios

�2� Defect in key mats �3� Defect in MICs

ndset � Handset � Handset � Handset � Handset � Handset �

8,310 117,423 118,021 108,365 108,269 108,076
0,000 100,000 100,000 100,000 100,000 100,000
- - - - - -
- - - - - -

,000 1,923 1,769 2,000 1,923 1,769
- - - - - -

510 490 452 505 486 447
5,800 15,010 15,800 5,860 5,860 5,860
150� �5� �150� �180� �180� �180�
5000� �15000� �15000� �5000� �5000� �5000�
650� �5� �650� �680� �680� �680�

- - - - - -
5,010 375,010 375,010 375,005 375,005 375,005
6,700 257,587 256,989 266,640 266,736 266,929
ult

Ha

11
10

2

1
�

�1
�

37
25
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he optimization result, and Fig. 6 represents the corresponding
ptimal recovery network.

Our results show no difference among the three handsets in
erms of reprocessing options and recovery network design. In
rder to achieve maximum recovery profit, 5000 units of defective
andsets should be sent to plant 1 for refurbishment. At plant 1,
he defective LCD part in the handset—the main LCD for handset
, the dual LCD for handset �, and the LCD module for handset
—is detached from other components and sent to market 2 for
ecycling. The other components are reassembled with a new
CD part, and the units are sold as refurbished handsets in market
. Although two plants do not differentiate the total distances from
he collection center to the markets, the optimal network design
lways chooses plant 1 since choosing plant 2 means earlier re-
urbishment than plant 1, and the refurbished handsets with new
pare parts will move a farther distance to market 1 after repro-
essing. Since the weight from the spare parts is added earlier,
lant 2 requires more transportation costs than plant 1, so plant 2
s never used when plant 1 has enough capacity to deal with the
eturned units.

Under this scenario, Handset � demonstrates the best design
nd a maximum profit of $196,900. The design difference in LCD
arts results in sharp differences among the three handsets, espe-
ially concerning operation cost �C7�. Although the defect exists
n the main LCD, the whole dual LCD unit must be replaced in
andset �, making the required replacement cost higher than that
f handset �. Handset � shows the least profit for two reasons.
irst, similar to handset �, handset � should replace the LCD
odules, rather than just the main LCD. Moreover, during the

efurbishment, handset � needs more steps for disassembly and
eassembly than the other two since its folding structure requires
he lower block to be disassembled first before the LCD module is
emoved.

Scenario 2: All returned products have a defect in the key mat.
esign Implication: The disassembly structure differs for an iden-

ical part. Best design: Handset �.
Instead of the main LCD, scenario 2 presents problems with

ey mats, and refurbishing the handsets required that their key
ats be replaced. As in scenario 1, 5000 handsets are returned

tems, there is unlimited demand at market 2 for any type of items,
nd market 1 has no demand for any items containing nonworking
ey mats. Table 4 provides the results of the evaluation.

The results seem similar to those in scenario 1. Five thousand
efective handsets are sent to Plant 1 for refurbishment, where
hey are disassembled into defective key mats and other compo-
ents. While defective key mats are sent to market 2 for recycling,
he other components are reassembled into a refurbished handset
y virtue of new key mat supplies, and then sent to market 1 for
esale.

However, the best design in scenario 2 differs from the one in
cenario 1 in that, although the profit differences are small, hand-
et � is the most profitable design. Handset � requires fewer dis-
ssembly and reassembly operations because it allows the key mat
o be detached first without precedence constraints. The magni-

Fig. 6 Optimal networ
ude of the revenue value, however, diminishes the impact of sav-

ournal of Mechanical Design

ded 21 Jun 2010 to 128.174.193.86. Redistribution subject to ASM
ings in the disassembly process. In addition, handset �’s lower
weight reduces the differences between handset � and � since the
lighter unit has a lower transportation cost.

Scenario 3: All returned products have a defect in the MIC.
Design Implication: Designs are identical for a part, but the prod-
uct weights differ. Best design: Handset �.

Scenario 3 assumes a defect in the microphone, but all other
assumptions and conditions from the previous scenarios are the
same. With respect to the microphone, the three designs are iden-
tical; all of them place the microphone in the same location in the
lower blocks. Thus, it is expected that the three designs are com-
parable in terms of the recovery profit.

The results from the reprocessing option and logistics network
are similar to those of scenarios 1 and 2. Regardless of the handset
type, the optimal recovery plan for the 5000 returned handsets
involves detachment and recycling of defective microphones, fol-
lowed by handset refurbishment by means of a new microphone
supply. As expected, the three handset designs show similar re-
covery profits �Table 4�. Although slight differences in recovery
profits exist because of differences in transportation costs related
to weight features, the operation costs are exactly the same for the
three designs. Since handset � is the lightest, it shows better per-
formance than others, but the profit gap is very small compared
with that in the other two scenarios.

5.5 Discussion: Influences of Recovery Network Condi-
tions and Parameters. In the three previous scenarios, the re-
turned product’s condition significantly changes the recovery
profit. As Table 4 shows, the recovery profit in scenario 3 was
higher than that in the other two scenarios. Since the microphone
is a low-cost part, scenario 3 requires less replacement cost than
scenarios 1 and 2. This result illustrates that variations in network
conditions and parameters can lead to significantly different re-
covery profit, even when the product design is the same. Viewed
in this light, understanding how network conditions and param-
eters are associated with product recovery becomes important in
achieving design-for-recovery. The optimization model proposed
in this work supports such approaches that consider both product
design and network features simultaneously.

5.5.1 Sensitivity Analysis. In order to demonstrate how net-
work conditions and parameters affect the recovery decision, two
sensitivity analyses are conducted by increasing the number of
used Handsets � from 0 to 22,000 by increments of 1000 �Fig. 7�.
All returned handsets are assumed to have a defect in the LCD
part, as in scenario 1. Two sensitivity analyses, cases 1 and 2,
assume that the resale prices from a refurbished handset in market
1 are $75 �as before� and $40, respectively. In both cases, all other
resale revenues are the same: the volume of demand in market 1 is
limited to 5000 for all working units, market 2 maintains unlim-
ited demand, and the capacity of every operation in plants 1 and 2
is limited to 5000. Other network conditions and parameters are
identical with previous scenarios. The analysis results are repre-
sented in Fig. 7, which shows how the average unit profit changes
with the increase in quantity of the input units. These results

esign with scenario 1
clarify how various network features influence the link between
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roduct design and its recovery solution. Although various net-
ork features affect product recovery, here we focus on three

eatures: �1� new-site-opening cost, �2� price of the remanufac-
ured product, and �3� facility capacity and demand volume.

New-site-opening cost. The site-opening cost of a recovery
lant serves as a barrier to entry and makes an in-plant recovery
ption less attractive until the number of used handsets exceeds a
ertain level. This observation emphasizes the importance of
conomies of scale in product recovery. In case 1, when the num-
er of used handset is 1000, none of recovery plants opens be-
ause of the $100,000 site-opening cost, and thus, no reprocessing
peration—whether disassembly, reassembly, or replacement—
ppears in the optimal plan. Instead of reprocessing, then, selling
ll the returned units in market 2 is the optimal solution. However,
hen there are enough returned units to make the site opening

ffordable and profitable, handset refurbishment is chosen as the
ptimal solution, which significantly raises the recovery profit. A
imilar result is found in section 2A of case 2; the only difference
s the threshold amount at which the optimal plan changes. Case 2
as a higher threshold �4000 units� than case 1 does �2000 units�
ecause a returned handset in Case 2 generates less profit, and
ore units are required to offset the site-opening cost. Before

lant 2 opens, the impact of economies of scale reappears in sec-
ions 1D and 2D.

Price of remanufactured product. Resale prices of recovered
tems determine the priority of reprocessing options. In the se-
uence of reprocessing options added in sections B and C of cases
and 2, when a refurbished handset has a price of $75, the pre-

erred reprocessing option in the optimal plan is handset refur-
ishment, and the next most preferred option is component resale
n market 1. This result reflects the profitability of the reprocess-
ng options. However, when the refurbished phone has a price of
40 in market 1, component resale in market 1 is preferred first,

Fig. 7 Sensitivity ana
ollowed by handset refurbishment. Because refurbishment re-

71001-10 / Vol. 132, JULY 2010
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quires high-cost operations including part supply, when a refur-
bished handset has lower resale price, the most profitable option
becomes component resale, which requires disassembly opera-
tions only.

Facility capacity and demand volume. Facility capacity and the
volume of demand are related to setting the number of returned
handsets, that is, points that divide sections in Fig. 7. Between
sections B, C, D, E, and F, the optimal recovery solution changes
whenever the number of returned handset reaches a certain level;
a new reprocessing option is added in order to deal with excess
units. There are two possible reasons for this result: facilities can-
not afford the additional operations required for the additional
units to use the current reprocessing option, or the demand for the
item recovered is fully satisfied, so an additional unit recovered
has no place to be sold. In this respect, facility capacity and/or
demand size establish the upper limit of the number of used hand-
sets that can follow a specific reprocessing option.

When the influences of network features are considered during
decision making about recovery options, the optimal recovery so-
lution is greatly affected. As shown in scenario 2, handset �
shows better performance than the other two handsets when all
returned handsets have a defect in the key mat. Because this result
is predictable without considering any network variables and pa-
rameters, it is tempting to conclude that it is unnecessary to con-
sider network features in decision making. However, Fig. 8, which
presents the results of three different evaluations conducted under
the same assumptions on defective key mats, suggests a counter-
argument. In the three cases, network conditions and parameters
were differentiated, resulting in the changes in the optimal repro-
cessing option and shifts in the ranking of designs as the optimal
reprocessing option changes. Figure 8�a� represents scenario 2, for
which handset � is the best design. Figure 8�b� shows the case in

is results „handset �…
lys
which the resale price is $40, under which the optimal reprocess-
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ng option is component resale and handset � is most profitable.
igure 8�c� shows the case in which the volume of returned units

s 1000, under which the optimal reprocessing option is handset
esale at market 2 and handset � is the design that loses the least
mount of money. In summary, handset �’s superiority in scenario
shifts to other designs in the second and third cases.

Conclusion
Product recovery has become of great concern to manufacturers

ho take responsibility for product end-of-life decisions, and
roduct design is an essential part of achieving maximum recov-
ry profit. However, the links between product design and the
ecovery process have not been clear, and this knowledge gap has
indered the movement toward design-for-recovery and economi-
ally viable end-of-life recovery. In this paper, we clearly estab-
ished the link between products’ prelife and end-of-life by show-
ng how different product designs affect end-of-life recovery. In
rder to demonstrate the influences of product architecture on
roduct recovery, we developed an optimization model for recov-
ry profit evaluation and applied it to a design alternative so as to
valuate its recovery potential. Unlike previous models, the model
sed here considers both product design and recovery network
esign simultaneously. In doing so, recovery profit is estimated
ased on the optimal reprocessing options for a product, as well as
n the optimal recovery network design. Also, various recovery
ituations can be accommodated, which are differed by changes in
roduct design and network conditions.

To illustrate the link, we performed a comparative study for

ig. 8 Change in the rank of designs with the shift of optimal
ecovery plan „defect in key mats…
hree different handset designs with different architectural charac-

ournal of Mechanical Design
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teristics. The result of this study confirms that differences in prod-
uct design have a great influence on potential profit from product
recovery. In a given scenario, different designs result in different
recovery profits. On the other hand, if three designs share a com-
mon structure, they generate similar recovery profits. When one
design is better than others, the result provides clue to preferred
product design that improves economic viability of end-of-life
recovery. For instance, the handset study shows that modular de-
sign �handset �� is more preferred than integrated design when
high rate of defects in LCD is expected. Also, the study shows that
he scenario using differences in part designs �scenario 1� reveals
considerably greater differences in recovery profits than does a
scenario using differences in the disassembly structures �scenario
2� or weight �scenario 3�. This result implies that part composition
has a greater impact on handset recovery profit than does assem-
bly structure or weight, especially when the part is relatively high
cost.

The comparative study also demonstrates that it is worthwhile
to incorporate recovery network design into end-of-life decision
making model. The results of this study do not suggest that the
best design in one scenario is always the best in all cases. The
evaluation results for different scenarios show that identifying the
best design is not a simple problem since the best design changes
depending on the situation considered, particularly when it is
linked to end-of-life decisions. This means that it is critical to
involve network conditions and parameters in linking product de-
sign and recovery profit. For example, handset � is better than the
others in scenario 1 but not in scenario 2. Sensitivity analyses also
support the importance of network features since changes in a
returned product’s quantity and condition, the size of demand in a
market, expected revenue values, plant capacity, and capability,
and other parameter values such as site-opening costs, can shift
the evaluation results significantly, changing the designs’ rank-
ings.

It should be reminded that the purpose of this research is to
provide a generic framework that simultaneously considers prod-
uct design and recovery processes and network designs. In a
sense, the results of three scenarios match well with the intuition,
which validates that the proposed model captures the real world
well and can serve various situations reliably. In the future, the
framework can be extended or improved in several points. The
influences of environmental regulations on recovery profit can be
involved in the proposed framework. External costs or penalties
due to environmental regulations �e.g., WEEE, RoHS, ELV, and
REACH� are big issues in recovery industry. Thus, including such
legislative driving forces in the model will lead to a more ad-
vanced framework. Uncertainty is also an important point worth
being improved. Many network features are uncertain and inher-
ently changeable. Such uncertainty should also be considered in
the product design stage in order to find an optimal design that is
robust to possible changes. Future work can involve developing a
framework that can deal with such uncertainties. Finally, the
mathematical model suggested here is for single product and
single period. The mathematical model can be extended to a
model for multiple types of products and multiple periods.
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Nomenclature

Index Sets
I= �1, . . . ,Nc	 
 collection points, i� I
J= �1, . . . ,Nf	 
 potential locations of recovery plant, j�J

K= �1, . . . ,Nd	 
 fixed demand locations, k�K
L= �1, ¯ ,Ng	 
 potential locations of disposal site, l�L
R= �1, . . . ,N 	
w 
 potential locations of warehouse, r�R
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Table 5 Transition matrix for handset �

ID Feasible state 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1

1 ABCDE�FGHIJKLMNOP �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 ABCDEFGHIJK�LMNOP 0 0 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 ABCDEFGHIJKLMNO�P 0 0 0 0 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0
4 ABCDEFGHIJKLMNOP 0 0 0 0 0 0 �1 �1 0 0 0 0 0 0 0 0 0 0 1
5 GHIJK�LMNOP 0 0 1 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0
6 GHIJKLMNO�P 0 0 0 0 1 0 0 0 0 �1 0 0 0 0 0 0 0 0 0
7 GHIJKLMNOP 1 0 0 0 0 0 1 0 0 0 �1 0 0 0 0 0 0 0 �
8 ABCDE�FGHIJ 0 1 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0
9 ABCDEFGHIJ 0 0 0 1 0 1 0 1 0 0 0 0 �1 0 0 0 0 0 0

10 GHIJ 0 0 0 0 0 0 0 0 1 1 1 1 1 �1 0 0 0 0 0
11 NO�P 0 0 0 0 0 1 0 0 0 1 0 0 0 0 �1 0 0 0 0
12 NOP 0 1 0 1 0 0 0 1 1 0 1 0 0 0 0 �1 0 0 0
13 CD 1 0 1 0 1 0 1 0 0 0 0 1 1 0 0 0 �1 0 �
14 LM 0 1 0 1 0 1 0 1 1 1 1 0 0 0 0 0 0 �1 0
15 A 1 0 1 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 �
16 B 1 0 1 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 �
17 C 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
18 D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
19 E� 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
20 E 0 0 1 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 �
21 F 1 0 1 0 1 0 1 0 0 0 0 1 1 0 0 0 0 0 �
22 G 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
23 H 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
24 I 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
25 J 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
26 K� 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
27 K 0 1 0 0 0 1 0 1 0 1 1 0 0 0 0 0 0 0 0
28 L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
29 M 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
30 N 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0
31 O� 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
32 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
33 P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0
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34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

�1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 �1 0 0 1 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 �1 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 �1 �1 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 �1 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 �1 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 �1 �1 �1 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 �1 0 �1 0 0 �1 0 �1 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 �1 0 0 0 0 �1 0 0 0 0 0 1 0 0
0 �1 0 �1 0 0 �1 0 �1 0 0 0 1 0 0 0
0 0 �1 0 0 0 0 �1 0 0 0 0 0 0 0 0
0 0 �1 0 0 0 0 �1 0 0 0 0 0 0 0 0
0 0 �1 0 0 0 0 �1 0 0 0 0 0 0 0 0
0 0 �1 0 0 0 0 �1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

�1 0 0 0 �1 �1 0 0 0 �1 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0
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Table 6 Transition matrix for handset �

ID Feasible state 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

1 ABC��DE��FGHIJKLMNOP �1 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 ABC��DE�FGHIJK�LMNOP 0 0 0 �1 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 ABC��DE�FGHIJKLMNO�P 0 0 0 0 0 0 �1 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 ABC��DE�FGHIJKLMNOP 0 0 0 0 0 0 0 0 0 �1 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 ABC��DE��FGHIJLMNOP 1 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 ABC��DE�FGHIJLMNO�P 0 0 0 0 0 0 1 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
7 ABC��DE�FGHIJLMNOP 0 0 0 1 0 0 0 0 0 1 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8 GHIJK�LMNOP 0 0 0 0 1 0 0 0 0 0 0 0 0 0 �1 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 GHIJKLMNO�P 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 �1 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 GHIJKLMNOP 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 �1 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0
11 ABC��DE��FGHIJK 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0
12 ABC��DE�FGHIJK� 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0
13 ABC��DE�FGHIJK 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0
14 ABC��DE��FGHIJ 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 �1 0 0 0 0 0 0 0 0 0
15 ABC��DE�FGHIJ 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 0 �1 0 0 0 0 0 0 0 0
16 GHIJLMNO�P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0 0
17 GHIJLMNOP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 0
18 GHIJK� 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 �1 0 0 0 0 0
19 GHIJK 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 �1 0 0 0 0
20 GHIJ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 �1 0 0 0
21 NO�P 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 �1 0 0
22 NOP 0 0 1 0 0 1 0 0 0 0 0 1 0 1 0 0 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 �1 0
23 �DE�� 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
24 �DE� 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
25 LM 0 0 1 0 0 1 0 0 1 0 0 1 1 1 0 0 0 1 1 1 0 0 0 0 0 1 1 0 0 0 0 0 �1
26 A 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
27 B 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
28 C� 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
29 F 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
30 G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
31 H 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
32 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
33 J 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
34 K� 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0
35 K 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0
36 L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
37 M 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
38 N 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0
39 O� 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
40 O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
41 P 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0
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Table 7 Transition matrix for handset �

D Feasible state 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 AB�CDEI��FGHJKLMNOP �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 AB�CDEI�FGHJK�LMNOP 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 AB�CDEI�FGHJKLMNO�P 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 AB�CDEI�FGHJKLMNOP 0 0 0 �1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
5 AB�CDEI��FGHJ 1 0 0 0 �1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 AB�CDEI�FGHJ 0 1 1 1 0 �1 0 0 0 0 0 �1 1 0 0 0 0 0 0
7 AB�CDEI��FG 0 0 0 0 1 0 �1 0 0 0 0 0 0 0 0 0 0 0 0
8 AB�CDEI�FG 0 0 0 0 0 1 0 �1 0 0 0 0 �1 1 0 0 0 0 0
9 �CDEI�� 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

10 �CDEI� 0 0 0 0 0 0 0 1 0 0 0 0 0 �1 0 0 1 0 0
11 NO�P 0 0 1 0 0 0 0 0 �1 0 0 0 0 0 0 0 0 0 0
12 NOP 1 1 0 1 0 0 0 0 0 �1 0 �1 0 0 1 0 0 0 0
13 LM 1 1 1 1 0 0 0 0 0 0 �1 �1 0 0 0 1 0 0 0
14 A 0 0 0 0 0 0 1 1 0 0 0 0 0 �1 0 0 0 0 0
15 B 0 0 0 0 0 0 1 1 0 0 0 0 0 �1 0 0 0 0 0
16 F 0 0 0 0 0 0 1 1 0 0 0 0 0 �1 0 0 0 0 0
17 G 0 0 0 0 0 0 1 1 0 0 0 0 0 �1 0 0 0 0 0
18 H 0 0 0 0 1 1 0 0 0 0 0 0 �1 0 0 0 0 0 0
19 J 0 0 0 0 1 1 0 0 0 0 0 0 �1 0 0 0 0 0 0
20 K� 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
21 K 1 0 1 0 0 0 0 0 0 0 0 �1 0 0 0 0 0 1 0
22 L 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 �1 0 0 0
23 M 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 �1 0 0 0
24 N 0 0 0 0 0 0 0 0 1 1 0 0 0 0 �1 0 0 0 0
25 O� 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
26 O 0 0 0 0 0 0 0 0 0 1 0 0 0 0 �1 0 0 0 1
27 P 0 0 0 0 0 0 0 0 1 1 0 0 0 0 �1 0 0 0 0
Table 8 Operation cost information: cjp
o

Transition No.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

andset � Plant 1 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.015
Plant 2 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.015

andset � Plant 1 0.001 0.03 0.03 0.001 0.03 0.03 0.001 0.03 0.03 0.001 0.03 0.03 0.03 0.03
Plant 2 0.001 0.03 0.03 0.001 0.03 0.03 0.001 0.03 0.03 0.001 0.03 0.03 0.03 0.03

andset � Plant 1 0.03 0.03 0.03 0.03 0.015 0.015 0.03 0.03 0.006 0.006 0.003 0.13 0.015 0.09
Plant 2 0.03 0.03 0.03 0.03 0.015 0.015 0.03 0.03 0.006 0.006 0.003 0.13 0.015 0.09

15 16 17 18 19 20 21 22 23 24 25 26 27 28
andset � Plant 1 0.006 0.006 0.003 0.003 0.09 0.13 0.13 0.09 0.015 0.006 0.006 0.006 15 3

Plant 2 0.006 0.006 0.003 0.003 0.09 0.13 0.13 0.09 0.015 0.006 0.006 0.006 15 3

andset � Plant 1 0.001 0.001 0.001 0.03 0.03 0.03 0.001 0.001 0.001 0.03 0.03 0.03 0.03 0.001
Plant 2 0.001 0.001 0.001 0.03 0.03 0.03 0.001 0.001 0.001 0.03 0.03 0.03 0.03 0.001

andset � Plant 1 0.006 0.006 30 3 1
Plant 2 0.006 0.006 30 3 1

29 30 31 32 33 34 35 36 37 38 39 40 41 42
andset � Plant 1 1

Plant 2 1

andset � Plant 1 0.001 0.015 0.006 0.006 0.006 0.001 0.13 0.09 0.13 0.001 0.001 0.13 0.09 0.13
Plant 2 0.001 0.015 0.006 0.006 0.003 0.001 0.13 0.09 0.13 0.001 0.001 0.13 0.09 0.13

43 44 45 46 47 48 49
andset � Plant 1 0.001 0.015 0.006 0.006 23 3 1

Plant 2 0.001 0.015 0.006 0.006 23 3 1
71001-14 / Vol. 132, JULY 2010 Transactions of the ASME
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Table 9 Cost and revenue parameters „handset �…

Feasible state cil
g2 cil

g3 cir
w2 cir

w3 cj1s
h cj2s

h rk1s
d rk2s

d

ABCDE�FGHIJKLMNOP 0.100 1.500 0.100 0.500 3.000 3.000 20.00 0.100
ABCDEFGHIJK�LMNOP 0.100 1.500 0.100 0.500 3.000 3.000 25.00 0.100
ABCDEFGHIJKLMNO�P 0.100 1.500 0.100 0.500 3.000 3.000 25.00 0.100
ABCDEFGHIJKLMNOP 0.100 1.500 0.100 0.500 3.000 3.000 75.00 0.100
GHIJK�LMNOP N/A N/A N/A N/A 2.048 2.048 12.00 0.068
GHIJKLMNO�P N/A N/A N/A N/A 2.048 2.048 12.00 0.068
GHIJKLMNOP N/A N/A N/A N/A 2.048 2.048 16.00 0.068
ABCDE�FGHIJ N/A N/A N/A N/A 1.760 1.760 0.00 0.059
ABCDEFGHIJ N/A N/A N/A N/A 1.760 1.760 8.00 0.059
GHIJ N/A N/A N/A N/A 0.269 0.269 4.00 0.027
NO�P N/A N/A N/A N/A 0.067 0.067 0.00 0.007
NOP N/A N/A N/A N/A 0.067 0.067 2.00 0.007
CD N/A N/A N/A N/A 0.462 0.462 6.00 0.015
LM N/A N/A N/A N/A 0.981 0.981 10.00 0.033
A N/A N/A N/A N/A 0.038 0.038 2.00 0.004
B N/A N/A N/A N/A 0.038 0.038 2.50 0.004
C N/A N/A N/A N/A 0.231 0.231 2.50 0.008
D N/A N/A N/A N/A 0.231 0.231 4.00 0.008
E� N/A N/A N/A N/A 0.231 0.231 0.00 0.008
E N/A N/A N/A N/A 0.231 0.231 7.50 0.008
F N/A N/A N/A N/A 0.010 0.010 0.50 0.001
G N/A N/A N/A N/A 0.077 0.077 2.50 0.008
H N/A N/A N/A N/A 0.038 0.038 1.50 0.004
I N/A N/A N/A N/A 0.077 0.077 1.00 0.008
J N/A N/A N/A N/A 0.077 0.077 0.25 0.008
K� N/A N/A N/A N/A 0.019 0.019 0.00 0.002
K N/A N/A N/A N/A 0.019 0.019 1.50 0.002
L N/A N/A N/A N/A 0.019 0.019 0.50 0.002
M N/A N/A N/A N/A 0.923 0.923 10.00 0.031
N N/A N/A N/A N/A 0.019 0.019 1.00 0.002
O� N/A N/A N/A N/A 0.010 0.010 0.00 0.001
O N/A N/A N/A N/A 0.010 0.010 0.50 0.001
P N/A N/A N/A N/A 0.038 0.038 2.50 0.004
Table 10 Cost and revenue parameters „handset �…

Feasible state cil
g2 cil

g3 cir
w2 cir

w3 cj1s
h cj2s

h rk1s
d rk2s

d

AB�CDEI��FGHJKLMNOP 0.088 1.327 0.088 0.442 2.654 2.654 20.00 0.088
AB�CDEI�FGHJK�LMNOP 0.088 1.327 0.088 0.442 2.654 2.654 25.00 0.088
AB�CDEI�FGHJKLMNO�P 0.088 1.327 0.088 0.442 2.654 2.654 25.00 0.088
AB�CDEI�FGHJKLMNOP 0.088 1.327 0.088 0.442 2.654 2.654 75.00 0.088
AB�CDEI��FGHJ N/A N/A N/A N/A 1.413 1.413 0.00 0.047
AB�CDEI�FGHJ N/A N/A N/A N/A 1.413 1.413 8.00 0.047
AB�CDEI��FG N/A N/A N/A N/A 1.067 1.067 0.00 0.036
AB�CDEI�FG N/A N/A N/A N/A 1.067 1.067 8.00 0.036
�CDEI�� N/A N/A N/A N/A 0.577 0.577 0.00 0.019
�CDEI� N/A N/A N/A N/A 0.577 0.577 15.00 0.019
NO�P N/A N/A N/A N/A 0.067 0.067 0.00 0.007
NOP N/A N/A N/A N/A 0.067 0.067 2.00 0.007
LM N/A N/A N/A N/A 0.327 0.327 10.00 0.033
A N/A N/A N/A N/A 0.038 0.038 2.00 0.004
B N/A N/A N/A N/A 0.038 0.038 2.50 0.004
F N/A N/A N/A N/A 0.010 0.010 0.50 0.001
G N/A N/A N/A N/A 0.077 0.077 2.50 0.008
H N/A N/A N/A N/A 0.038 0.038 1.50 0.004
J N/A N/A N/A N/A 0.077 0.077 0.25 0.008
K� N/A N/A N/A N/A 0.019 0.019 0.00 0.002
K N/A N/A N/A N/A 0.019 0.019 1.50 0.002
L N/A N/A N/A N/A 0.019 0.019 0.50 0.002
M N/A N/A N/A N/A 0.923 0.923 10.00 0.031
N N/A N/A N/A N/A 0.019 0.019 1.00 0.002
O� N/A N/A N/A N/A 0.010 0.010 0.00 0.001
O N/A N/A N/A N/A 0.010 0.010 0.50 0.001
P N/A N/A N/A N/A 0.038 0.038 2.50 0.004
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0

Downloa
P= �1, . . . ,No	 
 possible recovery operation, p� P
S= �1, . . . ,Nq	 
 possible states of recovery target unit, s�S

ariables
Xils

g 
 volume of unit in state s flowing from i to disposal
site l

Xirs
w 
 volume of unit in state s flowing from i to warehouse

r
Xijs

� 
 volume of unit in state s flowing from i to recovery
plant j

Xiks
� 
 volume of unit in state s flowing from i to demand

site k
Xjks

� 
 volume of unit in state s flowing from j to demand
site k

Xjmjns
�


 volume of unit in state s flowing from jm to jn, jm
� jn

Xjs
h 
 volume of unit in state s not proceeded further and

discarded at j
Y j

f 
 indicator opening recovery plant j
Yl

g 
 indicator opening disposal location l
Yw 
 indicator opening warehouse r

Table 11 Cost and reven

Feasible state cil
g2 cil

g3

ABC��DE��FGHIJKLMNOP 0.096 1.442
ABC��DE�FGHIJK�LMNOP 0.096 1.442
ABC��DE�FGHIJKLMNO�P 0.096 1.442
ABC��DE�FGHIJKLMNOP 0.096 1.442
ABC��DE��FGHIJLMNOP N/A N/A
ABC��DE�FGHIJLMNO�P N/A N/A
ABC��DE�FGHIJLMNOP N/A N/A
GHIJK�LMNOP N/A N/A
GHIJKLMNO�P N/A N/A
GHIJKLMNOP N/A N/A
ABC��DE��FGHIJK N/A N/A
ABC��DE�FGHIJK� N/A N/A
ABC��DE�FGHIJK N/A N/A
ABC��DE��FGHIJ N/A N/A
ABC��DE�FGHIJ N/A N/A
GHIJLMNO�P N/A N/A
GHIJLMNOP N/A N/A
GHIJK� N/A N/A
GHIJK N/A N/A
GHIJ N/A N/A
NO�P N/A N/A
NOP N/A N/A
�DE�� N/A N/A
�DE� N/A N/A
LM N/A N/A
A N/A N/A
B N/A N/A
C� N/A N/A
F N/A N/A
G N/A N/A
H N/A N/A
I N/A N/A
J N/A N/A
K� N/A N/A
K N/A N/A
L N/A N/A
M N/A N/A
N N/A N/A
O� N/A N/A
O N/A N/A
P N/A N/A
r
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Zjp 
 number of times operation p is executed at plant j

Parameters
Tsp 
 entity value of transition matrix
Eis 
 total volume of returned product with state s at i
vks

d 
 volume of demand for unit in state s at site k
ujp

f 
 maximum capacity of plant j for recovery operation
p

rks
d 
 revenue from providing a unit in state s at demand

site k
cj

f 
 fixed cost for opening recovery plant j
cl

g1 
 fixed cost for opening disposal location l
cr

w1 
 fixed cost for opening warehouse r
cil

g2 
 transportation rate from i to disposal location l for a
unit s

cir
w2 
 transportation rate from i to warehouse r for a unit s

cil
g3 
 processing cost at disposal location l for a unit s

cir
w3 
 processing cost at warehouse r for a unit s

cijs
� 
 transportation rate from i to plant j for a unit s

ciks
� 
 transportation rate from i to demand site k for a unit

s

parameters „handset �…

2 cir
w3 cj1s

h cj2s
h rk1s

d rk2s
d

6 0.481 2.885 2.885 20.00 0.096
6 0.481 2.885 2.885 25.00 0.096
6 0.481 2.885 2.885 25.00 0.096
6 0.481 2.885 2.885 75.00 0.096

A N/A 2.827 2.827 0.00 0.094
A N/A 2.827 2.827 24.55 0.094
A N/A 2.827 2.827 50.00 0.094
A N/A 2.048 2.048 12.00 0.068
A N/A 2.048 2.048 12.00 0.068
A N/A 2.048 2.048 16.00 0.068
A N/A 1.702 1.702 0.00 0.057
A N/A 1.702 1.702 8.00 0.057
A N/A 1.702 1.702 9.00 0.057
A N/A 1.644 1.644 0.00 0.055
A N/A 1.644 1.644 8.00 0.055
A N/A 2.048 2.048 4.00 0.068
A N/A 2.048 2.048 12.00 0.068
A N/A 0.288 0.288 4.00 0.029
A N/A 0.288 0.288 5.00 0.029
A N/A 0.269 0.269 4.00 0.027
A N/A 0.067 0.067 0.00 0.007
A N/A 0.067 0.067 2.00 0.007
A N/A 0.462 0.462 0.00 0.015
A N/A 0.462 0.462 11.50 0.015
A N/A 0.981 0.981 10.00 0.033
A N/A 0.038 0.038 2.00 0.004
A N/A 0.038 0.038 2.50 0.004
A N/A 0.115 0.115 2.50 0.004
A N/A 0.010 0.010 0.50 0.001
A N/A 0.077 0.077 2.50 0.008
A N/A 0.038 0.038 1.50 0.004
A N/A 0.077 0.077 1.00 0.008
A N/A 0.077 0.077 0.25 0.008
A N/A 0.019 0.019 0.00 0.002
A N/A 0.019 0.019 1.50 0.002
A N/A 0.019 0.019 0.50 0.002
A N/A 0.923 0.923 10.00 0.031
A N/A 0.019 0.019 1.00 0.002
A N/A 0.010 0.010 0.00 0.001
A N/A 0.010 0.010 0.50 0.001
A N/A 0.038 0.038 2.50 0.004
ue

cir
w

0.09
0.09
0.09
0.09
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
N/
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Downloa
cjks
� 
 transportation rate from j to demand site k for a unit

s
cjmjns

�

 transportation rate from plant jm to jn, jm� jn for a

unit s
cjp

o 
 unit processing cost for recovery operation p at plant
j

cjs
h 
 penalty cost for the discarded unit at plant j for a

unit s

ppendix
Tables 5–7 show the transition matrix for handsets �, �, and �,

hile Table 8 shows the operation cost information. Tables 9–11
ist the cost and revenue parameters of handsets �, �, and �.
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