CIRRELT

Centre interuniversitaire de recherche
sur les réseaux d'entreprise, la logistique et le transport

Interuniversity Research Centre
on Enterprise Networks, Logistics and Transportation

Closed-Loop Supply Chain Network
Design under Uncertain Quality
Status: Case of Durable Products

Mohammad Jeihoonian
Masoumeh Kazemi Zanjani
Michel Gendreau

November 2015

CIRRELT-2015-56

Bureaux de Montréal : Bureaux de Québec :
Université de Montréal Université Laval

Pavillon André-Aisenstadt Pavillon Palasis-Prince

C.P. 6128, succursale Centre-ville 2325, de la Terrasse, bureau 2642
Montréal (Québec) Québec (Québec)

Canada H3C 3J7 Canada G1V 0A6

Téléphone : 514 343-7575 Téléphone : 418 656-2073
Télécopie : 514 343-7121 Télécopie : 418 656-2624

www.cirrelt.ca

::::::::::

t“A”\E/“RE T McGill §Concordia EFS UQAM  Hec MONTREAL =@ [oTechliove Universite dh

.......... de Montréal



Closed-Loop Supply Chain Network Design under Uncertain Quality
Status: Case of Durable Products

Mohammad Jeihoonian®?’, Masoumeh Kazemi Zanjani*?, Michel Gendreau'?

! Interuniversity Research Centre on Enterprise Networks, Logistics and Transportation (CIRRELT)

2 Department of Mechanical and Industrial Engineering, Concordia University, 1515, St-Catherine,
St. West, EV4.139, Montréal, Canada H3G 1M8

3 Department of Mathematics and Industrial Engineering, Polytechnique Montréal, P.O. Box 6079,
Station Centre-ville, Montréal, Canada H3C 3A7

Abstract. This paper proposes a two-stage stochastic mixed-integer programming model
for a closed-loop supply chain network design problem in the context of modular
structured products in which the reverse network involves several types of recovery
options. It accounts for uncertainty in the quality status of the return stream, modeled as
binary scenarios for each component in the reverse bill of material corresponding to such
products. To deal with the intractable number of scenarios in the proposed model, a
scenario reduction scheme is adapted to the problem of interest to preserve the most
pertinent scenarios based on a modified Euclidean distance measure. The reduced
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Closed-Loop Supply Chain Network Design under Uncertain Quality Status: Case of Durable Products

1. Introduction

In response to sustainability of supply chains, design and management of
closed-loop supply chains (CLSC) have attracted a growing interest over the
recent decade. It has been recognized that CLSCs comprise forward channel
along with the so-called “reverse supply chain (RSC)”. The focus of RSC is
on taking back of end-of-life and end-of-use products (cores) from consumers,
and recovering added value by reusing the entire product, and/or some of
its components, such as modules and parts [1]. The prime importance of
CLSCs is attributed to the environmental footprint of cores as well as the
profitability of recovery practices. Needless to say, the prosperity of such
business practices requires placing appropriate reverse logistics infrastruc-
tures and managing arising return flows efficiently. Therefore, the design of
the CLSC is becoming increasingly important.

CLSC network design refers to decisions for locating several types of fa-
cilities in both forward and reverse chains in addition to efficiently routing
and coordinating physical forward and reverse flows. Designing a CLSC net-
work for durable products, that are characterized by their modular structured
design and their long life cycle (e.g., computers and large household appli-
ances), is a complex problem. Such category of products can be disassembled
into several components (i.e., modules and parts) as well as raw materials
concerning the reverse bill of materials (BOM). Consequently, the reverse
supply chain of such products involves various types of recovery facilities as-
sociated with different components in the reverse BOM of durable products.
We note that in the context of CLSC/RSC network design, most studies

are limited to involving a few recovery activities, e.g., remanufacturing and
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material recycling, in designing their networks. To fill the void in such a
line of research, we, however, incorporate various recovery options, which an
OEM can adopt in tackling the return stream. These recovery processes are
plausible in taking different sub-assemblies of a typical durable product.

It is a well-known fact that a high level of uncertainty is a characteristic
for various product recovery systems [2]. A clear distinction that is made
between CLSCs and the traditional forward supply chains lies in uncertain
condition (quality) of cores. This issue also add to the complexity of CLSC
design for case of used durable products. In contrast, the existing stream of
literature explicitly lacks accounting such unavoidable aspect in CLSC/RSC
network design. That is, in the modeling framework, some simplifying as-
sumptions have been made with respect to the quality variation of the return
flows, thereby alleviating the complexity of the proposed model. More pre-
cisely, the concerned literature has focused on classifying cores with respect
to deterministic disjoint quality levels [3-5], which ignores the uncertainty.
Another attempt to model uncertain quality has been considering the rate of
recovery as a random variable [6]. Nonetheless, both of the above-mentioned
approaches are rough approximations of the uncertain quality status of cores.

Observing this major drawback, in this study, as our prime contribution,
we propose a more precise approach to model the uncertain quality status,
where the availability of each component in the reverse BOM is modeled as
a discrete scenario following a Bernoulli distribution. This novel approach
leads to an explicit incorporation of the uncertain quality status of returns. In
this regard, we formulate this large-scale optimization problem as a two-stage

stochastic mixed-integer program with recourse [7]. As far as the authors are
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aware, design of a CLSC concerning the explicit modeling of the uncertain
quality of each component in the reverse BOM has never been investigated
in the context of durable products.

On account of the fact that proposing the aforementioned approach for
modeling the uncertain quality exponentially increases the number of sce-
narios, as the second contribution, we implement fast forward selection algo-
rithm [8, 9] adapted to our problem setting as a scenario reduction technique
to keep the most pertinent scenarios. Further, on the methodological side,
our third contribution is to develop an enhanced solution approach based
on L-shaped method [10], which shows a consistent performance efficiency
in our experimentations. The classical L-shaped scheme results from apply-
ing Benders decomposition [11] to two-stage stochastic programming models
with continuous variables. This decomposition approach typically requires
algorithmic refinements to accelerate its convergence. We, therefore, provide
enhancement strategies that include adding induced constraints to the mas-
ter problem to restrict its feasible region and also generating Pareto-optimal
cuts to strengthen the deepness of optimality cuts throughout the execution
of the solution algorithm. Even though it is beyond the scope of this paper,
it should be stated that the uncertain demand of brand-new products as well
as quantity of returns can also be taken into account as other sources of
uncertainty in designing the CLSC network.

The remainder of this paper is organized as follows. In the next section,
we provide the review of the relevant literature. In Section 3, we introduce
the problem setting and its two-stage stochastic programming formulation.

Section 4 elaborates on the scenario reduction algorithm. In Section 5, a
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detailed description of the enhanced L-shaped method is given. Section 6
presents computational experiments on the performance of the proposed so-
lution method for a large household appliance example. In the last Section,

we provide concluding remarks and future research directions.

2. Literature review

Many efforts have been made to model and optimize deterministic CLSC/
RSC network design problems. The current literature in the context of prod-
uct recovery offers a variety of problems spanning from recycling of simple
waste, such as carpet and sand to different recovery options of more complex
products [3-5, 12-17]. For an extensive review of proposed models and cases,
the reader is referred to [18, 19].

The overview of the existing literature implies that in most of prevailing
studies uncertainty consideration is limited to demand and quantity of re-
turns. On the other hand, the impact of uncertain quality state of returns on
CLSC design, regardless of its substantial impact, has not been adequately
investigated in the literature. The most common approach that makes an
explicit attempt to incorporate uncertainty in design parameters is stochastic
optimization methods. Since the seminal work of Salema et al. [20], in which
the authors addressed a CLSC network design problem under uncertain de-
mand and quantity of returns, some researchers have developed two-stage
stochastic programming formulations to model such stochastic parameters.
Details of these studies can be found in [21-25]. The analysis of the cur-
rent literature suggests the following observations: 1) most of them are case

oriented logistical networks; 2) the number of scenarios is quite small (e.g.,
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twelve scenarios in [21]); and, 3) concerning the size of test problems, the
optimal solution is found by virtue of commercial softwares. It should be
stated that [21] is an exception to the last observation such that an integer
L-shaped algorithm was devised as the solution approach. Nonetheless, its
algorithmic framework is only suited for addressing situations with a very
small number of scenarios.

To the best of our knowledge the only work that captures uncertainty in
the quality status of returns has been recently presented by Chen et al. [6],
in which the rate of recovery is considered as a measure to reflect the quality
status of cores. Accordingly, the authors modeled the random recovery rate
as a set of scenarios for a CLSC network design, including collection and
remanufacturing facilities in the reverse channel. The resulting two-stage
stochastic quadratic formulation was solved via the integer L-shaped method
integrated with the sample average approximation scheme. As highlighted in
the preceding section, we, however, capture the uncertain quality status of
the return stream in a more precise setting with regard to the reverse BOM
in the context of modular structured products. Our approach differs in the
scope from [6] in the sense that: 1) it discriminates the quality state of cores
in terms of the availability of components in the reverse BOM of a durable
product; 2) it involves various types of recovery options plausible for the
sub-assemblies of a durable product; 3) the choice of the recovery process for
each component depends on its quality status; and 4) the enhanced L-shaped
method together with the proposed scenario reduction strategy is capable of
serving as a viable tool for designing a realistic-scale CLSC network with

quite crude information of quality status.
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3. Problem description and formulation

In what follows, first, the description of the CLSC network applicable for
durable products is presented. Then, we articulate how to model the ran-
dom quality status of cores. Finally, we formulate the CLSC network design

problem as a two-stage stochastic mixed-integer program with recourse.

3.1. CLSC network design for durable products

In the CLSC network design problem of interest, an organization operates
a well-established forward channel in which the forward network comprises
components and raw materials suppliers, manufacturing facilities, distribu-
tion centers, and end-user locations. The organization tends to adopt some
suitable recovery practices to satisfy the directive recycling target stipulated
by the legislator as well as to reclaim the economic value from used compo-
nents. Hence, the aim is to extend the existing forward network to accom-
modate the recovery facilities and consequently to coordinate the physical
forward and reverse flows in the extended supply chain network. The reverse
network includes collection, disassembly, remanufacturing, bulk recycling,
material recycling, and disposal centers, referred to as the recovery facilities.
The returned durable products received at end-user sites are shipped to disas-
sembly centers through collection centers. In our problem setting, the quality
status of a returned durable product is defined as the availability of modules
and parts for remanufacturing and part harvesting/reusing practices along
with the mass of residues for bulk recycling processes. In disassembly cen-
ters, the inspected return stream is disassembled into different components

based on the reverse BOM. The recoverable modules and recyclable materials
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are then sent to remanufacturing and recycling centers for further processes.
Besides, the bulk of mixed residues would typically be processed in bulk re-
cycling centers and/or outsourced to a third-party provider to separate the
precious raw materials from mixed scrap, e.g., electronic scrap. The bulk
recycling step is followed by material recycling and landfilling/incineration
at disposal points. The material recycling step is designed to recover the raw
materials after the execution of unit operations in bulk recycling sites. The
non-valuable remaining, i.e., process waste, should be safely disposed of at
disposal centers. The remanufactured modules, spare parts, and recycled raw
materials are used for the following purposes: 1) shipping to manufacturing
facilities to deploy in manufacturing of brand-new products; and, 2) selling
on potential secondary markets. Given the above description, the concep-
tual structure of the CLSC under consideration is schematically illustrated
in Figure 1. The solid arcs indicate the forward flows while the dashed ones

denote the reverse flows in the CLSC.

3.2. Modeling random quality states of the return stream

The quality status of returns is indeed affected by the changes having
been made during the lifetime of durable products. More specifically, in
many cases, due to the usage and the deterioration rates during the long
life cycle of such products, it is quite impossible to foresee the exact num-
ber of recoverable components in a returned durable product. Moreover, the
quality status can only be revealed after grading the returned items in disas-
sembly centers. In this study, the random quality state is considered as the
availability of each component in the reverse BOM and modeled as discrete

scenarios with Bernoulli probability distribution. Let P and L denote, re-
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Figure 1: General structure of the CLSC network

spectively, the set of parts and modules in the brand-new durable product.
Further, let 7,, d;, and 8 denote, respectively, the number of reusable part
p, the number of remanufacturable module [, and the mass of residues in the
returned durable product. Now that we represent the random quality vector
by & where £ = {v,|Vp € P;6,|V I € L;3}. We also represent each particu-
lar realization (scenario) of the random quality status by 7,(&,), d;(§,), and
B(€,). Each particular scenario s is associated with a non-negative proba-

bility 7 such that

ses s = 1. Once the grading process is executed in
disassembly centers, it is realized whether or not a particular part/module is
suitable for the effective recovery process. We assume that the grading pro-

cess yields a good condition component with success probability p otherwise
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a poor state one with a failure probability ¢ = 1 —p. It should be emphasized
that the success probability of each component (module/part) is the same
in all returned items. Moreover, we assume that the probability distribution
corresponding to the condition of different returned items are independent
and identical.

For instance, we point out to a used twin tub of a washing machine such
that each washing tube unit weighs 3.5 kg. Every unit can independently be
either functional with probability p or defective with probability ¢. Hence,
the outcome of the grading process for the washing tube follows a Bernoulli
distribution. Likewise, the quality status of other components in the reverse
BOM is an independent random variable following a Bernoulli distribution.
For every realization of the random quality vector, i.e., &, we define an
indicator function for each unit j of part p and another indicator function

for each unit &£ of module [ as follows.

, 1 if unit j is in a functional state; j =1, ..., n?
1(p’) =
0 otherwise
1) 1 if unit & is in a functional state; k =1, ..., n!

0 otherwise
It allows us to consider, respectively, the number of reusable part p as v,s =
Z?; I(p’) and the number of remanufacturable module [ as d;, = zzl:l I(I%).
For example, in the aforementioned washing machine case, a possible outcome
of the grading process might be one fully functional and one defective washing
tube. Thus, for this specific part, v is equal to 1. On the other hand,
the indicator function of the defective unit takes 0 with probability ¢q. The

defective unit will considered as residues and the viable recovery option for
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this unit will be bulk recycling process. In this regard, § will be increased
with the corresponding weight of the unit, i.e., 3.5 kg and thus g is equal
to 3.5 kg. In other words, all defective units observed after the grading
operation are considered as residues and [ is equal to the total summation
of their corresponding weights.

The scenario generation approach described above results in 2" scenarios
for a typical durable product that consists of n different types of components.

The probability of each scenario can be calculated as follows.

s+d1s AnP—+n! —Vps —d1s

Ts = ﬁ’yp q

For example, suppose another washing machine that comprises ten dif-
ferent types of parts, namely P1, P2, ...., P10 and two different types of
modules, namely L1 and L2 such that it involves only one unit per each
type of parts and modules. Further, each component can be functional with
probability 0.3, i.e., p = 0.3. Consequently, the grading process results in 2'2
scenarios. Table 1 presents five scenarios and their corresponding probability
of occurrence among all possible realization of quality state scenarios for the
grading process of this washing machine.

As shown in Table 1, in the first scenario (the first row of the table),
there are six parts in functional condition and the others are considered as
residues and should be treated in bulk recycling to recover their precious
materials. Therefore, the value of the parameter v is equal to 6. Likewise,
only one module, i.e., L1, is remanufacturable and thus ¢ is equal to 1. The
parameter [ is then equal to the total weights of the components taking value
of 0 in the first scenario, i.e., P2, P3, P7, P9, and L2. The probability of the
first scenario is calculated as 0.3 x 0.7 x 0.3 x ... x 0.3 = 0.000037.
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Table 1: Example of quality state scenarios

Scenario Component type Probability
L1 1.2 P1 P2 P3 P4 P5 P6 P7r P8 P9 P10
1 1 0 1 0 0 1 1 1 0 1 0 1 0.000037
2 1 1 1 0 1 0 0 o0 1 1 0 1 0.000037
3 0 1 1 1 1 1 1 0 1 1 0 0 0.000016
4 0 1 1 0 1 0o 0 O 0 0 1 0 0.000467
) 1 1 1 0 1 1 1 0 1 1 1 1 0.000002

3.3. Two-stage stochastic programming formulation

Given the described scenario generation approach for random quality sta-
tus, we can formulate our problem setting as a two-stage stochastic program
with recourse. In a general two-stage stochastic programming model, the
first stage decisions are taken when the decision maker does not have enough
information about the outcome of uncertain parameters, while, the second
stage decisions are implemented after the uncertainty is realized. In other
words, the “second stage” decision is made when the complete information
with respect to uncertain parameter(s) is available.

Referring to Figure 1, in our problem setting, in the first stage, the lo-
cation of collection, disassembly, remanufacturing, bulk recycling, material
recycling, and disposal facilities in the reverse network should be determined
before the complete information on the quality status of returns is avail-
able. Thus, the binary location decisions are first stage decisions. Moreover,
since the demand is deterministic, the uncertainty in quality status of re-
turns does not affect the decisions on the quantity of brand-new durable

products shipped form manufacturing facilities to end-users via distribution
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centers. Therefore, such forward flow decisions are also among the first stage
decisions. Likewise, as the quantity of returns is deterministic, the reverse
flow from end-users to collection sites and the flow from collection centers to
disassembly facilities are also first stage decisions. Lastly, regardless of the
quality state of returns, they contain precious raw materials that can also
be recycled in material recycling centers. Accordingly, the flow of recyclable
materials from disassembly centers to material recycling sites is considered
as a first stage decision variable. Once the returns are graded in disassembly
centers, a complete information on the number of recoverable modules and
parts in addition to the mass of residues are available to decision maker.
Consequently, the remaining flows in the reverse channel are referred to as
the second stage decisions (recourse actions). The physical flows from var-
ious suppliers to manufacturing centers are also considered as second stage
decisions due to the impact of uncertain quality states on them. The nota-
tions used in the mathematical model is listed in Appendix A. The two-stage
stochastic programming formulation with fixed recourse can be stated as

follows.
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Maximize Z Z PkaJZk - Z Z ciiXilj — Z Z tjinilj - Z Z ijXJZk

jeJ keK iel jeJ iel jeJ jeJ keK
— Z Z tkijJZk — Z Z cchgc — Z Z tcch,‘zc
j€J keK keK ceC keK ceC
— Z Z caaXfa — Z Z tacaXfa — Z Z P?“Xfa
ceC a€A ceC a€A ceC a€A
=220 X = DD D e X = D feeY!
a€A geG reR a€A geG reR ceC
= faYP =) fmaYy =D Yy = fe, Y9 = fdaYy
ac€A meM beB geqG deD
+ Z 775@(}/;:17 Yﬁ? Yni’ Y2747 Y957 YdG’ Xiljv ka;: Xl?c? Xéla’ ngra Es)
seS
(1)
subject to » XL =Y X% VjelJ (2)
icl keK
Y X5 =dky VEkeK (3)
jeJ
> Xj.=ddk, VEkeK (4)
ceC
d Xp. =) Xk VceecC (5)
keK acA
YN XL=AD Y X (6)
ceC acA keK ceC
> X => X, VacAVreR (7)
ceC geG
Y X <cai; Viel (8)
jeJ
> Xj<caj; Vjeld (9)
il
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Z X} <cac.YC, VeceC (10)
keK
ZXfa <caa,YA, VaecA (11)
ceC

where Q(Y,!, Y2, Y3, V4, Y2, V§, X

) a )

b X Xidy X2y, X500 &) is the optimal value

15 ca’ “ragr?

of the following problem:

Maximize Z Z Z PuwQW s + Z Z Z PSpQSaops

meM weW leL a€A ocO peP

+ Z Z Z PeTQEgeTS - Z Z Z CZZlezips
geG eeE reR zeZ i€l peP

- Z Z Z CuurNIuirs - Z Z Z thlXIhils
uelU i€l reR heH i€l leL

- Z Z Z ngrNGbgrs - Z Z Z cmleMamls
beB geG reR acAmeM leL

- Z Z CbeBabs - Z Z CddNDbds
a€A beEB beB deD

- Z Z Z CddXngrs - Z CT’BRbS
geG deD reR beB

- Z Z Z tizin[zips - Z Z Z riuirNIuirs
z€Z 1€l peP uelU 1€l reR

- Z Z Z St X Thits — Z Z Z tMeami QM amis
heH iel leL a€EAmeM leL

- Z Z tbabQBabs - Z Z Z TgbgTNGbgrs
a€A beB beB geG reR

- Z Z Z Z §tgaX Dyars — Z Z 7dpaN Dyas
geG deD reR seS beB deD

_ Z Z ZtsaopQSaops - Z Z Z twmlemels
a€A o€O peP meM weW leL

Y YD teerQEgers — > D > t20ip@Zaips
g€G e€E reER acA i€l peP
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subject to
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Z X(i)gr + Z NGbgTs = Z QUgirs + Z QEgers

acA beB el ecE

+Y XDgys VgeGVreR (26)
deD

Y QLiyps<caz, VzeZVpeP (27)

el

> Nl <cau, Yu€eUVreR (28)

el

> X, <caxy VYheHVIEL (29)

el

> QMopis < camy Y,y YmeMNVIEL (30)

acA

> QBus < cabyy! VbeB (31)

acA

ZXSW—I—ZNG@TS < cagg,an5 VgeG,VreR (32)

acA beB

> NDpis+ > > XDyaps < cadgYy VdeD (33)

beB geG reR

In the two-stage stochastic programming model (1)-(33), the objective
function is to maximize the expected profit for all realized quality state sce-
narios. The objective function is composed of the revenue from selling brand-
new products and recovered components and recycled materials in addition
to the fixed costs of opening facilities as well as processing, procurement, and
shipping costs in the CLSC network. Constraint (2)-(3) ensure flow balance
at each distribution center and demand satisfaction at each end-user zone.
Constraint (4) ensures that all the returned products are collected at the
collection centers. Constraint (5) ensures that the total flow to the disas-
sembly facilities, i.e., acquired returns, cannot exceed the total amount of

returned products available in collection centers. Constraint (6) ensures that
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the OEM acquires a substantial portion of the return stream for recovery
purposes. This constraint reflects the environmental concerns regarding the
harmful effects of leaving used durable products in the environment. Con-
straint (7) ensures that the total flow outgoing from disassembly centers
to all recycling centers is equal to the incoming flow to each disassembly
center from all collection centers, multiplied by recyclable mass coefficient
a,. Constraints (8)-(11) are capacity restrictions. Constraints (13)-(15) en-
sure that the total outgoing flow from each manufacturing center is equal to
the total incoming flow into this facility from suppliers and reverse channel.
Constraints (16)-(19) ensure flow conservation at each disassembly center.
Constraints (20)-(21) ensure the flow conservation at each remanufacturing
facility. Constraints (22)-(23) ensure flow conservation at each bulk recy-
cling center. Constraints (24)-(26) are flow conservation restrictions at each
material recycling center. Constraints (27)-(33) impose capacity restrictions
on supply chain facilities. Constraints (17), (21), and (25) represent partial
demand satisfaction of recovered components and recycled raw materials at
secondary markets.

The two-stage stochastic programming model (1)-(33) involves an ex-
tremely large number of recourse problems Q (Y., Y2, Y0, V1, Y7, Y, X5, X7,

X3 X Xioyrs &) This leads to a computationally intractable model. There-

fore, a scenario-based reduction approach would be required to alleviate the

computational complexity of the proposed model.
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4. Scenario reduction algorithm

In this section , we articulate a scenario reduction framework based on
fast forward selection algorithm adapted to the particular structure of the
uncertainty set for quality status of returns. The main idea behind the
scenario reduction scheme is to preserve the most pertinent scenarios through
eliminating the doubtful scenarios to occur. Consequently, it determines
the best approximation of the current set of scenarios with respect to a
probability distance measure, i.e., most often Monge-Kantorovich distance.

We let €2 be the probability distribution carried by n-dimensional scenar-
ios s; = (52,52, s fg, br &bz, ..., &8P) in which [ and p indicate, respectively,
index of modules and parts. For instance, [; denotes the first type of modules
while p3 represents the third type of parts in the reverse BOM. Each scenario
s; is associated with probability m; for i = {1, ...,|S|} such that ZE1 m = 1.
Further, we let Q be the set of reduced probability distribution, compared
to Q, carried by finitely scenarios s; = (Sg,fg, ...,fg, DLEre, L, EBP) with
probability 7; for j € {1,...,|S|} \ J, where J denotes the index set of elim-
inated scenarios. The minimal Monge-Kantorovich distance between 2 and

Q is then attained as follows (Theorem 2.1. in [8]).

D(0,Q) = ;. min c(s;, S; 34
(@0 = T minclss) (39

and the probability of the preserved scenario s; of Q, j ¢ J, is given by the

so-called redistribution rule:

=ty (35)

iGJj
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where c(s;,s;) is a distance metric between scenarios s; and s; and J; =
{ieJ:j=j@)} and j(i) € argmin;g; c(s;, s;); Vi € J. The interpretation
of the redistribution rule, equation (35), is that the modified value of the
probability of a preserved scenario is equal to sum of its initial probability
and all probabilities of eliminated scenarios that are closest to it concerning
the distance metric c.

The reduction problem (34) states that the initial scenario set involving 2"
number of scenarios is covered by two sets J C {1,...,]S|} and {1,...,|S|}\J
such that the cover has the minimum value, i.e., D(€,9Q). This problem
is therefore a set covering problem, which is NP-hard. In [8], an efficient
heuristic algorithm based on Monge-Kantorovich distance has been devel-
oped to determine the optimal scenario set reduction. The concept of fast
forward selection algorithm is the recursive selection of scenarios that will
not be eliminated. The first scenario to be preserved is the one that has the
minimum sum of the distances to the unselected scenarios. In the subsequent
steps, the distance of the unselected scenarios is updated by comparing these
scenarios to the selected set. Thus, the sum of the distances of the unselected
scenarios is calculated and the next scenario to be preserved is selected akin
to the first scenario in the selected set. This process terminates once a spec-
ified number (m) of scenarios has been selected to be preserved. In the end,
the probabilities of each non-selected scenario is added to its closest selected
scenario concerning the redistribution rule (35).

The first step of forward selection algorithm involves constructing the dis-
tance matrix. Euclidean distance has been a common metric used in stochas-

tic optimization literature. In this study, the distance norm is adapted to
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the particular structure of the uncertainty set. More specifically, we differen-
tiate between modules and parts in the reverse BOM of a durable product.
The rationale behind that is the different characteristics and economic val-
ues residing in these components. Hence, from the practical standpoint, the
modified distance matrix better reflects the heterogeneity residing in each
quality state scenario compared to a classical distance matrix. To this end,
the following modified Euclidean norm is considered as a distance measure

between every pair of scenarios s; and s;.

C(Susj)z||fl-—5ij|\2+||5p-—§p.\|2
—\/ — &)+ (& - +\/ — 82+ (88— &8 )?

The fast forward selection algorithm is outlined in Algorithm 1. This algo-
rithm starts with an empty selected set of scenarios and iteratively updates
it by adding the scenario minimizing Monge-Kantorovich distance between
original and selected sets. In the first step, the distance matrix corresponding
to the original set of scenarios is constructed using the modified Euclidean
distance metric described above. Then, the minimum distance is computed
(line 2 in the algorithm description) and immediately the first scenario to be
preserved is identified. Consequently, the set of selected scenarios is updated.
In the following steps, the distance matrix is updated concerning the fourth
line and distances between scenarios in the original and selected sets is cal-
culated (line 5). The scenario with the minimum distance value is selected
as the next scenario not to be eliminated and the selected set is updated.
The probability of the scenarios in the selected set is computed through the
redistribution rule (35).
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Algorithm 1 - Fast forward selection

1: Step 1: cg.] =c(ss,85) Vi,je{l,.,|S}i#7

S|
1 1 .
2: 2l = ;mcy Vi e{1,..,|S|}
i#]
s i € argmin o1 S0 = (1, S
je{1,...,|S
4: Step k: CZU —mm{ck 1], z];k 11]} Vi,je Jk-.4 £
L L)
5: Z] = Z 7T7*Cij VJ c J[k 1]
ieJI=1\ {5}
6: ji € arg min z[ ] JK .= glk= 1]\{]k}
]EJ[k 1]

7: Step m + 1: Applying the redistribution rule (35)

5. Solution methodology

The mixed-integer programming model (1)-(33) is a large-scale optimiza-
tion problem. It is due to several types of binary decision variables corre-
sponding to location of facilities in the reverse network, the generic reverse
BOM of the returned durable product, and the large yet tractable number
of reduced recourse problems. This model can be tackled by an efficient so-
lution approach which we devise based on L-shaped algorithm. In classical
L-shaped method, the deterministic equivalent (original) problem is decom-
posed into a master problem (MP) and a set of recourse subproblems (RSP)
associated with each random scenario defined in the original model. The MP
comprises the first stage variables, an artificial variable, and a set of first
stage constraints. This problem is the reformulation of the original model
which is solved by a cutting plane algorithm such that, at each iteration,
whenever a feasible solution to the original problem is found, an optimality

cut associated with the set of scenarios are added to the MP. Otherwise, a
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number of feasibility cuts corresponding to infeasible scenarios are added.
The solution to the MP and the expected value of the solutions to the re-
course problems gives, respectively, upper and lower bounds to the original
problem. The solution process terminates once an optimal solution is found
or a prescribed optimality gap is satisfied.

In what follows, we first provide the classical L-shaped reformulation, then
we propose algorithmic enhancements in order to speed-up its convergence

rate.

5.1. L-shaped reformulation

In L-shaped scheme, all the second stage flow variables are projected
out and the master problem includes the first stage facility locations and
flow variables along with a surrogate variable. We let X and Y denote a
tentative first stage solution. The corresponding RSP for each scenario s can

be stated as follows.
Maximize Q(X,Y,€,) (36)
subject to  (17), (20) — (23), (25), (27) — (29)

S QL+ Y QZups =,y XL Viel¥peP (37)

z€Z a€A JjeJ

Y NLis+ > QUyrs =, » X5 VieIVreR (38)
uelU geG jedJ

d X+ > QXpas =w y XL VieILVIieL (39)
heH meM jeJ

Y W Xb =Y QZuips+ Y QSaops Va€ANVpeP (40)
ceC i€l ocO

> BXL=D QBus VacA (41)
ceC beB
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Y 0. XL = QMyu, VYacAVIEL (42)

ceC meM

ZTTNGbgrs_ZXngrs: ZTr agr VgeG,VreR (43)

beB deD a€A

Z agr Z QUgirs + Z QEgers + Z XngT‘S

acA el ecE deD

—) NGy YgeGVreR (44)
beB

> QMapis < camy, Y3 VmeMNVIEL (45)

acA

> QBus < caby,! VbeB (46)

a€EA

ZNGbgrs < caggrY ZXW VgeGVreR (47)

beB acA

> NDpis+ > > XDyars < cadgYy VdeD (48)

beB geG reR

To formulate the dual of the recourse subproblem, we define v?!,..., v?!, in

9 13 15 16 17 .18 19 , 20 +
which 03, V3, Vel 010 vl Ul U vl vap,, vgk € RT as the set of dual

variable vectors corresponding to the constraints of RSP. The dual problem

for each scenario s, namely DRSP, can then be formulated as follows.

Minimize Z,(X,Y,& Z Z (Z PpU; ivs T Z pUR A+ Z WlUZlS)

el jeJ peP reR leL

+ Z ZX_éla( Z ’ypsvips + 651}23 + Z 611};3) + Z Z dsopvips
a€A ¢

cC peEP leL 0€0 peP

1D I) WIS B) Do O WD WY

weW leL geG acA reR reR

+ Z Z deervers + Z Z CaZZPUZPS + Z Z Cauurvum

ecFE reR z€Z peP uelU reR
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+ Z Z ca:chlvhls + Z Z camml

m mls + Z Cabby4vbs

heH leL meM leL beB
+ Z Z (caggrYf’ Z agr) Vgrs + Z cadyY 502! (49)
geG reR a€A deD
subject to  (vh,v?, ..., v*) € A, (50)

where Ay is the polyhedron defined by the constraints of the DRSP. We let
ps(.) denote the first stage variables free terms in the objective function of the
DRSP and we introduce a surrogate variable # representing an upper bound
on the expected recourse function E¢[Q(X, Y, €)]. Thus, we can reformulate

the master problem of the two-stage stochastic programming model (1)-(33)

as follows.

Maximize 6 + Z Z Pka;k —

>y

X = 2. D X}

jeJ keK el jeJ i€l jeJ
B PRI D) WIIL T 9) et
jeJ keK j€J keK keK ceC
— Z Ztcch,fc — Z Z caaXfa — Z ZtacaX4
keK ceC ceC acA ceC acA
=D D PN =D D D e X =D DD taar Xy
ceC acA acA geG reR acA geG reR
= feY =D falY? = Y fmanYE =Y oy
ceC acA meM beB
=Y fe, Y9 =Y fdaYy (51)
geG deD

subject to

(2 -
2

seS

(11)

e (ps(f)

f <

REDIS

i€l jeJ

26

1
o

Z ¢p®ilps + Z :urﬁzzrs + Z wl@?ls)

peP reER leL
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+3 ) X, < D Vst + Bl + Y 5,@;,3)

a€A ceC pEP leL
DIDIHOITED DA ED D LTS
geG acA reR reR meM leL
+ Z caby Y, o) + Z Z (caggrY5 Z Xagr> A;SS + Z cadgY, 61}32)
beB geG reR acA deD
(52)
0 < '05 + Z Z (Z gbp’%ilps’ + Z:U”/"%?rs’ + Zwl/%?ls’)
i€l jedJ peEP re€R leL
+ Z Z Xéla < Z fYPsl%ips/ + 68’%23’ + Z 61’%;5’)
a€A ceC pEP leL
DIDIMO LIS WH D D) LTINS
geG acA reR reR meM leL
+ Z caby Y, Ry + Z Z (caggrY5 Z agr) A;?S,
beB geG reR acA
+ Y cadgYiiZ, Vs €S (53)
deD
X cRYY €{0,1} (54)

where k indicates extreme rays of A whenever the DRSP is unbounded for a
given first stage solution in scenario s’. As shown above, the set of optimality
cuts for each scenario s has been aggregated to produce the single optimality
cut (52), while (53) represents the feasibility cut for each infeasible scenario
s,

We also let F' and C be the cost vectors in the objective function of
the first stage problem. The classical L-shaped method is outlined in Algo-

rithm 2. Pilot computational tests have shown a poor convergence rate of

the classical L-shaped method. To circumvent this issue, we proceed with
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proposing two different enhancement strategies in the next section.

Algorithm 2 - Classical L-shaped method
UB ¢ 00, LB ¢ —©

2: while (UB — LB)/UB < ¢ do
Solve the MP
4: UB+ 0+ FTY +CTX

Solve the DRSP for each scenario s
6: if the DRSP is unbounded then
Add the corresponding feasibility cut (53) to the MP
8: else
Generate the corresponding optimality cut
10: end if
if The DRSP was optimal for all realiztion of scenarios then
12: Add the aggregated optimality cut (52) to the MP
LB+ max (LB, Y. 7s7,(X,Y,€,) + FTY + CTX)
14: end if

end while

5.2. Algorithmic refinements

5.2.1. Induced constraints

We note that various types of valid inequalities (induced constraints) can
be added to the MP. In the early iterations of L-shaped algorithm, because
the iterative algorithm is initialized from empty subsets of extreme rays and
extreme points, the solution to the MP might be infeasible for the original
model, which leads to the generation of the feasibility cuts. Induced con-

straints restrict the feasible region of the MP and transfer more information
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on RSPs to the MP. Hence, they dramatically diminish the number of feasi-
bility cuts throughout the solution process and enhance the convergence of
L-shaped method by helping the MP to identify close to optimal solutions.
Given the structure of model (1)-(33), the following constraints can be added

to the MP as induced constraints.

> cac Y} = pdky, (55)

ceC keK

> caagY) > My dky, (56)
acA keK

> camp V) = 0\ dky, VIELNVseS (57)
meM keK

> cabYyt > BMY dky VseS (58)
beB keK

> cagyY) > MY dky VreR (59)
geG keK

Y vi>i (60)
deD

The set of inequalities (55)-(59) ensures installing enough capacity in the
reverse channel. Constraint (60) ensures that at least one disposal center is

installed in the reverse network.

5.2.2. Pareto-optimal cuts

A smart idea to enhance the convergence of the L-shaped algorithm is
to strengthen the deepness of the optimality cuts. In some applications,
multiple optimal solutions might exist to the DRSP, each providing a po-
tentially different cut. To choose the deepest cut among various optimality
cuts corresponding to the multiple optimal solutions, Magnanti and Wong

[26] proposed a cut selection scheme, which improves the convergence of the
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Benders decomposition algorithm. In the context of our problem of inter-
est, the definition of a stronger cut can be expressed as follows according to
Magnanti and Wong.
Definition 1. Given that X and Y represent, respectively, the set of first
stage continuous and binary decision variables in model (1)-(33), the optimal-
7 .9

ity cut generated from the dual solution vectors (v, ..., v7, v?, vi?, ..., vI) €

A, dominates the cut generated from (v3, ..., v2, v3, v32, ..., v2') € A, if and

only if
A nT 1 ~2 ~3
E s (Ps("h ) + § § Xij( E ¢Pvlzps + E HrU%ps T § WiU1is
seS iel jeJ peP reR leL
2 : § : 4 2 A4 ~ 6 E : A7
+ Xca ( ’ypsvlaps + ﬁsvlas + 51U1al5>
acA ceC peP leL
Z §:A12 }:AM 2:}: 3
+ E : Xlagr( lgrs + Ulgrs) Cammly Ulmls
geG acA reR reR meM leL
4 19 5 ~20 6 21
+ E cabyYy Uy + g g <caggrY E ag,,)vlgrs—k E cadgY, U1d8>
beB geG reR acA deD
AT 1 ~1 A2 ~3
< E Ts <Ps(’02 )+ E E Xij( E PpUsips + E Hr U205 + E WiV
seS iel jeJ peP TrER leL
4
+ E : E :Xca( E :’YPSUZaps + /BSUQGS + § :5lv2al8>
a€A ceC peP leL
A12 ~14 3 18
+ E E Xagr( § 29rs + E 2grs> + § , E CamlemUles
geG a€A reR reR meM leL
4 19 5 ~20 6 21
+ E cabyYy gy + E E (caggrY E agr)vzgmjt E cadgY, U2d5>
beB geG reR acA deD

for all X and Y with strict inequality for at least one extreme point. A
Pareto-optimal cut is not dominated by any other cut. Now, let A be a

polyhedron stated as A = {(X,Y) : (2) — (11)are satisifed}.
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Definition 2. Core point: any point (X° Y?) contained in the relative
interior of the convex hull of A is said to be a core point, i.e, (X% Y?9) €
ri(A°), in which 7i(.) and A€, respectively, denote the relative interior and
the convex hull of A.

Given the above definitions, the Pareto-cut selection scheme based on
26] for the CLSC network design problem under investigation is presented
in Appendix B. In this study, we adapt the Pareto-optimal cut generation
approach presented in Papadakos [27], an enhancement to Magnanti and
Wong’s method. In [27], it has been shown that the normalization constraint
(see constraint B.2 in Appendix B) can be disregarded through varying the
value of the core point at each iteration of the solution process. In this
approach, once the solution to the MP yields feasible RSPs, the value of
the core point can be updated through the convex combination of the MP
solution and the previous value of the core point. In this regard the auxiliary

dual recourse subproblem (auxiliary-DRSP) can be stated as follows.

Minimize Z,(X°, Y% €)= X} ( D G+ > mUh Y wzvf’zs>

i€l jeJ peEP reR leL
2 :2 : 40 } : 4 6 § : 7 2 :} : 5
+ Xca ( ’}/I)Svaps + /stas + 5lvals) + dsopvops
a€A ceC peP leL 0€0 peP
+ E § deZles + E E agr( § :Ugrs + § Ugrs)
weW leL geG acA reR reR
+ E E deo, v, + E g cazzpvzps + E E Ca U0
eeE reR z€Z peP uelU reR
19
+ E E caz v, + E g cam Y2 vl + E cabbe Ups
heH leL meM leL beB
50 50 60
+ E E <caggr}/g — E Xag,,> Vgps + E cadgYy vk
geG reR acA deD
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subject to  (v',v?, ..., v € A, (61)

The optimal solution to auxiliary-DRSP (61) is used to generate the Pareto-
optimal cut. We note that finding a core point in A€ is a difficult act since
the description of the convex hull is unknown a priori. Therefore, rather
than using a core point in A¢, we choose the core point in the linear pro-
gramming relaxation of A to generate the Pareto-optimal cut. This cut is
a non-dominated cut on AX" though it might be dominated in A¢. We let
non-negative parameter \° indicate the weight of the core point (X°, Y°) in
the convex combination that updates the value of the core point throughout
the solution process. Empirically, it has been shown that 0.5 most often
yields the best results ([27]). An outline of the proposed enhanced L-shaped
method is presented in Algorithm 3.

6. Numerical results

In this section, we illustrate some numerical experiments to provide an
analysis of the CLSC network design problem under investigation. To this
end, first, we present a typical large household appliance example, i.e., wash-
ing machine [28], as a suitable case of durable products and provide a descrip-
tion of randomly generated data sets based on the CLSC/RSC design litera-
ture ([21], [29]), which ensures varying values of input parameters. Then, we
proceed with a detailed representation of the performance of the proposed
solution method on two reduced sets of scenarios with different sizes, i.e., 500
and 1000. Finally, using the enhanced L-shaped method for each scenario

set, we evaluate the performance of the scenario reduction algorithm.
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Algorithm 3 - Enhanced L-shaped method
UB + 00, LB+ —00, A+ 0.5

Add induced constraints (55)-(60) to the MP

3: Start with an initial core point (X©, Y )
while (UB — LB)/UB < ¢ do
Solve auxiliary-DRSP (61) for each scenario s

6: Add the aggregated Pareto-optimal cut (52) to the MP
Solve the MP
UB+ 0+ FTY +CTX

9: Solve the DRSP for each scenario s
if the DRSP is unbounded then
Add the corresponding feasibility cut (53) to the MP

12: Update core point only one time (X%, Y?) < A\¢(X°,Y9) +¢

else

Generate the corresponding optimality cut
15: end if
if The DRSP was optimal for all realiztion of scenarios then
Add the aggregated optimality cut (52) to the MP
18: LB+« max (LB, Y, msZy(X,Y,&,) + FTY + CTX)
(X9, Y% « X(X°%Y? + (1-)X9)(X,Y)
end if

21: end while

The fast forward selection algorithm and the accelerated L-shaped method
are implemented in C++ programming language. More particularly, the pro-
posed decomposition algorithm is implemented in C++ using Concert Tech-

nology with IBM-ILOG CPLEX 12.60. We also employ the default settings
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of CPLEX and conduct all the experiments on an Intel Quad Core 3.40 GHz
with 8 GB RAM.

6.1. Computational experiments

We consider the recovery network of a used washing machine which con-
sists of various components as given in Table 2. Recalling the scenario gen-
eration approach introduced in Section 3.2 and the number of components of
the washing machine in our experiments, i.e., twelve components, the grading
process yields 2!2 or 4096 quality state scenarios which is relatively large. The
parameter settings of the proposed mathematical formulation is presented in
Appendix C. Further, capacities of facilities are randomly generated follow-
ing a reasonable relationship with the reverse BOM, demands parameters,
and return ratio. Demands of recycled raw materials at the corresponding
secondary marketplaces are also randomly generated considering the reverse
BOM and the return ratio. Shipping costs are selected from Uniform(4, 7)
for the washing machine, Uniform(1, 4) for each type of components, and
Uniform(0.1, 0.5) for raw materials, bulk of residues, and wastes.

We also apply fast forward selection algorithm described in earlier section
where two reduced scenario sets of sizes 500 and 1000 are selected out of the

set of 4096 scenarios. Then, we employ five classes of problems, each with

Table 2: The washing machine parts and modules

Description Value
washing tube:1, cover:1, balance:1, frame:1, hose:1, condenser:1,
O small electric parts:1, electric wire:1, transformer:1, PCB board:1
wj motor:1, clutch:1
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5 randomly generated test instances, for both sets of scenarios as shown in
Table 3. We also show detailed information on the size of problem classes in

Table 4.

6.2. Computational results

To assess the computational efficiency of the proposed enhanced L-shaped
method, we define an optimality gap €% in addition to a time limit as the
stopping criteria for this algorithm. More precisely, the solution process ter-
minates once either the optimality gap falls below 0.5% or the solution time
exceeds 3600 seconds. As for the core point (X Y?), point Y? is fixed to
0.5 for all the first stage binary variables at the beginning of the solution ap-
proach. Moreover, to pick a suitable value for point X9, after fixing the value

of Y9 to 0.5, the resulting subproblem (1)-(11) is solved considering a small

Table 3: Problem classes

Class |z| U [H| [ [JI [K| |c] [A] [M] |B| |G| |D| |O] [W] |E] |S]

¢t 10 3 2 5 10 60 10 10 10 10 10 5 30 30 30 500
1000
c2 10 3 2 5 10 8 10 10 10 10 10 5 40 40 40 500
1000
c3 10 3 2 5 15 100 15 15 15 15 15 7 50 50 50 500
1000
Cc4 10 3 2 5 15 120 15 15 15 15 15 7 60 60 60 500
1000
cCh 10 3 2 5 20 140 20 20 20 20 20 10 7O 7O 70 500
1000
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Table 4: Size of the deterministic equivalent problems

Class |S| Constraints Continuous Vars. Binary Vars.

C1 500 476706 3261650 55
1000 953206 6521650 55
C2 500 551746 4012050 55
1000 1103246 8022050 55
C3 500 705326 7276475 82
1000 1410326 14548975 55
C4 500 780366 8402075 82
1000 1560366 16799575 82
Ch 500 934446 13022300 110
1000 1868446 26037300 110

positive value as the lower bound for X° to ensure generating an interior
point. We also solve all 50 test instances with CPLEX in a maximum time
limit of 7200 seconds and within the stopping gap tolerance of 0.5% to avoid
tail-off effect. It should be noted that the numerical results of the classical L-
shaped method are not reported in this section due to the poor convergence
rate of this algorithm on pilot tests. Tables 5 and 6 present, respectively,
computational results for the reduced sets of 500 and 1000 scenarios. These
tables also show computational statistics of CPLEX including CPU time in
seconds followed by the value of the objective function reported by CPLEX
within the dedicated time limit. The last column entitled by “Gap” repre-
sents an average on the relative difference between the profit values reported
by the enhanced L-shaped method and CPLEX for each class of problems

within their corresponding time limits.
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Table 5: Computational results on problem classes for |S| = 500

Class Enhanced L-shaped CPLEX
Runtime (sec) Iterations  Profit ~ Runtime (sec) Profit Gap

320 22 23,583,400 > 7200 23,523,900
170 12 26,655,700 > 7200 22,921,100

C1 280 19 25,156,500 > 7200 24,860,600 3.33%
269 19 24,681,000 > 7200 24,383,200
244 17 26,100,800 > 7200 26,093,900
443 27 35,837,400 > 7200 35,211,400
527 32 34,890,800 > 7200 34,688,000

C2 224 14 36,404,200 > 7200 35,984,800 17.07%
278 17 34448900 > 7200 31,359,400
523 31 37,958,400 > 7200 10,287,600
969 32 44,375,400 > 7200 4,181,020
521 17 40,886,900 > 7200 6,483,960

C3 1119 36 45,205,700 > 7200 6,253,750 88.29%
704 24 42,834,000 > 7200 3,127,920
531 18 43,602,900 > 7200 5,294,590
1382 36 51,663,200 > 7200 10,866,000
1154 31 56,215,500 > 7200 15,416,000

C4 763 21 58,737,500 > 7200 19,074,500 73.02%
764 21 94,991,600 > 7200 No solution
823 23 55,213,400 > 7200 No solution
2835 38 65,911,400 > 7200 12,020,400
2900 41 60,880,800 > 7200 No solution

Ch 2348 31 63,561,500 > 7200 No solution 86.90%
2680 33 58,883,900 > 7200 4,692,950
2530 36 62,967,200 > 7200 No solution
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Table 6: Computational results on problem classes for |S| = 1000

Class

Enhanced L-shaped

CPLEX

C1

C2

C3

C4

C5

Runtime (sec) Iterations  Profit ~ Runtime (sec)  Profit Gap
598 21 23,722,300 > 7200 1,615,900
331 12 26,802,200  >7200 24,555,100
580 19 25,299,200 > 7200 24,626,900 39.10%
556 18 24,823,600 > 7200 24,342,000
455 16 26,242,400 > 7200 2,792,950
857 26 36,006,600  >7200 31,597,900
900 27 35,106,500 > 7200 17,316,500
460 14 36,585,700 > 7200 14,543,600 49.43%
580 17 34,634,300 > 7200 12,017,300
1324 39 38,117,700 > 7200 15,757,200
1848 30 44,619,300 > 7200 No solution
1154 19 41,121,600 > 7200 No solution
1720 28 45,440,300 > 7200 No solution -
1438 24 43,077,100 > 7200 No solution
970 16 43,835,900 > 7200 No solution
1944 26 51,663,200 > 7200 No solution
2472 33 56,215,500 > 7200 No solution
1663 22 58,737,500 > 7200 No solution -
1768 23 54,991,600 > 7200 No solution
1588 22 55,213,400 > 7200 No solution
> 3600 26 66,258,600 > 7200 M
> 3600 27 65,256,200 > 7200 M
> 3600 25 63,761,100 > 7200 M -
> 3600 25 59,212,300 > 7200 M
> 3600 27 63,307,000 > 7200 M

M: out-of-memory
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As far as the results reported in Table 5 concerned, the proposed L-shaped
method solves all 25 test instances of different sizes to optimality in a rea-
sonable amount of time while CPLEX is only able to find a feasible solution
for most of test problems. In particular, the feasible solutions identified by
CPLEX for C3 to C5 are considerably far from the optimal solutions given
by the L-shaped method observing the huge average gap between the val-
ues of the objective function reported by two approaches as indicated in the
last column. Note that, in the last two classes of problems, CPLEX cannot
find any feasible solution to five test instances within two hours, denoted by
“No solution”. Accordingly, the gap values presented in the last column are
associated with solvable test instances by both approaches. This can be ex-
plained by the fact that the deterministic equivalent problem which CPLEX
attempts to solve involves a large number of recourse problems associated
with the representative quality state scenarios. Hence, model (1)-(33), even
with reduced number of scenarios, is itself a very difficult to solve problem
for the commercial software. This observation supports the call for an ef-
ficient solution approach. As opposed to CPLEX, the proposed enhanced
L-shaped algorithm can easily handle realistic size problems such that the
average runtime in classes one to four is 600 seconds, which verifies the ad-
vantage of the refinement strategies. Note that, in the case of the largest
test problems (class C5), we observe, on average, a 77.42% solution time
increase compared to the other four classes. Nonetheless, all test instances
are solvable in the alloted time by the proposed decomposition scheme.

Likewise, Table 6 reports the same statistics in the case of 1000 scenarios.

Analysis of this table leads to similar implications as in the case of 500
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scenarios. However, concerning the size of the set of scenarios, i.e., 1000,
there exist a few exceptions that need to be clarified. Firstly, the runtime for
the accelerated L-shaped method increases 12.77% on average over all test
instances excluding the fifth class. Secondly, the test instances of the last
class cannot be solved within one hour until the dedicated optimality gap,
ie., e = 0.5%, is reached by the solution algorithm. However, for this class
of problems, the relative difference between the lower and upper bounds of
the solution process after an hour is quite tight (0.54% on average over test
instances of C5), which is not far from the stopping optimality gap of 0.5%.
Finally, when the computational results of CPLEX are considered, we observe
an out-of-memory state in the last class along with its failure to generate a
feasible solution within two hours of runtime in test instances of the third
and fourth classes. The above discussion demonstrates the effectiveness of the

proposed accelerated L-shaped algorithm for solving our problem of interest.

6.3. Analysis of fast forward selection algorithm

Herein, we evaluate the performance of fast forward selection algorithm
through comparing the numerical results of the reduced scenario sets pre-
sented in the previous section. To this end, we compare the values of the
expected profit obtained by considering reduced sets of scenarios with the
one that we estimate through considering all possible scenarios for the ran-
dom quality status of the return stream. Let us indicate the optimal solution
of model (1)-(33) by Vagp, which is obtained by considering a reduced set of
scenarios. Now, the first stage variables in (1)-(33) are substituted with the
corresponding optimal values obtained by applying the proposed L-shaped

algorithm for the reduced two-stage stochastic program. Then, the resulting
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recourse subproblems are solved for all 4096 quality state scenarios. The
expected value of the profit function is therefore calculated over all scenarios
and denoted by EVsagp. The relative difference (RD) measure, representing

the gap between EVhsp and Vogp, can be stated as follows.
RD =100 x |(Vasp — EVasp)|/Vasp

It should be noted that the RD measure indicates how good the reduced
scenario set, obtained by the proposed fast forward selection algorithm, rep-
resents the whole set of scenarios. The steps described above are repeated
for each test instance of our experiments. Table 7 summarizes the average

value of RD over all five test instances for each class of problems, in cases of

500 and 1000 scenarios.

Table 7: The average value of RD for |S| = 500

# Scenarios C1 C2 C3 C4 C5
500 1.25% 1.17% 1.21% 1.14% 1.19%
1000 0.69% 0.65% 0.67% 0.71% 0.70%

As can be seen Table 7, the RD values are quite insignificant, i.e., less
than 2%. It means that both reduced sets of 500 and 1000 scenarios provide
good quality solutions to our stochastic problem. This observation verifies
the capability of fast forward selection algorithm in finding reduced sets of
scenarios, that are reliable representations of 4096 quality state scenarios.

Moreover, analyzing these results, it can be inferred that the larger re-
duced scenario set, i.e., 1000 scenarios, provides a better approximation to

the true stochastic CLSC network design problem involving a large number

CIRRELT-2015-56 41



Closed-Loop Supply Chain Network Design under Uncertain Quality Status: Case of Durable Products

of scenarios. However, it should be remembered that, in the case of 1000 sce-
narios, the average CPU time increases by 12.77% over solvable test instances
against that of 500 scenarios. From the above discussion, it can be under-
stood that if the decision maker prefers to obtain more accurate solutions to
model (1)-(33), he/she should pay the cost of computational time. The pro-
posed solution framework along with the scenario reduction method allows
the decision maker to have a perfect insight on possible trade-offs between
computational time and the accuracy of solutions, and therefore to select a
solution that is consistent with his/her willingness to invest computational

efforts to design the CLSC network.

7. Conclusion

In this paper, we introduced a CLSC network design problem under un-
certain quality status of the return stream, which is applicable to the case of
durable products. The underlying uncertainty is considered as the availabil-
ity of each component in the reverse BOM and modeled as discrete scenarios
with Bernoulli probability distribution. Accordingly, we proposed a two-
stage mixed-integer stochastic program to explicitly address uncertainty in
this problem. In order to tackle the intractable number of scenarios resulting
from several components that exist in the reverse BOM of a typical durable
product, we adapted fast forward selection algorithm to our problem of in-
terest to preserve the most pertinent binary scenarios in the deterministic
equivalent problem. Moreover, we developed a solution method based on L-
shaped algorithm, further enhanced with additional acceleration strategies,

including several valid inequalities and non-dominated optimality cuts. Our
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computational experiments demonstrated an outstanding capability of the
proposed algorithm for the CLSC network design problem.

We believe that our numerical results are general in nature and remain
valid in the context of any durable product. The proposed solution framework
together with the employed scenario reduction technique can be used to solve
realistic-sized problems. More specifically, the computational experiments
performed show that the average solution time are 1012 and 1962 seconds,
receptively, for cases of 500 and 1000 scenarios. Furthermore, our findings
indicate that the adapted fast forward selection algorithm is potent enough
to construct a subset of the complete scenario set that leads to good quality
solutions.

This research can be extended in several directions. Given a planning
horizon discretized by a set of finite time periods, the proposed model can
be extended to a dynamic CLSC network design problem in which the un-
certainty in quantity of returns and demands can be addressed along with
uncertain quality status of cores. Another avenue of research is to deal with
the uncertain quality state through the robust optimization approach. This
might alleviate the computational complexity of the stochastic programming

method.
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Appendix A.

Nomenclature

Sets

A Set of disassembly centers

B Set of bulk recycling centers

C Set of collection centers

D Set of disposal centers

E Set of secondary markets for recycled materials
G Set of material recycling centers

H Set of module suppliers

~

Set of manufacturing centers

<

Set of distribution centers

Set of end-user zones

Set of modules

Set of remanufacturing centers

Set of secondary markets for spare parts
Set of parts

Set of raw materials

Set of quality state scenarios

Set of raw material suppliers

= @ »w 3 v O 2 o~oX

Set of secondary markets for modules
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Z Set of part suppliers

Parameters

Q The mass of recyclable material r in the returned product shipped to ma-

terial recycling centers from disassembly centers

Bs The mass of residues in the returned product in scenario s shipped to bulk

recycling centers from disassembly centers

O1s The number of remanufacturable module [ in the returned product in sce-

nario s shipped to remanufacturing centers from disassembly centers

Nr The ratio of recyclable material 7 shipped to material recycling centers from

bulk recycling centers

Vps The number of reusable part p in the returned product in scenario s shipped

to secondary markets and manufacturing centers from disassembly centers

A The legislative target for recovery of the return stream

L The volume of material r in each unit of product

wy The number of module [ in each unit of product

Dp The number of part p in each unit of product

P The rate of return

T The ratio of non-recyclable material r shipped to disposal centers from bulk

and material recycling centers
Cag Processing cost per unit of the returned product at disassembly center a
caa, Capacity of disassembly center a
caby,  Capacity of bulk recycling center b

cac.  Capacity of collection center ¢
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cady
caggr
cai;
cajj
CaMyyy
CAUqyy
Caxpy
Cazzp
Cbb
CCe
Cdd
CYgr
Cii

C ] 5
CMim|
cr
Clyr
CTh]
CZzp
deey
dky,

dsop

Capacity of disposal center d

Capacity of material recycling center g for raw material r

Capacity of manufacturing center 4

Capacity of distribution center j

Capacity of remanufacturing center m for module [

Capacity of raw material supplier u for raw material r

Capacity of module supplier h for module [

Capacity of part supplier z for part p

Processing cost per kg of residues at recycling center b

Processing cost per unit of the returned product at collection center ¢
Disposal cost at disposal center d

Recycling cost per kg of material r at material recycling center g
Production cost per unit of product at manufacturing center i
Distribution cost per unit of product at distribution center j
Remanufacturing cost per unit of module / at remanufacturing center m
Outsourcing cost to third-party provider

Procurement cost per kg of material r supplied by raw material supplier u
Procurement cost per unit of module ! supplied by module supplier h
Procurement cost per unit of part p supplied by part supplier z
Demand for material r at recycled material market e

Demand for the new product at end-user zone k

Demand for part p at spare market o
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dwy
faq
foy
fee
fda

J9g

T Gbgr

Tlyir

sdgq

Sipil

tacq

Demand for module [ at secondary market w
Fixed cost of opening disassembly center a
Fixed cost of opening bulk recycling center b
Fixed cost of opening collection center ¢

Fixed cost of opening disposal center d

Fixed cost of opening material recycling center ¢
Fixed cost of opening remanufacturing center m
Unit price of material r at recycled material markets
Unit price of the new product at end-user zone k
Unit acquisition price of the returned product
Unit price of part p at spare parts markets

Unit price of module [ at secondary markets

Shipping cost per kg of wastes from bulk recycling center b to disposal

center d

Shipping cost per kg of recyclable material r from bulk recycling center b

to material recycling center ¢

Shipping cost per kg of material r from material supplier u to manufactur-

ing center ¢

Shipping cost per kg of wastes from material recycling center g to disposal

center d

Shipping cost per unit of module [ from module supplier A to manufacturing

center ¢

Shipping cost per unit of the returned product from collection center ¢ to

disassembly center a
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tbap

tckc

teger

tgagr

ti2ip

tjij

th

tn®anﬂ

tSaop

tugiy

tuﬁnwl

txnnl

Shipping cost per kg of residues from disassembly center a to bulk recycling

center b

Shipping cost per unit of the returned product from end-user k to collection

center c

Shipping cost per kg of recycled material r from recycling center g to recy-

cled material market e

Shipping cost per kg of recyclable material r from disassembly center a to

material recycling center g

Shipping cost per unit of part p from part supplier z to manufacturing

center ¢

Shipping cost per unit of the new product from manufacturing center ¢ to

distribution center j

Shipping cost per unit of the new product from distribution center j to

end-user k

Shipping cost per unit of module ! from disassembly center a to remanu-

facturing center m

Shipping cost per unit of part p from disassembly center a to spare market

o

Shipping cost per kg of recycled material r from material recycling center

g to manufacturing centers ¢

Shipping cost per unit of module / from remanufacturing center m to sec-

ondary market w

Shipping cost per unit of module [ from remanufacturing center m to man-

ufacturing center ¢
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tzm-p

Shipping cost per unit of part p from disassembly center a to manufacturing

center 1

The first stage decision variables

X
X3
Xiie
Xea
X 5

agr

Yl

C

The quantity of products shipped from manufacturing center i to distribu-

tion center j

The quantity of products shipped from distribution center j to end-user

zone k

The quantity of returns shipped from end-user zone k to collection center

C

The quantity of returns shipped from collection center ¢ to disassembly

center a

The quantity of recyclable material r shipped from disassembly center a to

material recycling center g

A binary variable which is equal to one if collection center ¢ is opened and

zero otherwise

A binary variable which is equal to one if disassembly center a is opened

and zero otherwise

A binary variable which is equal to one if remanufacturing center m is

opened and zero otherwise

A binary variable which is equal to one if bulk recycling center b is opened

and zero otherwise

A binary variable which is equal to one if material recycling center g is

opened and zero otherwise
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Yd6 A binary variable which is equal to one if disposal center d is opened and

zero otherwise

The second stage decision variables

BRys The volume of residues outsourced from bulk recycling center b to a third-

party provider in scenario s

N Dygs The quantity of residues shipped from bulk recycling center b to disposal

center d in scenario s

NGypgrs The quantity of recyclable material  shipped from bulk recycling center

b to material recycling center g in scenario s

N1,rs The quantity of raw material r shipped from raw material supplier u to

manufacturing center ¢ in scenario s

QBgs The quantity of residues shipped from disassembly center a to bulk recy-

cling center b in scenario s

QEyers The quantity of recycled material r shipped from material recycling center

g to recycled material market e in scenario s

QI.ips The number of part p shipped from part supplier z to manufacturing center

17 In scenario s

QM gpmis The number of module [ shipped from disassembly center a to remanu-

facturing center m in scenario s

QSaops The number of part p shipped from disassembly center a to spare parts

market o in scenario s

QUgirs The quantity of recycled material r shipped from material recycling center

g to manufacturing center ¢ in scenario s
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QWinwis The number of module I shipped from remanufacturing center m to sec-

ondary market w in scenario s

QX miis The number of module [ shipped from remanufacturing center m to man-

ufacturing center ¢ in scenario s

@ Zaips The number of part p shipped from disassembly center a to manufacturing

center ¢ in scenario s

X Dyqsr The quantity of raw material r shipped from material recycling center g

to disposal center d in scenario s

X Ihis The number of module [ shipped from module supplier A to manufacturing

center ¢ in scenario s

Appendix B.

Considering Magnanti and Wong’s approach, throughout the L-shaped algo-
rithm, when the solution to the MP yields feasible RSPs for all scenarios, the
following auxiliary dual subproblem has to be solved for each representative sce-

nario.

o e 0
Ninimize Z,(X°,Y%,€) = 503 X8 (5 oyl + X+ St )

i€l jed peP reR leL

+ Z Z Xélj ( Z 'Ypsvips + IBSUSS + Z 5”)le> + Z Z dsopvgps

a€A ceC peEP leL 0€0 peP

S dwgely + 33 X ( S0+ 3 @;g)

weW leL geGacA réR reR

13 15 16
+E E deervers—l—g g cazzpvzps—{—g E CAUyr Uy
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+ Z Z caxp il + Z Z camleniOU}ﬁs + Z cabbe40U,}3

heH leL meM leL beB
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+ Z Z (caggr Z X22T> Ugrs + Z cadde vl (B.1)

geGreRr acA deD
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(v, 02, . v e A, (B.3)

where Z3(X,Y,€,) denotes the optimal value of the DRSP for the concerned
scenario. The numerically unstable normalization constraint (B.2) ensures that
the optimal solution of (B.1)-(B.3) is selected from the set of alternative optimal
solutions to the DRSP. The aggregated optimality cut (52) generated using the

solution of (B.1)-(B.3) is a Pareto-optimal cut.

Appendix C.

Tables C.8 to C.11 summarize parameter settings of model (1)-(33).
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Table C.8: Parameter settings for modules

Description Value

Motor Clutch

cxp 75 35
Puwy, 150 75

Table C.9: Parameter settings for raw materials

Description Value

Plastic Steel Copper

Js 3 kg 2 kg 1 kg

Qy 1.5kg 1kg 05kg
Clhoyyr 0.75 0.5 3
per 1.5 1 6
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Table C.10: Parameter settings for parts

Type of part Value

cz;p Psy

Washing tube 20 40

Cover 5 10
Balance 25 50
Frame 5 10

Condenser 15 30
Transformer 15 30
Small electric 5 10

Hose 20 40
Electric wire 20 40
PCB board 35 70
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Table C.11: The value of the parameters

Description Value Description Value

cl; 4 cJj 1

CCe 1 Clg 2
Mo, 3 cby 2

CYgr 2 cdg 2

cr 2 Pr 200

Ny 0.3 T 0.2

P 0.6 A 0.7

dky, {600, 601, ...,1200} dsep {30,31,...,100}
dwy {30, 31, ..., 100} Pk, Uniform(700, 1300)
fee Uniform (400000, 600000) faq Uniform (400000, 600000)
fmm Uniform(700000, 900000) fbp Uniform(400000, 600000)
fag Uniform (400000, 600000) fda Uniform (200000, 400000)
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