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Abstract

In this paper, a new model is proposed for the integrated logistics network designing problem. In many research papers in this area, it is
assumed that there is only one option for the capacity of each facility in the network. However, this is not a realistic assumption because
generally there may be many possible options for the capacity of the facility that is being established. Usually the cost of establishing a
facility depends on its capacity. Moreover, of the majority of the research done in the field of logistics network designing problem only a
limited number of options for product recovery is addressed. Specifically, in most of the research papers only one option, i.e.
remanufacturing, has been considered. Therefore, a mathematical formulation with multiple options for capacities and product recovery is
addressed in this research to obviate this gap. Afterwards a benders decomposition method is developed to efficiently solve the problem.
The computational results introduce several random generated problems to be solved with benders algorithm and demonstrate that this
algorithm can efficiently solve the proposed model.

Keywords: Logistics network designing problem; Integrated logistics; Multiple capacities; Recycling; Benders decomposition.

1. Introduction

The traditional view of many manufacturers regarding the reverse logistics model using genetic algorithm. Also
used products is assuming that they are valueless. They Hatefi and Julai (2014) proposed a robust logistic model
generally do not feel any obligation about what happens under demand uncertainly and facility disruptions. Other
to the product discarded by the customer. They design related works can be found in Rahmati, Ahmadi, and
their products to minimize the cost of materials, assembly Karimi (2014) and Mehdizade and Fatehi Kivi (2014).
and distribution but do not consider the costs of repairing, Nowadays, increasing concerns for environmental issues
reusing or recycling (Zhou & Wang, 2008). Even though and passing new laws to protect the environment have
reusing the products discarded by the customers is not a highlighted the importance of reverse logistics. In many
new subject and it has been around in some industries for industries, such as electronic products, considering
a long time (Srivastava, 2008), the level of product reverse logistics has become a necessity, especially with
recovery has significantly risen throughout the last continuously decreasing product life cycle in these
decades (Fleischmann, Beullens, Bloemhof-Ruwaard, & industries. Therefore designing an efficient reverse
Wassenhove, 2001) and this fact is a reminder of the logistics network to reuse the products that are at the end
necessity of reverse logistics. of their life cycles is of major importance. Figure 1
The reverse logistics can be defined as “the process of illustrates the structures of forward and reverse logistics.
planning, implementing, and controlling the efficient and Establishing an efficient reverse logistics requires a well-
cost effective flow of raw materials, in-process inventory, designed network with a set of activities, such as
finished goods and related information from the point of collecting,  inspecting,  dismantling,  recycling,
consumption to the point of origin for the purpose of remanufacturing and repairing (Kannan, Pokharel, & Sasi
recapturing value or proper disposal” (Hawks, 2006). Kumar, 2009). In order to obtain an optimum network
Such a concept has been around for a long time and many simultaneously considering both forward and reverse is
researchers have investigated it from many different indispensable, because the design of one network affects
viewpoints, most of them developed the traditional the optimum design for the other one, therefore
models considering real-case applications. For example optimizing these networks separately will lead to sub-
Roghanian and Pazhuheshfar (2014) solved a stochastic optimality. However, in many research papers in the field
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of logistics network designing problem, the designing of
the forward and reverse networks has been separately
considered.

One of the major drawbacks in the literature of reverse
logistics network design problem is that the majority of
the research papers in this field consider a limited number
of options for product recovery. According to the work
done by Thierry, Salomon, Nunen, and Wassenhove
(1995) there are five options for product recovery. These
five options are: repairing, refurbishing, remanufacturing,
cannibalizing and recycling. The objective of the
mentioned options, except for recycling, is to maintain the
identity of the product, while in recycling the identity of
the product is lost. However, in most of the research

papers, only one option is considered. In this paper a new
model is proposed to address this drawback. Another
important issue that is neglected in the current literature is
considering multiple options for the capacity of the
facilities in the network. This paper addresses the issue by
considering multiple options for the capacity of facilities.
For example in drug production industry, some drug
utensils should be reused while some others should be
recycled. These operations are done using the specific
facilities that each of them may have multiple options for
capacities. For more detail see Wang, Hung, and O"Neill
(2011).
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Fig. 1. Forward and reverse logistics

Even though product recovery has been around for a long
time, scientific attention to reverse logistics has started
since the early 1990s. In recent years various models have
been developed in the field of logistics network design
problem. These models range from simple schemes
without capacity restrictions (Yeh, 2005) to more
complex multi-objective models (Du & Evans, 2008). In
the literature of supply chain, a great portion of research
papers considered designing a forward supply chain from
suppliers to customers, but the number of research papers
on designing reverse logistics network is limited.
Pokharel and Mutha (2009) reviewed the literature of
reverse logistics, in this review they indicated that the
research in this field has been growing more significantly
since 2005. Moreover Melo, Nickel, and Saldanha-Da-
Gama (2009) have performed a review in logistics
network designing problem area and suggested promising
areas for future research.

Jayaraman, Guide Jr, and Srivastava (1999) proposed a
mixed integer programming model for a closed loop
logistics network designing problem to minimize the costs
of the network in objective function. They also discussed
the managerial aspects of the models and explained the
application of their model in decision making. In their
model, a multi-commodity network with capacity
constraints is addressed. However, their study is limited
because they did not consider an integrated network,
moreover they assumed that there is only one option for
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the capacity of the facilities. Fleischmann et al. (2001)
proposed an integer programming model to investigate
the effect of product recovery on the design of logistics
network. They showed that solving and optimizing an
integrated network is more suitable than separately
optimizing forward and reverse networks. However they
only considered a single commodity network and they
only considered a single capacity option for each facility.
Realff, Ammons, and Newton (2004) proposed a robust
optimization model for carpet recovery and stated that in
the United States, carpet recovery can provide 76 million
dollars annually. They proposed a reversed multi-
commodity logistics network for modelling this problem.
Multi-objective approach has been also studied by
Altiparmak, Gen, Lin, and Paksoy (2006). It this work, a
multi-objective genetic algorithm has been extended to
solve a forward supply chain network designing problem
considering a forward single commodity network with
multiple objectives of minimizing the costs and
maximizing the service level and maximizing the usage of
facilities.

All aforementioned researches are based on the single-
capacity facilities, not considering multiple options.
However, it is an obvious fact that real world cases can be
found with multiple capacitated facilities. Hence, for
reducing this gap between theoretical and practical
problems, the extension of this models is a reasonable
development. In this regard, Amiri (2006) proposed
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designing a supply chain network that included finding
the optimal locations of facilities and distribution
warehouses so that the cost of the network is minimized.
This study is the first research considering multiple
options for the capacity of the facilities in the network.
However, this study considers a single-commodity
forward supply chain network. Ko and Evans (2007)
highlighted the importance of concurrently considering
the forward and reverse networks and proposed an
integrated multi-commodity logistics network. They
constructed a non-linear integer programming model to
solve this problem. Since this problem is NP-hard, they
proposed a genetic algorithm to solve this problem.
However, they did not consider multiple options for the
capacities. They considered only one option for product
recovery, Zhou and Wang (2008) also studied designing
of a generic integrated logistics network considering two
product recovery options in their model. They developed
a mathematical model and a branch and bound method to
solve this problem. However, they didn’t consider any
limit for the capacity of the facilities. Pishvaee, Jolai, and
Razmi (2009) proposed a stochastic optimization model
for an integrated logistics network under uncertainty
aiming to minimize the expected value of costs. However,
their study considers only one option for product recovery
and the capacity of the facilities. Mutha and Pokharel
(2009) proposed a mathematical model, the reverse
logistics network designing problem, with the recovery
options of remanufacturing, recycling and disposal.
Alumur, Nickel, Saldanha-Da-Gama, and Verter (2012)
proposed a multi-period reverse logistics network
designing problem. They developed an integer
programming model to solve this problem and suggested
that their model can be used for real-world problems.
They considered a multi-commodity network and aimed
to maximize the profit. They also showed the advantages
of their model in comparison to static models through
many different scenarios. But the network considered in
their model is not integrated and only one product
recovery option is considered.

Some other related works can be found in the literature,
where all of their contributions are to use multiple
objective functions, locating facilities, considering
forward and reverse models simultaneously. However,
one can hardly find any research regarding multiple
capacity options for facilities. Also, very few studies
considered more than one option for product recovery.
Therefore, because of the existing of the discussed gap,
this paper introduces an integrated logistics network
designing problem with multiple options for the capacities
of the facilities and several options for product recovery.
Because of the complexity of the proposed problem,
Benders decomposition algorithm is used to solve this
model. To cognize why this model is NP-hard, one can
refer to Ko and Evans (2007). Therefore for providing a
perceivable description of our work, the rest of this paper
is organized as follows:

81

In section 2, the proposed model is illustrated and a
mathematical formulation is proposed to solve this
problem. After developing a benders decomposition
method in Section 3, the model is experimented and
computational results are presented in Section 4. Finally,
Section 5 is assigned to conclusion remarks and also
future activities.

2.  Problem Description and Mathematical
Formulation

In this section the discussed problem is described and a
mathematical model is proposed to solve it. This part of
the article is divided into two subsections where
subsection 2.1 describes the preliminaries of the problem
and subsection 2.2 formulates the mathematical model.

1.1 Problem description

The problem considered in this study involves managing
the reverse flow in the forms of repairing,
remanufacturing, recycling and disposal. There are four
types of entities in the network: customers, distribution
centers, central recovery centers (CRCs) and production
plants. In order to reduce the costs of network Pishvaee et
al. (2009) and Lee and Dang (2008) suggested that the
distribution and collection facilities use the same
resources for transporting materials, production, human
resources and infrastructures. In the proposed problem in
this study it is assumed that the customers return the used
products to the hybrid distribution-collection centers and
then the returned products are sent to the CRCs. The
reverse flows are managed in CRCs (Srivastava, 2008). In
the CRCs the returned products are inspected and
assigned to perform one of the following actions:
repairing, remanufacturing, disposing, and recycling.
According to Thierry et al (1995) these actions are
defined as:

Repairing: the objective is to restore the products to a
working condition. The quality of the repaired products is
generally lower than the brand new products.
Remanufacturing: The objective is to enhance the quality
of the used product to reach the standard of a brand new
product. In this process the used products are completely
dismantled and all of its components are inspected.
Recycling: The objective is to use the raw material of the
used product. In recycling the identity of the product is
lost.

In the proposed problem, the repairable products are
repaired in the CRCs and sent back to the hybrid
distribution-collection centers. The products that are
assigned to be remanufactured, are sent to the production
plants and after remanufacturing are sent back to the
hybrid distribution-collection centers. The products that
are assigned to be recycled are sent to the recycling
centers and the disposable products are sent to the
disposal centers. The logistics network proposed in this
paper have 6 layers including
manufacturing/remanufacturing plants, hybrid
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distribution-collection centers, CRCs, disposal centers
and recycling centers. In the forward flow, the products
are transported from production plants to the hybrid
distribution-collection centers and then to the customers.
In most of the previous studies, neglecting the capacity of
the facilities in the network (production plants, hybrid
distribution-collection centers, CRCs and disposal
centers) is one of the major drawbacks. In this paper,
multiple options are considered for the facilities in the
network. The demand and returns of the customers are
assumed to be deterministic. With these conditions, the
proposed model is defined as a 6 layered multi-
commodity network designing problem. In the next
section a mixed integer linear programming model is
proposed to solve this problem.

2.1 Mathematical model

In this section a mathematical model is proposed to solve
the proposed problem. The following notations are used
to formulate the problem:

Sets:

{1,.....N,} Candidate locations for

I= manufacturing/remanufacturing plants
1,....,Ng} Candidate locations for the hybrid
J={ distribution-collection centers

1,....,N} Candidate locations for CRCs

K={

1,....,.N} Candidate locations for disposal centers
0={

1,....,.N¢} Candidate locations for recycling centers
R={

1,....,.N¢} Set of customers

L={

1,...,.Ng} Set of products

M={

1,....,Nu} Set of possible capacities

H={

Parameters:

fiz Fixed cost of establishing a
manufacturing/remanufacturing plant i with
capacity level h

f].d Fixed cost of establishing a hybrid distribution-
collection center j with capacity level h

fen Fixed cost of establishing a CRC k with
capacity level h

& Fixed cost of establishing a disposal center o
with capacity level h

5 Fixed cost of establishing a recycling center r
with capacity level h

Crl;i].l Forward flow- Variable cost of supplying one

unit of the demand of customer 1 for the product
m with manufacturing plant i and hybrid
distribution-collection center j

Crl;k].l Forward flow- Variable cost of supplying one

unit of the demand of customer 1 for the product

m with CRC k and hybrid distribution-
collection center j

mijx  Reverse flow- Variable cost of retrieving one
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unit of the product m returned by customer 1 at
hybrid distribution-collection center j which is
repaired at CRC k

miki  Reverse flow- Variable cost of retrieving one
unit of the (re-manufacturable) product m
returned by customer 1 at hybrid distribution-
collection center j to CRC k which is sent to
remanufacturing plant i.
mijo  Reverse flow- Variable cost of retrieving one
unit of the (disposable) product m returned by
customer 1 at hybrid distribution-collection
center j to CRC k which is sent to disposal
center o.
mijer  Reverse flow- Variable cost of retrieving one
unit of the (recyclable) product m returned by
customer 1 at hybrid distribution-collection
center j to CRC k which is sent to recycling
center r.
et Penalty cost of not supplying one unit of the
demand of customer 1 for product m
w1 Penalty cost of not retrieving one unit of the
returns of customer 1 for product m
C, Cost of disposal for one unit
C, Cost of recycling
Cn Cost of manufacturing/remanufacturing one
unit of product m in plant i
Cim  Cost of inspection of one unit product m at
CRCk
Crpm Eost of repairing one unit of product m at CRC
d,;  Demand of customer I for product m
Tyt Return of customer 1 for product m
B Maximum percentage of repairable products.
Ym Minimum percentage of disposable products.
N Maximum percentage of recyclable products.
capl.’;l The capacity of manufacturing plant i at
capacity level h
Capfih The capacity of remanufacturing plant i at
capacity level h
capj‘.ih The distribution capacity of hybrid distribution-
collection center j at capacity level h
capfjh The collection capacity of hybrid distribution-
collection center j at capacity level h
capy,  The recycling capacity of recycling center r at
capacity level h
capy, The capacity of CRC k at capacity level h
capy,, The disposal capacity of disposal center o at

capacity level h
Decision Variables:

xf Percentage of the demand of customer 1 for
mt product m that is supplied by manufacturing
plant i through CRC j
xf  Percentage of the demand of customer 1 for
it product m that is supplied by CRC k through
distribution-collection center j
U,  Percentage of the demand of customer I for
product m that is unanswered
Xmijr ~ Percentage of returns of customer 1 for product
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m that is repaired at CRC k
distribution-collection center j
Percentage of returns of customer 1 for product
m that is remanufactured at plant i through
distribution-collection center j and CRC k
Percentage of returns of customer 1 for product
m that is disposed at disposal center o through
distribution-collection center j and CRC k
Percentage of returns of customer 1 for product
m that is recycled at recycling center r through
distribution-collection center j and CRC k
Percentage of the returns of customer 1 for
product m that is unanswered

Equals to 1 if recycling center r with capacity
level h is established; Zero otherwise.

through

P
Y

T
Ykh

X
Yoh

Equals to 1 if manufacturing/remanufacturing
plant i with capacity level h is established; Zero
otherwise.

Equals to 1 if hybrid distribution-collection
center j with capacity level h is established;
Zero otherwise.

Equals to 1 if CRC k with capacity level h is
established; Zero otherwise.

Equals to 1 if disposal center o with capacity
level h is established; Zero otherwise.

mlnz Z finYin + Z Z i+ Z Z fienYien + Z Z fonYon + Z Z finyrn + Z ZZZ C,/;Uld mul

i€l heH

]E] heH kEK heH

meM leL jeJ keK

0€0 heH

#0200 it 0 0D ) ChutmX

meM keK jej lEL

T
mljk

TER heH

meM i€l jej lEL

+ Z Z Z Z Z CojriTmiXmujii + Z Z Z Z Z CrujkoTmiXmijko

meM IeEL jEJ keEK i€l

meM leL jE€]J KEK o€0

+ ZmEM ZleL Zje] ZkeK ZrER C;lljkrrleTClljkT + ZmEM ZleL C‘rlrllldmlUml + ZmEM ZlEL C‘rvrglrml Wml (1)
S.T.
et Zjey XmjeTmi = ZlEszE]Xr/;kjldml vm € M,k €K 2
ZiEIsz]Xmijl+2kEszE]Xr/:1kjl+Uml =1 vaM,lEL (3)
Yjes Zkex Qier Xmijri + Zoco Xmijko + Lrer Xmijir + Xmujx) Wy =1 VM EM, L€ L “)
Yje Zkek et XmijkiTmi < Ljej el Xr/:u'jldml vmeM,iel )
Vm(X‘:;lljk + ZLEI X';;Lljkl + ZOEO X‘Z;ll]ko + ZrER X';;Ll]kr) < ZOEO X‘Z;ll]ko Vm € M lel ] € ] k ek (6)
Bon (Xt + St Xiujni + Zoco Xmijko + Lrer Ximijkr) = Xy YmEM,I€LjE] k€K (7)
nm( l]k + ZLEI Xml]kL + ZOEO Xml]ko + ZreR Xml]kr) 2 ZTER Xml]k Vm € M,l € L,] € ]r kekK (8)
ZJE]XmUzdml < Yhencap, Yy VmeM,leLi€llel )

]E]sz,]ld‘ml + ZkEkakﬂdml < Xnencapf¥i VYmeM,LELjE] (10)
Z XmijrTm + Z Z XotjkiTou + Z Z XmijkoTmi + Z Z XntjrrTmt < Z capinYen
jEJ jeJj iel jEJ 0€0 jEJ TER heH

vmeMkeK,l€L (11)
Z Xml]k + Z Z Xml]kL ml + Z Z Xml]ko ml + Z Z Xml]kr ml = Capr] Yk
keK keK i€l keK o€0 kEK rER

vmeM,jejlel (12)
ZJE]ZkEKX‘ml]kL ml < Dnen Capnh nh vmeM,iel,l€L (13)
ZJE]ZkEKXml]ko ml < ZhEH CaprthoJ;L Vm € M'i € 1'l €L (14)
Yje Zkek XmijirTmi < Znen Capin Yy vmeM,iel,leL (15)
0 < X)X i Xmtincir Xt Ximtjieo Ui X <1 YmEM,i€1,j €]k €K, T ERLEL (16)
np,lgd,Yk,Yox,Yf €{0,1} vmeM,i€l,jeJ keK,reRIl€EL (17)

The introduced model is a modified one which is based on
the past researches, except that all constraints related to
the capacity options shape the contribution of our work.
On the other hand, traditional models are improved to
contain the contributions.
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In this model constraint (1) shows the objective function
which is minimizing the total cost of the logistics
network. Constraint (2) ensures that all of the repaired
products are used to meet the demands of the customers.
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Constraints (3) and (4) indicate that all of the demands a sub-problem; these problems are iteratively solved to
and returns of the customers are either met or remain obtain an optimal solution for the main problem (Benders,
unanswered. Constraint (5) ensures that for each 1962). The sub-problem involves continuous variables
manufacturing/remanufacturing plant the total output and their related constraints and the master problem
flows are at least as big as the total input flows. Constraint includes integer variables and one continuous variable
(6) indicates the minimum percentage of disposal for the that links the two problems. An optimal solution for the
reverse flow. Constraint (7) indicates the maximum master problem provides a lower bound for the solution of
percentage of repairable products. Constraint (8) indicates the main problem. Using the solution obtained by the
the maximum percentage of recyclable products. master problem and fixing the integer variables as an
Constraints (9) through (15) ensure that the capacity input for the sub-problem, the dual sub-problem is solved
constraints of the facilities are observed. Constraints (16) and the result can be used to obtain an upper bound. In the
and (17) are non-negativity and binary constraints. next iteration, a cut is added to the master problem and

the master problem is solved again with the additional
constraint to obtain a new lower bound. This new lower

3. The Proposed Benders Decomposition Method bound is guaranteed to be lower than or equal to the

previous lower bound. This procedure is followed until
In this section a solution method based on benders the difference between the lower bound and the upper
decomposition is proposed to solve the problem described bound is low enough. Benders decomposition method
in the previous section. Following Boschetti and reaches the optimum solution in finite number of
Maniezzo (2009), benders decomposition is preferable to iterations. Before developing the master problem and
the meta-heuritics when the problem can be solved within sub-problem, the main problem is adjusted to facilitate the
an acceptable time duration. That is why this paper uses process. This problem can be represented as:

benders algorithm.
Benders decomposition involves decomposing a mixed
integer programming problem into a master problem and

Z, = minzLEI Shen finyh + Zie) Yhen [{Yih + Liek Znen [inYin + Zoco Znen [onYon + Lrer nen frnYin +

BSP( miji r/;kjl'X;;ll]k'X‘;ll]ki'X‘r1;1ljko'X‘r1;1ljkr' Umz'sz|ygu3’ﬂu3’l:h:ygh'3’fh')SubjeCf fo:
Equatzons (16) through (20)

Zy = mlnz Z finyin + Z Z fiavfh + Z Z fenYin + Z Z fonYon + Z Z finyrn

i€l heH ]E] hEH k€K heH 0€0 heH TER heH

r r T Xr 14 da T x e
+BSP( mijl’ mk]l'Xmljk'Xml]kuXmljko' mljkr’ Uml'Wmllyithjh'Ykh'YOh'th)

Subject to:

gllhich 3.1 Benders sub-problem

x

r
mk}l’X

T
mljk'X

XL XS KT X Y/
miji’ Cmkjr Cmljkr Cmljki’| P d .1 X e iki .
BSP\ o, Yino Yjno Yicns Yonr Yrn Bsp | muv MUK P ey Y, Ve, | is
X X U |74 XT‘ X U W. ih’ 7] o T
mljko’ “mljkr» “mb ¥¥'ml mljkor Amijkrr Ymi Wi

is the benders sub-problem which is developed in the a minimization problem that finds the optimum values for

following section. x/ oxr oy

the continuous variables (X v Xmujio Xmijkir

mijl’
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Xmijkor Xmijier» Umi, Winy) for the fixed values of follows:
(}751, 371%1, Vi Von ¥5,)- This problem can be developed as

i r r 18
min Z ZZZ C‘r/:u]ld mL]l + Z Z ZZ C‘rj:lk}ld mk}l + Z ZZZ lejkr‘lemljk ( )

meM i€l jeJ IeL meM keK jeJ LEL meM IEL jEJ kEK
+ Z Z Z Z Z CrtjriTmiXmijri + Z Z Z Z Z Crtjko miXmijiko
meM leL je€J keK i€l meM IeL j€J keEK 0€0
+ Z ZZ Z Z Crtjrer TmuXmujir + Z Z CrudmiUpy + Z Z Cot"muWu
MEM lEL jEJ KEK TER meM lEL meM lEL
19
ZZXml]k mi S ZZX’”W ml VvmeMkeK (19)
leL jej leL jej
ZZX;Ukrml > ZZX,Qkﬂdml vmeM,keK (20)
leL jej leL ]E]
21
ZZ mulJ’ZZ St Um <1 VmeM,LIEL 1)
i€l jej kEK jEJ
22
ZZ mulJ’ZZ St Um =1 VmeM,LIeL (22)
i€l jej keK jeJ
23
DO K+ ) Ko+ ) K + Kpuj) + Woy S 1 Vme M, € L 23)
Jj€J keK i€l 0€0 TER
24
DO K+ ) Ko+ ) K + Kpuj) + Woy =1 Vme M, € L 4)
Jj€J k€K i€l 0€0 TER
, 25
ZZZX:”U"”’”Z SZZX,’;L.ﬂdml VmeM,i€l (25)
J€J keK IeL j€J TeL
) (26)
Ym | Xmjie + Zernzjki + Z Xmijko Zernzjkr =< Z Xmijko YMEM,lLELjE] kEK
i€l 0€E0 TER 0€0
(27)
ﬁm ml]k+ZXmljkL+Z l]ko+ZXml]kr >Xml]k vaM lEL]E] kek
i€l 0€0 TER
) (28)
m | Xmuijie + Zernzjki + Z Xmijko Zernzjkr 2 ZX‘Z;lljkr vmeM,leL,jE] k€K
i€l 0€0 TER TER
ZXrl:lijldml < Z capl 77 vmeM,l€L i€l (29)
I3, heH
~ , 30
ZXrﬁzﬂdmz +ZX,’;kﬂdml < anp;ihlgg vmeM,l€eLj€E] (30)
o 31
ZXml]k + ZZXmljkL T + ZZ XmijkoTmi + ZZXml]kr T < Z capinYen VM E M,k G
jeJ jEJj i€l Jj€J 0€0 Jj€E€J TER heH
EK,ILeL
S . 32
Z XmijicTmi + Z Z XmijkiTmi + Z Z XmijroTmi + Z Z XotjierTmi < Z capiip¥h VM EM,j (32)
kEK keK i€l kEK 0€0 kEK rER heH
€Jlel
ZZ XhijkiTm < Z cap?, v¥, VvmeM,i€l,l€L (33)
J€J kEK heH
ZZ XiijkoTmi < Z cap’, V2, vmeM,0€0,l €L (34)
J€J kEK heH
ZZ XitjkrTmi < Z cap?, Y, vmeM,r€R,LEL (335)
J€J kEK heH
0 < X)X i Xtinir Xt Ximtjicor Ui X <1 YmEM,i€1,j €]k €K, T €ERIEL (36)
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In this model the constraints that were in the form of In order to obtain the dual of sub-problem dual Variables
equality have been replaced with two inequality Tk ‘”mk ‘7Tmz ‘”mz ‘nfn . ‘7Tmz qrl ml]k ‘
4 .. . r
cogstrallt)llts to facilitate the process of developing the dual S AL WY S PR S WY SN S8 a7, for
sub-probiem. constraints (2) to (18) are introduced. Using these dual
3.1.1 Dual sub-problem Variables the dual of  the sub-problem,
f
DBSP( mijl’ mkjl’X‘;;lljk'

In order to generate cuts to add to the master problem, the

dual of the sub-problem is used.
developed as:
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1.2 Benders master problem

The benders master problem is obtained as follows:

v a min z
T X e
YinYinYrnYonYrn
Subject to:
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In this model constraint (46) is the objective function of
benders master problem. Constraint (47) is the optimality
cut which is introduced to the master problem if the sub-

problem is solved to optimality. Parameters 71k 72k

mk ‘Tmk
~3k’ ~4k’ o5k ~6k o7k o8k ~9k’ ~10k’  ~11k’

Tt ‘Tl ‘Tt Ty Ty ‘T[mljk 7Tml]k 7Tml]k T
Rpdls g s ok g ity are the values of
dual variables obtained by solving benders dual sub-
problem. Constraint (48) is the feasibility cut which is
added to the master problem, that is the sub-problem,

which is infeasible.

¢

¢

3.1.2 Overall procedure of benders decomposition method

The pseudo code for the overall procedure of Benders
decomposition is presented in Fig. 2.

As it is shown in this figure, the procedure starts with an
initial feasible solution for the master problem. This can
be done by solving the problem without any additional
cuts. Then the obtained solution for the master problem is
given to the sub-problem, if the sub-problem is infeasible,
i.e. the dual sub-problem is unbounded, an unbounded ray
is used to generate an infeasibility cut to add to the master
problem for the next iteration. If the sub-problem is
feasible and solved to optimality, using the optimal
solution obtained, an optimality cut is generated and
added to the master problem for the next iteration. If the
obtained solution provides a better upper bound, the upper
bound is updated. Then the master problem is solved
again. This process is repeated until the gap between the
lower bound and upper bound is lower than a specified
value.

This algorithm is developed in GAMS 23.1 and used to
solve a numerical instance of the problem and the result is
compared to the mathematical model, which is also
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solved using GAMS 23.1. The results are presented in
Table 1. According to this table solving the mathematical
model directly require 83.04 seconds to obtain the optimal
solution, but using the benders decomposition method,
this time can be reduced to 17.428 seconds. Considering
these times, one can conclude that the differences
between them are not admissible. However, increasing the
size of the problem will lead to a greater gap for times and
in such situation, the proposed benders will outperform
the traditional solver.

Fig. 3 shows the upper bound and lower bounds obtained
by Benders decomposition method in different iterations.
As you can see in this figure, the algorithm reaches the
optimal solution after 11 iterations.

4. Computational Results

In this section several instances with different number of
products and hybrid distribution-collection centers are
solved using the benders decomposition method. Then
managerial insights are discussed. The considered
instance is limited to 6 candidate locations for
manufacturing/remanufacturing plants, 10 candidate
locations for hybrid distribution-collection centers, 7
candidate locations for CRCs, 2 candidate locations for
disposal centers and 3 candidate locations for recycling
centers, 20 customer points and two products.

4.1 Single commodity network

In this section an instance of the problem with a single
product is considered. The data for this instance is
generated randomly and the problem is solved using the
proposed benders decomposition method. After 28
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iterations of the algorithms, the optimal cost of the
network is obtained as 8589342671353 monetary units.
The convergence of the algorithm for this instance is

presented in Fig. 4. Moreover, in order to compare the
results of the proposed method and mathematical model,
they are presented in Table 2.

{initialization }
(U ,V ) = initial feasible integer solution
LB :=-
UB
L'=K'=0
while (UB-LB > ¢)Do

{solve subproblem }

if (Subproblem is Unbounded) then

Get unbounded ray 7

= 4+

Add a feasibility cut to master problem
L'=L"+1;
Else
Get extreme point 7
Add an optimality cut to master problem
K'=K'+1,

iel h
EPYIDIL DI i
meM el meM [el

-2 2 > D cap 'hYAizﬂcr]nzlk' 2
meM el jeJ heH / / /

-2 22 X cap Y

meM leL iel heH
end if

{solve master problem}
LB :=

end while

~15k"
rzhﬂ-mzl Z

Z //result of master problem

UB := min{UB, Z Zflhylh+z ijhyjh+z kahylfh
2 Z SR WL S
meM [eL

meM lel keK heH

D DIDND IR IAEE I
meM leLiel heH
Z cap ;Y kdhﬁ;]rfkkl’ - Z Z Z 2 "Prth kdh :nt;(
meM lel jeJ heH
2 Cap;hyo);lit]néokl _m;M ~= ; ; fh ril”’\;]n7rllf }

meM leL oeO heH

+Z Zfohyoh+2 Zfrhyrh

Fig. 2. Procedure of Benders decomposition method

Table 1
Results of solving a numerical example

Solution method

Running time (s)

Objective function

Mathematical model
Benders Decomposition

83.045
17.428

10066435179182
10066435179182

1.3E+13 -
1.25E+13 -
1.2E+13 -
1.15E+13
1.1E+13 -
1.05E+13 -

1E+13 A
9.5E+12 -

9E+12 -
8.5E+12 -

8E+12 T T T T T

=== B
== B

6 7 8 9

10 11

Fig. 3. Convergence of the benders decomposition method
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Fig. 4. Convergence of the algorithm for the single commodity network

Table 2
Results for the single commodity network

Solution method

Running time (s)

Objective function

Mathematical model
Benders Decomposition

51.141
33.075

8589342671353
8589342671353

The percentage of demands of the customers that are
satisfied by different manufacturing plants and CRCs is
presented in Fig. 5. In this figure the horizontal axis
shows the customers while the vertical axis shows the
percentage of demand of each customer that is satisfied
by a manufacturer or CRC. The percentage of returns
retrieved by different manufacturing plants, disposal
centers, recycling centers and CRCs is presented in Fig. 6.

4.2 Multi-commodity network

In this section an instance of the problem with multiple
products is considered. The data for this instance is

generated randomly and the problem is solved using the
proposed benders decomposition method. After 17
iterations of the algorithms, the optimal cost of the
network is obtained as 17178626108393 monetary units.
The convergence of the algorithm for this instance is
presented in Fig. 7. Moreover, in order to compare the
results of the proposed method and mathematical model,
their results for this instance is presented in Table 3.

In order to further investigation, the distribution of the
satisfied demand and returns, the percentages of the
demands and returns for different products are presented
in Figures 8 through 11.

100% A
90% -
80% -
70% A
60% -
50% -
40%
30% A
20% -
10% -

0% -

Percentage of Demands

Cl C2 C3 C4 C5 Co6 C7T C8 (€9 Cl10 Cl11 C12 C13 C14 C15 Cl6 C17 C18 C19 C20

Customer

mP6
mPp5
mP4
=PpP3
mp2
mp]

Fig. 5. Percentage of demands satisfied by manufacturing plant and CRCs
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Percentage of Returns

100%
90%
80%
70%
60%
50%
40%
30%

®R3
=02
mP]

20% -
10% A
0% -

Cl

C3 C4 C5 C6 C7 C8 (C9 Cl10 Cl1 C12 C13 C14 C15 C16 C17 C18 C19 C20
Customer

Fig. 6. Percentage of returns satisfied by different facilities

2.1E+13

2E+13
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Fig. 7. Convergence of the algorithm for the multiple commodity network

Table 3
Results for the multiple commodity network

Solution method

Running time (s)

Objective function

Mathematical model
Benders Decomposition

96.678
29.167

17178626108393
17178626108393
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Fig. 8. Percentage of demands satisfied by manufacturing plant and CRCs for product 1
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Fig. 9. Percentage of demands satisfied by manufacturing plant and CRCs for product 2
100%
90%
» 80% - R3
S 70% - n02
E’ 60% =0l
;ﬂ 50% - mK5
£ 40% - =K3
g 30% mK2
= 20% - aKl
10% - "P5
0% -
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 =Pl
Customer

Fig. 10. Percentage of returns satisfied by different facilities for product 1
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Fig. 11. Percentage of returns satisfied by different facilities for product 2

5. Conclusions and Suggestions for Future Research

In this paper a new model is presented for the supply
chain network designing problem with multiple capacities
for facilities and various options for product recovery. In
most research papers in the field of logsitics network
desiging problem, only a limited number of options for
product recovery recied attention. Many of them consider
only one option of remanufacturing. Moreover, many
research papers assume that there is only one option for
the capacity of the facilities in the network . However,
this is not a realistic assumption because in most of the
real world cases you always have many options for the
capacity of the facilities in the network. In this paper a
new model with several product recovery options and
multiple options for product recovery is proposed and a
methematical model is developed to solve this problem.
Moreover, in order to efficiently solve this problem, a
benders decomposition method is developed. The
computational results show the efficiency of the proposed
method.

In this paper the gap between the real world logistics and
the research literature on logistics network designing
problems is reduced by considering multiple options for
capacity of the facilities and many product recovery
options. However this research also has some limitations
that call for further research in this area. One of the
limitations of this study is negelecting the dynamic nature
of the logistics network. In real world logistics, the
demands and returns of the customers change throughout
different periods. Therefore, in order to obtain a more
realistic model it is suggested to consider a dynamic
model for the problem considered in this paper.
Moreover, considering special conditions for establishing
different facilities is another suggestion for extending the
current research. For example, if the demand assigned for
a specific facility is lower than a predefined level, this
facility should not be established. By adding this
condition and other similar conditions more realistic
models can be obtained.
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