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Abstract
In this paper, a novel resilient multi-echelon eld$oop location-allocation-
inventory problem (RMCLIP) is addressed that optisi strategic and tactical
decisions simultaneously. In order to represent phechasing cost of raw
material from the supplier, a pricing model undeamtity discounts is employed
in the closed-loop supply chain (CLSC). Considetting capability of returning
the reworked products to the forward logistics thanh affect the ordering
patterns of distribution centers (DCs) is anotligniicant difference between
this study and similar related researches. Furtberpresilient capacity approach
is used to provide a flexible SC toward the undetyaof reworking centers
(RCs) and suppliers' capacity. As this point, basedsome facilities' capacity
uncertainty, the robust model is formulated. Thempotational results and
sensitivity analyses are presented using GAMS soéwto reveal the
applicability of the proposed model.The results amalyzed in depth to provide
some managerial insights.
Keywords: Closed-loop supply chain, resilient capacity, rdpugricing,
guantity discount, returned products

1-Introduction

Recently, green supply chains tend to invesintegrating some business operations to minimize
the side effects such as natural source reductiater and air pollution, etc. (Abdallah et al., 281
In practice, product recovery is one of the mostvalent methods for making a green supply chain,
which is one of the main requirements of makingl@sed-loop supply chain. In other words,
implementing a reverse logistics in a specific clens one of the vital needs to achieve a CLSC. In
particular, the reverse logistics can be definedamse efforts done to return or properly dispose th
unsold, damaged, and End-Of-Life (EOL) productsciSefforts include reworking, repairing,
disposing, recycling, and remanufacturing. In aaldey sense, CLSC management is a combination of
forward and reverse logistics as traditional andleno processes, respectively (Karimi et al., 201t5).
is noteworthy that the prevalent assumption inrdiated literature, that indicates the creationef
spare parts by combining the returned products wsithassemblies to transfer to the secondary
market, is not an acceptable one in real worldfBiat al., 2015). Keeping this in mind, we dedale
address a new approach in which the returned pteduvom the customers can go back to the
remanufacturing centers with the aim of re-entethng forward logistics. Regarding this point, DCs
(Distribution Centers) may change their orderintigzas and, on the other side, it is expecteditieat
retailers' demands be influenced by applying ttietegy.
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On the other hand, robustness and resilienedvway major abilities of channels to encounter the
errors with the aim of returning to their initiadreditions or shifting to the new states.

The mentioned abilities of SC networks that midkerable state after being disturbed are called
"flexibility" and "adaptability"(Christopher and Ble 2004). Indeed, one of the effective issues must
be addressed in SC (Supply Chain) network desmmesiliency which can be tracked in their own
challenging natures and in this regard holds thereraompetitive. In a broader sense, measuring the
ability of quickly returning to the normal performze is everything that the resilience discusséisan
companies. In particular, one of the most imporsareaams of the resiliency is the additional swsplu
capacity, which causes more flexibility. For instanwhile a disruption occurs, the additional suspl
capacity enables new delivery sites for new SC neemtRegarding this point, the necessary changes
in production capacity must be done to properlypoesl the new demand level(Kristianto et al.,
2014).Tang (2006)presents another definition dfsrielated to the resilient SCs including two types
of risk: (1) operational risks and (2) disruptidaks. The main difference between the two named
risks arises from the causative agents. For exgnaplerational risks may be caused by uncertain
demands, supply capacity and procurement costshé@apposite, the main factors of disruption risks
include some natural or man-made disasters e.gqds$l earthquakes, terrorist activities, etc
(Jabbarzadeh et al., 2016).

Additionally, in most supply networks, the proement of components and raw materials from the
suppliers has incurred the greatest expenses omiotlestream partners. For instané@,— 60% of
production costs in most US manufacturers areael&d the process of purchasing raw materials
from the supplier (Wadhwa and Ravindran, 2007)tHis regard, an effective way to properly
handling the purchasing costs is to reduce theatipeal costs. With respect to these points, we
address a discount method with the aim of realitiregoptimal purchasing decisions. In this regard,
pricing model under quantity discounts is utilizedthe proposed CLSC to represent the cost of
purchasing raw materials from the supplier.

In this paper, a resilient multi-echelon clo$eop location-allocation-inventory problem (RMCLIP)
is presented in which some strategic decisionsidieg facility location are investigated at the sam
time with the tactical ones such as allocation anekntory decisions. Moreover, we survey the
environmental impacts of employing different protiie technologies at manufacturing centers in the
form of costs. Additionally, a pricing model basad quantity discount is proposed to illustrate the
cost of procurement of components and raw matdrias the supplier. The confrontational approach
withuncertainty of the facilities' capacity is cadered in the form of resilient capacity. Theregfte
based on some facilities' capacity uncertainty, ritleust model is formulated. According to the
aforementioned importance of both location-allamaiinventory closed-loop supply chains and
discount models, it seems that our attempt to densihe discount, production technology, and
returned products all together in the closed-laeglient SC would be a significant step to solve th
problem, having a special position in the literatur
Major contributions of the present study distinging it from other similar works are:

» Considering the resilient capacity of RCs and sepphith in a CLSC in order to neutralize the
impacts of occurring disruption

» Considering both the incremental price breaks firiee levels) for the raw material delivered by
the supplier and failure rate of the raw material

* Investigating the effects of fraction of the prottuceturned from the reverse logistics on
channel's ordering pattern and chain's demand ifpanthe forward logistics

» Considering the environmental impacts of usingedéht technologies in the production process
(i.e. CGQ emission from the production process)

The remaining of this paper is organized ao¥ed. Section 2 addresses a brief literature rewaew
the previous related researches. Section 3 stagsrioblem description and the mathematical
formulation of the robust model. Section 4 dealthvie solution of the model via GAMS software
which additionally includes some model evaluatiand sensitivity analyses. Finally, conclusions and
future research suggestions are discussed in 8éxtio
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2-Literature Review

Closely related to the recent studies, the jdodation-inventory problem is becoming an
increasingly important issue, which was first iniwoed by Baumol and Wolfe (1958). After a while,
Teo et al. (2001) used an analytical modeling aggitdo study the impact of consolidated DCs into a
central DC on the facility investments and inventoosts and illustrated that for stochastic demand,
the total investment costs of the facility and mtegrated system can be worth a decentralizedmsyste
Nozick and Turnquist (2001) considered a more cetepmodel for individual products in a multi-
product and two-echelon inventory system that prisse method for optimizing the trade-off among
customer service and cost together with developorgerns about dynamic environments. Freling et
al. (2003) surveyed a single sourcing model witdtngportation and inventory costs in a dynamic
environment. Shu et al. (2005) presented the ssbichanventory-transportation network design
problem consisting of one supplier and multipleaifets in an uncertain environment. In addition,
Miranda and Garrido (2006) simulated the invenfogation decisions by means of a non-linear
mixed-integer model.

Recently, a new approach to the location-inwgnpwoblems was adopted by Daskin et al. (2002)
and Shen et al. (2003) in whigl®, ) inventory policy was considered. Afterwards, Qud&bhen
(2007) added the routing decision to the inventooation problem and showed the effects
uncertainty has on the supply chain decisions.Janil Azad (2010) developed a novel model in a
stochastic supply chain to optimize location, akan, capacity, inventory, and routing decisions
simultaneously. Berman et al. (2012) developedliteeature by studying a coordinated location-
inventory model where DCs follow a periodic revigR,S) inventory policy. To this end, they
introduced two types of coordination mechanism$:pdrtial coordination, in which each DC may
choose its own review interval from the menu, a2)dfqll coordination, where all the DCs have an
identical review interval. To expand the relateddeis, Tancrez et al. (2012) studied the integrated
location-inventory problem for three levels supplyain networks, including suppliers, DCs, and
retailers. Sadjadi et al. (2016) developed a theeel supply chain network with uncertain demands
and lead time, which includes a single supplieritiple DCs and retailers to simultaneously optimize
the facility location-allocation, retailers’ demandand inventory replenishment decisions. With the
aim of focusing on the environmental consideratidtigmar et al. (2016) considered production and
pollution routing problem with the time window invehicle routing model where the location and
inventory decisions are integrated.

CLSC is the most important stream of relateceassh efforts to our work. As a preliminary
investigation, Chung et al. (2008) investigatedirarentory system for traditional forward-oriented
material flow as well as a reverse material flow analyzed a remanufacturing capability in a multi-
echelon closed-loop model. Most recently, Abda#alal. (2012b), Kannan et al. (2012), and Diabat
et al. (2013) studied the effects of forward amneerse logistics on carbon emissions in the closed-
loop supply chains. In order to investigate a wsgectrum of decisions totally, Nekooghadirli et al.
(2014) studied a new bi-objective location-routingentory closed-loop problem which has been
solved by four multi-objective meta-heuristic algjoms. Saffari et al. (2015)developed a novel
sustainable CLSC including total cost, environmiefdators, and social factors as three different
objective functions. They applied an efficient raominated sorting genetic (NSGA) algorithm to
solve the robust optimization model.In a broadesecasl-Najafi et al. (2015) added the disruption
problem to the dynamic location-allocation probleith two cost and time minimization objective
functions solved by a new hybrid meta-heuristiodathm based on MOPSO and NSGA-Il. Kaya and
Urek (2016) developed the location, inventory, aniding decisions by MINLP models, solved by
meta-heuristic algorithms. Al-Salem et al. (201@ynfulated a closed-loop inventory-location
problem as an MINLP. They transformed the existingblem to an MIP by using the reformulated
problem and piecewise linearization, which is gelyi solvable using CPLEX. In a new stream,
Zhang and Unnikrishnan (2016) solved a coordinaweéntory-location problem in a closed-loop
supply chain. It is noteworthy that some recenteaeshes have widely studied the pricing,
advertising, and coordination problems using then@aheory approach in CLSC i.e. Gao et al.
(2016), Heydari and Asl-Najafi (2016), Bazan et (@017), Xie et al. (2017), and(Sahraeian and
Mohagheghian, 2017).
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In what follows, we provide a brief literaturétbe most relevant issues to our study callediSK r
management. Different sources of SC risks are addtkin this stream. According to (Rezapour et
al., 2016), fluctuation and disruption are two magooups of uncertainty nature. One appropriate
example for fluctuation is market demand that haallsand frequent variations. It should be noted
that the other cases would have the same featuges peice of materials and labor, delays in
delivering the products, amount of damaged produstts. The other kind of uncertainty called
disruption includes unexpected and infrequent tiaria occurred by floods, earthquakes, fire, etc
(Chopra et al., 2007).Recently, some risk mitigatizethods with the aim of reducing the impacts of
disruptions are proposed in the literature. Thésgegies discussed in both strategic and opekgdtion
levels, would be able to create flexibility in S@&rformance. Among them, backup facilities are the
most practical ways to compensate the damages hegmkiring the disruption(Chopra et al., 2007).
However, another practical tool which can be usedlisruptions is to provide redundant reserve
capacity in some of the facilities (Chopra and $02b04).Additionally, in order to neutralize thek
of before-mentioned uncertainties, some other nustlexist at the operational level such as keeping
safety stock, production postponement, using meltjuppliers, etc(Rezapour et al., 2016). Finally,
Zarrinpoor et al. (2016) investigated a reliableakion-allocation problem under disruptions in vhic
accelerated Benders decomposition method has Iseehto solve the model. In the following, Table
1 illustrates the main differences of present sttmypared to the other similar researches.

Table 1.Findings of the literature survey
Resilient  Price Returned  Production

Reference Closed-loop Location Inventory capacity discounts products _technology
Nozick and » »

Turnquist (2001)

Daskin et al. (2002) X X

Freling et al. (2003) X

Shen et al. (2003) X X

Miranda and 9 9

Garrido (2006)

Qi and Shen (2007) X X

Chung et al. (2008) x X X

Abdallah et al. y 9 9 9

(2012a)

Nekooghadirli et al. y y

(2014)

Diabat et al. (2015) x X X X
Pasandideh et al. y y

(2015)

This work X X X X X X x

As can be seen in table 1, there are few stutiE@sexamine the main issues of this research all
together. To be specific, studying a resilient CLi&King into account the environmental impacts of
different production technologies under a quardiscount model would be an interesting topic in the
existing literature that have not been investigafedo now.

3- Problem description and mathematical formulation

Figure 1 displays a detailed schematic viewhef proposed resilient CLSC. As depicted, first, the
forward logistics supplier provides the required maaterial for the manufacturers. Second, different
kinds of products would be produced in the manufamgj centers using different production
technologies. In the next step, DCs, retailers, andtomers register their demands from the
manufacturers, DCs, and retailers, respectively.adgime that the location of the retailers and both
forward and reverse suppliers are known. Furtheemdne supplier and DCs are assumed un-
capacitated. After shipping the products to thailets, they separate the fraction of products ihat
not qualified for customer's usage and send baskreentage od to the RCs so thatl — §)% of
products can be used by customers. In the meantimdrCs purchase raw materials from a second
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supplier in the reverse channel with incrementaepbreaks (i.e., price level) while considering
failure rate of raw materials. With the aid of iespng the returned products, they separate a
percentage off which is unrepairable and dispose it with a spedisposal cost. Therefore, the rest
of returned products includingl —n)% will be repaired by the RCs spending reworkingt dos
prepare them for the forward logistics usage.

Due to the uncertain demands of the retailerSs Dkeep safety stock to overcome demands
fluctuations. In this paper, single sourcing alloma has been utilized in which a retailer can be
linked to a single DC in the forward logistics aslMas the retailers that would be able to trandfer
returned products to a single RC. Moreover, a eostpa supplier, and an RC can be served by a
single retailer, manufacturer, and supplier, respely. In order to bring down the transportation
costs, we presume that each RC can be locatechealyDCs. The demands and returns for propluct
at retaileri are assumed to be independent and normally djﬁdbi.e.N(uip,al%) andN(Aip,pl?p)

where 4;, = d,u;, and § € [0,1]. Furthermore, another uncertainty of the presemeablem is

considered in the capacity of RCs and supplierthilregard, a practical encountering tool, whih
usable in disruptions, has been applied called ndaiot reserve capacity. Indeed, in order to
neutralize the risk of capacity uncertainties,lre@si capacity problem is provided.

S
C a
X ~ =P DC 9 . .’
‘ — @)
— ka1 — S
Supplier Manufacturer L % Customer
L DR ()
Fommmmm=a Y %
Disposal ! » O
center /°
Retailer
o
@&J

Supplier

Figurel. Graphical model of investigation

3-1- Notations
In this section, in order to formulate the pregad problem, we first define the notations as ¥aedio

g

set of retailers, indexed by

set of potential regional distribution center siiagexed by

set of potential regional reworking center sitasleixed byk (j andk are aliases)
set of products, indexed lpy

set of customers, indexed by

set of potential regional disposal center sitedexed bym

set of potential supplier sites in the forward &tigis, indexed by

set of potential supplier sites in the reversediics, indexed by

set of required raw material for reworking openasipindexed by

W ow o=z T X & —
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U set of potential regional manufacturing centerssitedexed by

T set of different production technologies, indexgd b

\Y set of incremental price breaks, indexedvby

Parameters

F; fixed cost of locating a DC at sife

Fy fixed cost of locating an RC at site

Gn fixed cost of locating a disposal center at site

G, fixed cost of locating a manufacturing center tsi

dijp shipping cost per unit of produgtfrom DCjto retaileri

dikp shipping cost per unit of produgtrom retaileri to RCk

diip shipping cost per unit of produgtrom retaileri to customet

dimp  Shipping cost per unit of produgtfrom RCk to disposal centen

ddyj, shipping cost per unit of produgtfrom RCk to DG

byp unit reworking cost of produgt at RCk

Cmp unit disposing cost of produptt disposal centen

B weight factor associated with transportation costs

6 weight factor associated with inventory costs

y weight factor associated with reworking costs

op fraction of returned produgt from forward logistics

Mo fraction of unrepairable produpt

Ajup fixed ordering cost of produgt from DC jto the manufacturing center

Ars failure rate of raw materialprovided by supplier

Z, normal standard deviation with(Z < Z,,)

Auip fixed shipping cost of produgt from manufacturing center toDC j

Jikp fixed shipping cost of produgifrom retailerito RCk

Aujp variable shipping cost of produgtfrom manufacturing centerto DCj

Bp variable shipping cost of produgtfrom retaileri to RCk

LT, lead time for produgt from manufacturing center to DC

hp unit holding cost of produgt at DCs and RCs

ip demand quantity of customéfor productp

¢ zFa{IICs;ipping and displacement costs per unit of maaterials from supplier to

Coup all shipping and displacement costs per unit oflpodp from suppliero to
manufacturing center

Ty cost of environmental impacts for the productioogeiss using technology

Caps capacity of RCk for raw materiak

Capys capacity of supplier for raw materiak

s percentage of total capacity lose when a disrupimours in RGe

as percentage of total capacity lose when a disrupimours in supplier

Bs is equal to(L-a,) ; the existence capacity of RCfor raw materiak

bl Is equal to(L-a;,) ; the existence capacity of suppliefor raw materiak
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Olkps demand quantity of R& for raw materiak to repair the produpt

Pokr purchasing cost per unit of raw matesfedbm supplierr to RCk at price leveb

Hiery incremental price breaks occurred for raw matesaipped from supplier to RC
k at price leveb

v the existing price levefor raw materia¢from supplierr to RCk

Decision variables

X 1if a DC is located at site otherwise 0

Yiip 1 if productp is served to retailérby DCj, otherwise O

W 1if an RC is located at site otherwise O

Zixy 1 if the returned produgt from retaileri is collected by R&, otherwise 0

Viip 1 if productp is served to customeéiby retaileri, otherwise 0

Hm 1 if a disposal center is located at siteotherwise 0

Okmp 1 if productp is served to reworking centkrby disposal center locatedrat
otherwise 0

W 1 if a manufacturing center is located at sit®therwise 0

X, 1if priqe levelv is used for raw materiakhipped from supplieto RCk
otherwise 0

Xowp  1if productp is shipped from supplier to manufacturing center, otherwise 0

U  1if productp is shipped from R& to DCj, otherwise 0

XRp 1 if productp is produced at manufacturing centeusing production technology

t, otherwise O
XPisv  Quantity of raw materiad from the supplier to R at price leveb
zx.z5  robust counterpart dual variables
Ps,P2  robust counterpart dual variables

3-2-Problem formulation

We first describe a comprehensive backgrouneblofist optimization to better express the
formulation of the proposed problem. Then, the métlof making the resilient capacity
against disruptions is presented. Finally, the sblbuodel is mentioned.

3-3- Background of robust optimization

The model by (Bertsimas and Sim, 2004) will lbetifer described for the linear optimization
problem while the objective function is minimizatiand there are coefficients of uncertainty in both
the objective function and the constraints so thay will be more consistent with the main model of
the study.
We consider the following optimization problem iargral:

Min c' x

(1)

Each of the coefficients of constraintg,j € N = {1,2,...,n} is modeled as an independent random
variable with the symmetric but unknown distributi@;;, j € N which takes a value in the interval
la;j — @;; ,a;; + @;;], a;; showing deviation from the nominal coefficiefjt Each of the coefficients
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of objective functionc;,j € N takes a value in the intervad; - d;, ¢; + d;], d; showing deviation
from the nominal coefficient;. It is noteworthy that since the objective funatis minimization and
the objective of robust models is to obtain the imanxn regret, only one side of the aforementioned
interval is used, that is we assume thatkes a value in the intervaj [c; + d;].

In order to formulate the robust counterpartha problent; is defined as follows. Let thieth
constraint be! x < b;. J;is defined as the set of uncertain coefficientharowi. We define for each
row ial;, which is not necessarily an integer, so that e € [0, |/;|]. In fact, the role thé& plays
in the constraints is to adjust the robustnest®iproposed method against the level of consematis
of the solution. Bertsimas and Sim (2004) showedlethis a low probability that all coefficients will
be undergone uncertainty at the same time. Hene@asasume a maximum numben Gf coefficients
are allowed to change andia coefficient can change to a maximum valu€i®f|I;|) a;;. Then, the
solution still remains justified. In other wordsewessume that only one subset of the coefficieilts w
be allowed to adversely affect our solution. Tresuanption assures that if this happens in a real, ca
our optimal robust solution will be definitely jifséd. In addition, considering the symmetric

distribution of the variables, even if the numbdrchanging variables excee{ﬂ”§j, the optimal
solution remains justified with a high probabiliffhus, we call’; the protection level for théth
constraint. The paramet&} controls the level of robustness in the objectivection. Therefore, we

tend to find the optimal solution value in casesrehit undergoes a change equal’fofrom the
objective function coefficients, having the greaeffect on the solution. In general, higher valoés

I, raise the level of conservatism versus the higlosts we have to pay for it in the objective

function.r" jis necessarily an integer but otlies can be integers or not.
Accordingly, the robust counterpart of the noahilinear optimization mentioned can be obtained
as follows(Bertsimas and Sim, 2003):

min ¢' X+  max Zdj ‘xj‘
{solso0 3] /=T ¢ '

S.t.

()
JZaij % +{5i Uit }s DT\aséﬁ ,itDiJ\is} %a’ ‘XJ' ‘+ ¢ -r )§| X | <p
| <x <u

If we want to change the aforementioned model etbnear optimization model, the following
theorem is needed.

Theorem. For every vector™, the protection function of theth constraint is obtained from the
equation below:

,Bi(X*,ri): max Zaj‘x*j‘-l-(ri -2 X% ‘ (3)
i[5

{sUtHs OJ|sl<h t0I\s

Equation (3) shows the optimal value of the objecfiunction, which is linear.
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B (x*,l'i):maxZé]j ‘x*j ‘%

St. @
4

Zzij <T.

Jusn

O0<z, <1

By replacing the dual variables of equation (4)he original robust counterpart, it can be formediat
as follows in whichr andz are the vectors of the dual variables provided lifoearization of
nonlinear formula.

min ¢’ x +z,l,+ > K,
g

S.t.

QX +zM +) <b i
j im,

Zot 1, 2dy, Oi0J,

A : . )
z,+r 2gy U #0,)0J,
r, =20 Oi, j 0,
y; 20 0O
z. 20 Ui
|, <x, <u [

3-4- The robust model

In this paper, uncertainty is to consider thsiliency of capacity of RCs and suppliers. Thus, in
addition to the parameter for capacity of thesdifi@s, a parameter is defined for percentageost|
of part of capacity for each facility and each naaterials (i.e., bysandb;,), being greater than or
equal to zero. In fact, it can both have a valueetich facility per raw material and have a valfie o
zero. Since this parameter plays a major role ierdgning the exact available capacity of the
facilities and is of an uncertain nature, it wid brought into the model as interval uncertaintiyneel
in the intervals By — bys , bys + brsl and pys — b'rg , b'rs + b' ).

In accordance with the interval uncertainty, reamcertainb,; and by, is in the form of a
symmetrical, narrow interval with the centeri8f; and by like by = pbys andb’,s = pb'ys. bys
andb’,, are estimated values of percentage of loss of &@dity for the raw material Percentage
of loss of the supplier's capacity r for the rawtemal s, b, and b, are variations of these
parameters, respectively, and> 0 shows the level of uncertainty.

Now, the proposed robust problem can be formulased
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gzzr XPjey 2 ;gq'kpsvvk OkDOK (27)

xR r'ksv = (¢r'ksv - ¢;ks(v—l))x;ksv D k’ r! S, \% (28)
XPisy 2 (Hrksy — Frksv-1)) X ks K, 1, SV (29)
V\‘oYikvaikpv ><j 'Vli'p' Hqu;mqu- X;ksv’

; : , dik,jplmuvrtso (30)
Xoup XF?Jtp1Ukjp D{O’l}’ XPrkst 0

The objective function (6) minimizes the totaktof the CLSC. The first term of objective functi
(6) indicates the fixed location cost of the DCheTsecond term represents the delivery cost to the
retailers from the assigned DCs. The third termli@spthree main costs including holding cost at
DCs, ordering cost of the DCs from manufacturenippng cost from manufacturers to DCs. The
fourth term shows the delivery cost to the DCs frii@ assigned RCs. The fifth term is the holding
cost of the reworked products, which are kept as R@d would be transferred to the DCs as soon as
needed. The sixth term represents the total exppaetiety stock inventory cost based on risk pooling
of the uncertainty in demand. The seventh term essmts the fixed location cost of the
remanufacturing centers. The eighth term symbolibes delivery cost from the retailers to the
assigned RC. The Ninth term represents the tofaa®rd working inventory at the RC relative to the
assigned returns. The Tenth term depicts the ¢xfadcted safety stock inventory cost. The Eleventh
term represents the delivery cost from the retilerthe assigned customer. The twelfth term shows
the percentage of cost from the retailer to théornsr's demand. The Thirteenth term represents the
fixed location cost of the disposal centers. Tharteenthterm represents the delivery cost from the
RC to the assigned disposal center. The Fifteanth indicates disposing cost of product at disposal
center. The Sixteenth term denotes reworking coptaduct at RC. The Seventeenth term represents
the fixed location cost of the manufacturing cemtéfhe Eighteenth term represents the cost of
sending products from supplier to the manufacturgggmters. The Nineteenth term represents
environmental impact of production at the manufangicenter by using a special technology. The
Twentiethterm symbolizesthe cost of sending rawenigt from supplier to RC. The two last terms
represent the cost of buying raw material from diep@and the failure rate of raw material provided
by suppliers.

Constraints (7) state that each retailer can palghase from one and only one DC. Constraints (8)
denote that service provided by a DC is not possilohless the corresponding DC is opened.
Constraints (9) indicate that each retailer caorreproducts just to one RC. Constraints (10) state
that returns can only be made to open RCs. Contdréll) imply that an RC cannot be located
unless a DC is opened at the same site and thieretare assigned to this DC. Constraints (11)
ensure that the proposed SC is closed-loop. Camstiel2) are similar to constraints (7). Constisin
(13) ensure that all the customers' demands aisisdt Constraints (14) indicate that each RC can
deliver the products just to one disposal centenstaints (15) denote that shipping to a disposal
center is not possible unless the correspondirpda center is opened. Constraints (16) are wsed f
CCP implementation. Constraints (17) state thatameonly the one supplier can only supply each
manufacturer. Constraints (18) denote that serbgea manufacturer is not possible unless the
corresponding manufacturing center is opened. Caingt (19) state that if an RC is selected, the
entered reverse products must be shipped to a BD@rwase there should not be any assignment.
Constraints (20) show that the possibility of hgvanreverse flow to the specific RC depends on the
selection of that RC. The constraints (21)-(26) @tained based on the robust model by (Bertsimas
and Sim, 2004) described in previous subsectioms€aints (27) ensure that RCs' demand for raw
materials is satisfied. Constraints (28) and (28¢¢ quantities in the discount range for a verdor
be incremental. Because the “quantity” is increraknf the order quantity lies in the discount
interval V, i.e. X/, = 1, the quantities in interval 1 6 — 1 should lie in the maximum of those
ranges(Wadhwa and Ravindran, 2007).Constraints §28yre that a quantity in any range is no
greater than the width of the range. Finally, cansts (30) are the standard integrality constsaint
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4-Solution method

In this section, we discuss the applicationhef discussed model in a real case study provided by
(Asl-Najafi et al., 2015). Based on this case stuldg product flow would be started by Tehran as a
supplier in the forward logistics and continueddtigh the DCs to the customers. In this case study,
14 major zones have been considered in Iran as DGsder to solve the presented problem via
GAMS in a short time, only one kind of product pe= 1 and one kind of raw material i.e= lare
considered. Some important parameter values ofc#s® study addressed in (Asl-Najafi et al.,
2015)beside the other values of parameters thajearerated randomly have been illustrated in tables
2-4.

Table 2.Parameter values consideripg= 1
Parameters B (/] y Z, a My 8,
Values 1 0.8 0.5 1.96 0.05 0.15 0.05

Table 3.Retailer parameters consideripg= 1

No. Retailer Hip P 0%,

1 Shiraz 60 0.05 0.1

2 Karaj 75 0.05 0.2

3 Rasht 88 0.08 0.1

4 Kermanshah 45 0.05 0.12

5 Esfahan 215 0.07 0.2

6 Tabriz 120 0.05 0.1

7 Ahvaz 100 0.06 0.2

8 Zanjan 215 0.1 0.2

9 Yazd 185 0.05 0.15

10 Arak 211 0.07 0.15

11 Qom 180 0.08 0.1

12 Kerman 88 0.08 0.2

13 Ardebil 55 0.1 0.15

14 Golestan 300 0.05 0.12
Table 4.Important values of DCs parameters considepirg 1 ands = 1

j= k Fi F;c Capys q;cps bkp

DC1: Qom 10000 3000 150 100 45

DC2: Esfahan 7500 2400 140 52 42

DC3: Tabriz 9500 2800 120 60 38

DC4: Arak 8500 2200 110 80 40

DC5: Yazd 1100 500 130 63 45

DC6: Zanjan 1300 600 120 67 41

4-1-Sensitivity analyses

In this section, in order to gain more manadensights, some sensitivity analyses based on the
parameter values of table 2 have been conductediacualssed in-depth.
In the direction of conducting sensitivity analydigure 2 illustrates the change of TCSC (totadtso
of the supply chain) vs. changes pfas the reworking cost weights witf = 1,8 = 0.8. As
expected, the model shows linear and ascendingviseh@awards the parametgr, because as the
reworking costsincreases, the total cost incresisesequently.
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Figure 3 illustrates the change of TCSC vs. ghanof transportation cost weighwith y =
0.5,0 = 0.8. The model shows ascending linear behavior towdrel€hanges of paramefgrwhich
is normal and expected. Similarly, as can be sedigure 3,Bvaries in intervdl,5] and because it
has more variation in TCSC compared to the rewgrkiost weight, this indicates the fact that the
proposed model is more sensitive@nd should be carefully analyzed by managers angide
makers.
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Figure 4 illustrates the change of TCSC vs. charmfe8 as the inventory cost weight with
considering = 0.5, = 1. The model has nonlinear behavior towards therpeteré and, therefore,
a higher solution time, indicating the sensitivdf the model to this parameter, which is of high
importance to managers.
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Figure 5 illustrates the change of TCSC vs. chanfegsas demand quantity. The model is highly
sensitive to the parametgrand shows nonlinear behavior.In this regard, d@téng an appropriate
value of this parameter may be so vital for mansigexd decision makers. Note that ifthe valugsof
selected from the rang®,50], it incurs the highest cost to the proposed SQisTIincreasing the
amount of demand up to the suitable value wouldrbenportant goal for the decision makers of the
SC.
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Figure 5. Sensitivity analysis foq

Remind that in the proposed model, two kindsw@nts can be happened for the returned products:
(1) disposing and (2) reworking. Regarding to teeuanption that the disposal cost of per returned
product is much lower than the reworking cost,thedet expectedly prefers to dispose the most
fraction of the returned products instead of segdiack them to the forward logistics. Therefore, as
n(fraction of unrepairable products) increases,G&C decreases that have been illustrated in figure
6. Note that due to the high disposal costs of sproducts, it is more affordable to have reworking
operations on them with the aim of returning tofttrevard logistics.
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As expected, by investigating figure 7, it can leeauded that as fraction of returns from forward
logistics dincreases, the respective costs of reverse logistareases, which is the sufficient reason
for increasing the TCSC.
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Figure7. Sensitivity analysis foé

Figure 8 illustrates the change of TCSC vs. gharofl;as a parameter that adjusts the robustness
of the model. The model is highly sensitive to pagterl; in point 2. As can be concluded from
figure 8, reaching the value 6f = 2 may be an effective way to significantly reduce tlosts of the
existing SC. In this regard, appropriate plans frttwe managers' side to reach this level have high
priority in improving the performance of proposeddal.
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Figure 9 illustrates the change of TCSC vs. gearofl;, as another parameter for adjusting the
robustness. Similarly, the model is highly sensitiw parameter;,especially in point 1. Thus,
managers should plan for achieving value 1/3dbecause it produces the least total cost.
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5 - Conclusion

In this paper, a resilient multi-echelon clo$eok location-allocation-inventory problem (RMCLIP)
is presented in which some strategic and tactieslisibns are analyzed in depth. In order to
investigate the green part of the proposed SC,remviental impacts of different production
technologies employed by manufacturers are takéo consideration in the form of costs.
Furthermore, a pricing model based on quantityadiatis proposed to represent the purchasing cost
of raw materials taken from the supplier in theerse channel. The capability of returning the
reworked products to the forward logistics that edfect the ordering patterns of DCs is another
significant issue under investigation. Furthermassilient capacity approach is used to provide a
flexible SC toward the uncertainty of RCs and sigopl capacity. Next, the problem was formulated
as a mixed integer nonlinear location-allocationdeio Finally, several sensitivity analyses were
carried out to provide some managerial insightsm&aextensions may be valuable for future
researches, for example, considering the routinjsibms besides the location-inventory problem. In
addition, regarding the total time of SC (i.e. sportation time) as the second objective function
along with the total cost can be a practical extentor the proposed model.

192



References

Abdallah, T., Diabat, A. & Simchi-Levi, D. (2012&§ustainable supply chain design: a closed-loop
formulation and sensitivity analysiBroduction Planning & Control23, 120-133.

Abdallah, T., Farhat, A., Diabat, A. & Kennedy,(3012b). Green supply chains with carbon trading
and environmental sourcing: Formulation and lifeleyassessmerApplied Mathematical Modelling,
36, 4271-4285.

Al-Salem, M., Diabat, A., Dalalah, D. & Alrefaei, .M(2016). A closed-loop supply chain
management problem: Reformulation and piecewiglization.Journal of Manufacturing Systems,
40, 1-8.

Asl-Najafi, J., Zahiri, B., Bozorgi-Amiri, A. & Taéri-Moghaddam, A. (2015). A dynamic closed-
loop location-inventory problem under disruptiosktiComputers & Industrial Engineerin@0, 414-
428.

Baumol, W. J. & Wolfe, P. (1958). A warehouse-lomatproblem Operations Researcle, 252-263.

Bazan, E., Jaber, M. Y. & Zanoni, S. (2017). Carleonissions and energy effects on a two-level
manufacturer-retailer closed-loop supply chain nhodeéh remanufacturing subject to different
coordination mechanismkternational Journal of Production Economids33 394-408.

Berman, O., Krass, D. & Tajbakhsh, M. M. (2012). cdordinated location-inventory model.
European Journal of Operational Resear2i7, 500-508.

Bertsimas, D. & Sim, M. (2003). Robust discreteimptation and network flowsMathematical
programming 98, 49-71.

Bertsimas, D. & Sim, M. (2004). The price of romests Operations researctj2, 35-53.

Chopra, S., Reinhardt, G. & Mohan, U. (2007). Thepadrtance of decoupling recurrent and
disruption risks in a supply chaiNaval Research Logistics (NRI54, 544-555.

Chopra, S. & Sodhi, M. S. (2004). Managing riskawoid supply-chain breakdowmIT Sloan
management review, 53.

Christopher, M. & Peck, H. (2004). Building the itiesit supply chainThe international journal of
logistics managementp, 1-14.

Chung, S.-L., Wee, H.-M. & Yang, P.-C. (2008). @mi policy for a closed-loop supply chain
inventory system with remanufacturingathematical and Computer Modelling@, 867-881.

Daskin, M. S., Coullard, C. R. & Shen, Z.-J. M. @2). An inventory-location model: Formulation,
solution algorithm and computational resultenals of operations researchl(Q 83-106.

Diabat, A., Abdallah, T., Al-Refaie, A., SvetinoyiD. & Govindan, K. (2013). Strategic closed-loop
facility location problem with carbon market tradinlEEE Transactions on engineering
Management60, 398-408.

Diabat, A., Abdallah, T. & Henschel, A. (2015). fsed-loop location-inventory problem with spare
parts consideratiofComputers & Operations Resear@4, 245-256.

Freling, R., Romeijn, H. E., Morales, D. R. & Wagalns, A. P. (2003). A branch-and-price
algorithm for the multiperiod single-sourcing preiu. Operations Research,l, 922-939.

Gao, J., Han, H., Hou, L. & Wang, H. (2016). Priciand effort decisions in a closed-loop supply
chain under different channel power structudesirnal of Cleaner Productiori,12 2043-2057.

193



Heydari, J. & Asl-Najafi, J. (2016). Coordinatingventory decisions in a two-echelon supply chain
through the target sales rebate contiadernational Journal of Inventory Resear@)49-69.

Jabbarzadeh, A., Fahimnia, B., Sheu, J.-B. & MoghadH. S. (2016). Designing a supply chain
resilient to major disruptions and supply/demantérimiptions. Transportation Research Part B:
Methodological 94, 121-149.

Javid, A. A. & Azad, N. (2010). Incorporating loat, routing and inventory decisions in supply
chain network designTransportation Research Part E: Logistics and Torsation Review46,
582-597.

Kannan, D., Diabat, A., Alrefaei, M., Govindan, &.Yong, G. (2012). A carbon footprint based
reverse logistics network design modeésources, conservation and recyclifg, 75-79.

Karimi, R., Ghezavati, V. R. & Damghani, K. K. (281 Optimization of multi-product, multi-period
closed loop supply chain under uncertainty in pobdeturn rate: case study in Kalleh dairy company.
Journal of Industrial and Systems Engineeri@g95-114.

Kaya, O. & Urek, B. (2016). A mixed integer nonkmegprogramming model and heuristic solutions
for location, inventory and pricing decisions irlased loop supply chaiComputers & Operations
Researchgb5, 93-103.

Kristianto, Y., Gunasekaran, A., Helo, P. & Hao, (2014). A model of resilient supply chain
network design: A two-stage programming with fusiprtest pathExpert systems with applications,
41, 39-49.

Kumar, R. S., Kondapaneni, K., Dixit, V., GoswarAi, Thakur, L. & Tiwari, M. (2016). Multi-
objective modeling of production and pollution riogt problem with time window: A self-learning
particle swarm optimization approacdomputers & Industrial Engineering9, 29-40.

Miranda, P. A. & Garrido, R. A. (2006). A simultanes inventory control and facility location model
with stochastic capacity constrainietworks and Spatial Economi&;,39-53.

Nekooghadirli, N., Tavakkoli-Moghaddam, R., Ghezgvd. R. & Javanmard, S. (2014). Solving a
new bi-objective location-routing-inventory probleim a distribution network by meta-heuristics.
Computers & Industrial Engineerin@g, 204-221.

Nozick, L. K. & Turnquist, M. A. (2001). A two-eclan inventory allocation and distribution center
location analysisTransportation Research Part E: Logistics and Taorsation Review37, 425-
441.

Pasandideh, S. H. R., Niaki, S. T. A. & Asadi, RO{5). Optimizing a bi-objective multi-product
multi-period three echelon supply chain networkhwitarehouse reliabilityExpert Systems with
Applications 42, 2615-2623.

Qi, L. & Shen, Z.-J. M. (2007). A supply chain dgsimodel with unreliable supply.

Rezapour, S., Farahani, R. Z. & Pourakbar, M. (20Résilient supply chain network design under
competition: A case studizuropean Journal of Operational Research

Sadjadi, S. J., Makui, A., Dehghani, E. & Pourmohaad, M. (2016). Applying queuing approach for
a stochastic location-inventory problem with twdfetient mean inventory consideratiodgplied
Mathematical Modelling40, 578-596.

Saffari, H., Makui, A., Mahmoodian, V. & Pishvae&). S. (2015). Multi-objective robust
optimization model for social responsible closedd®upply chain solved by non-dominated sorting
genetic algorithmJournal of Industrial and Systems Engineeri@g}2-58.

194



Sahraeian, R. & Mohagheghian, E. (2017). A gameofigiee Approach to Pricing, Advertising and
Collection Decisions adjustment in a closed-looppdy chain.Journal of Industrial and Systems
Engineering,10, 0-0.

Shen, Z.-J. M., Coullard, C. & Daskin, M. S. (2003 joint location-inventory model.
Transportation science&7, 40-55.

Shu, J., Teo, C.-P. & Shen, Z.-J. M. (2005). Stetihatransportation-inventory network design
problem.Operations Research3, 48-60.

Tancrez, J.-S., Lange, J.-C. & Semal, P. (2012)ocation-inventory model for large three-level
supply chainsTransportation Research Part E: Logistics and Tyaorsation Review48, 485-502.

Tang, C. S. (2006). Perspectives in supply chask minanagementinternational Journal of
Production Economicd,03 451-488.

Teo, C. P., Ou, J. & Goh, M. (2001). Impact on imeey costs with consolidation of distribution
centerslie Transactions33, 99-110.

Wadhwa, V. & Ravindran, A. R. (2007). Vendor sdlmttin outsourcingComputers & operations
research34, 3725-3737.

Xie, J., Liang, L., Liu, L. & leromonachou, P. (201 Coordination contracts of dual-channel with
cooperation advertising in closed-loop supply cbdimernational Journal of Production Economics,
183 528-538.

Zarrinpoor, N., Fallahnezhad, M. S. & Pishvaee,9VI(2016). Reliable location-allocation model for
congested systems under disruptions using acaedeBe#nders decompositiodournal of Industrial
and Systems Engineerir@,100-117.

Zhang, Z.-H. & Unnikrishnan, A. (2016). A coordiadtlocation-inventory problem in closed-loop
supply chainTransportation Research Part B: Methodologica®, 127-148.

195



