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Abstract

Nowadays, the lack of natural resources and reserves of raw materials, besides the increased production costs and
the problems with burying and destroying industrial waste, have attracted attention to product recovery and waste
recycling in the framework of a closed-loop and sustainable supply chain, also able to create a competitive advantage.
On the other hand, researches indicate that taking resilience approaches into account in supply chain design may
protect buyers against disruptions such as natural, human, or technological disasters. The present paper presents
a multi-objective mathematical model of a single-period, multi-product, and multi-level closed-loop supply chain,
considering the dimensions of resilience and sustainability under conditions of uncertainty. Hence, a deterministic
mixed integer linear programming model is initially presented; subsequently, to eliminate the uncertainty of the demand
parameters and costs, its stochastic counterpart was presented based on Pishvaee’s robust possibilistic programming
(RPP) model. In order to solve the model, the Augmented Epsilon Constraint method was employed in the GAMS
software environment. Ultimately, the model was solved and evaluated by a numerical example.
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1 Introduction

Designing the supply chain structure is aimed at determining the location, number, inventory of facilities, and
the amount of flow sent between facilities, as well as reducing costs, etc. [33], in case of being correctly carried out,
providing effective management of the chain in addition to creating a competitive advantage [2]. Today, competitive
markets to increase the value level of the supply chain, have led companies to focus on environmental issues on a par
with other important factors (cost, quality, level of service, etc.) [§] and a great attention has been paid to the use
of sustainability criteria in the design of the supply chain structure [10], since focusing on the supply chain’s internal
efficiency is no longer sufficient to reach a competitive advantage, and in case of the integration of the sustainability
concepts in the main parts of the organization’s supply chain, the organization may reach a good position in the market
[15], and moderate the negative burden on social, environmental, and competitive issues [I7]. Sustainable supply
chain management refers to a management process combining environmental considerations, social performance, and
economic participation [29], besides creating a collection of appropriate capabilities for the organization in order to
differentiate itself from competitors [I5].

Natural disasters, acts of terrorism, and so on, increase supply chain’s complexity, because the defect in one
of the chain connections can defect the entire chain [30]; thus, designing a resilient supply chain is a response to
these disturbances [25]. Supply chain resilience includes different strategies and measures to decline the risks and
disruptions’ destructive impacts on the supply chain [9]. Thus, recent relevant studies have considered resilient supply
chain network design as an attractive research field [7]. A resilient supply chain is not low-cost; however, it should be
noticed that a supply chain’s competitive advantage is not only based on low costs, high quality, reduced delay time,
and high level of service, but also overcoming critical conditions is considered as a competitive advantage, too [6].

Supply chains should improve their sustainability performance in three economic, environmental, and social areas
[1] and at the same time, they must address the damage and uncertainty caused by the business environment [3]. Some
researchers consider sustainability as the factor of enhancing company performance [26] and some consider resilience
as a competitive resource instead of a risk-reducing tool [I6]. Sustainability generally focuses on the long-term survival
of the system [13], while resilience prolongs the organization’s lifetime through dealing with disturbances [24].

Early efforts to integrate resilience concepts dates back to 1995 [34]. Rosic et al. found out that both resilience
and sustainability approaches must be taken into account in the supply chain management just to enhance its overall
performance [31]. Stonebraker et al. described the use of disruption management strategies as well as the reduction
of environmental effects as the basic need in the supply chain [35]. Azevedo et al. (2012) proposed the integration of
resilience and sustainability approaches given the vulnerability of reducing costs besides making a sustainable supply
chain in the automotive industry [5]. Furthermore, Rajesh, Negri et al., and Sadeghi et al. (2021) emphasized the
integration of two resilience and sustainability approaches as well as carrying out further research in this area through
studying recent catastrophes [24] 28] [3T]. Some researchers also believe that the ultimate goal of the system is resilience,
and that sustainability is a process that helps this goal [39].

The first section of the current paper presents an introduction to the resilient and sustainable supply chain and the
second section provides the research background. Moreover, the mathematical model of the problem is presented in
the third section, the fourth section presents the solving method, and the research results and suggestions are provided
by the fifth section.

2 Research background

Different researchers including Fiksel, Rosic et al. , Stonebraker et al., Carvalho et al. , and Azevedo et al.
emphasized the integration of resilience and sustainability concepts in the supply chain [5, [6] 1T}, 31, B5]. Nevertheless,
most papers have been proposed since 2019, suggesting the integration of sustainability and resilience concepts at
the early stages of development, a new topic for research [9]. Mari et al. provided an ideal programming model for
minimizing costs, carbon emissions, and disruption costs for the resilient and sustainable forward supply chain network
under definitive conditions [I9]. Besides, Mari et al. developed their previous model, presenting a mixed integer linear
programming model for the resilient and sustainable logistics supply chain network [20]. Kaur and Singh proposed a
mathematical model with definitive data for the resilient and sustainable forward supply chain network. This study’s
results revealed that the proposed model reduced supply costs under limited carbon emissions [14]. Zahiri et al.
presented a mathematical model for the resilient and sustainable supply chain network and developed a new fuzzy
random programming model to deal with data uncertainty [36]. Mousavi Ahranjani et al. presented a mathematical
model for the forward supply chain network considering the resilience and sustainability dimensions and employed a
potential random programming approach to cope with the existing uncertainties [22]. In their mathematical model,
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Zare Mehrjerdi and Shafiee utilized multiple sourcing strategies, shared information for resilience and minimization
of costs, energy consumption, pollution, and maximization of job opportunities for sustainability of supply chain, and
solved it through using the Epsilon Constraint method [38]. Zamanian et al. presented a resilient and sustainable
supply chain mathematical model aiming at minimizing cost, harmful environmental effects, and low capacity-related
penalties, as well as maximizing service levels and solved it with Epsilon Constraint method [37].

Hosseini Motlagh et al. presented a robust resilient and sustainable mathematical model for electricity supply
chain network. According to the results, with a 50% increase in costs, social responsibility, and network resilience
respectively increase by 50% and 20% [12]. Lotfi et al. presented a robust two-stage stochastic optimization model for
the electricity supply chain network. In this network, renewable energies are employed when the demand increases,
making it resilient and stochastic [I8]. Sadeghi et al. presented a robust mathematical model for the resilient and
sustainable forward supply chain network and solved it using the Epsilon Constraint method [32]. Moreover, Nayeri
et al. solved their robust mathematical model of resilient and sustainable supply chain with Multi-Choice Meta-Goal
Programming Associated with a Utility Function [23].

Studies revealed that researchers in the environmental dimension had mostly sufficed to minimize the emission of
greenhouse gases, while industries are among the key consumers of energy and water. Besides, in some researches,
the dimension of social responsibility has been weak or ignored. Also, in the field of resilience, the strategy of using
backup suppliers under the disruption condition is less considered. Previous studies have mostly taken into account
the forward supply chain, while the closed-loop supply chain network supports the environment through considering
different operations such as modification, reuse, remanufacturing, and recycling, as well as burying the returned
products [4, [40]. Hence, in the previous researches, the basic gap is the lack of a reliable mathematical model of
a closed-loop and suitable supply chain at several levels based on the sustainability approach corresponding to the
economic stakeholders’ objectives, leading to a significant change in environmental and social effects, and reducing the
vulnerability of the chain against disruptions according to the resilience approach.

3 Statement of the problem

This research is aimed at providing a multi-objective mixed integer linear programming model of the closed-loop
supply chain network, considering the dimensions of stability and resilience under conditions of uncertainty.

Main Suppliers
[ Manuf: Distribi
anufacturers . istribution o . !
(M) > Centers (D) ¥ Retailers (R) > Customers
Backup * T
Suppliers (L) £ SRR e I e e e . :
I v
Forward Disposal Second « Repairing « | Collection
Centers (E) Customers (SM) Centers (K} Centers (C)
Reverse f—_' etk ol el st W i kit ,—_'I ____________ I

Figure 1: Proposed CLSC network

According to Fig. in the forward path, the raw materials are provided by the suppliers, converted into final
products based on the manufacturing formula in production centers and sent to the retail stores by the distribution
networks. The returned products are collected on the way back, and after inspection, unusable products are sent to
disposal centers while the rest are sent to repair centers to be reused. In the repair centers, after partial modification,
the high-quality products are sent to the production centers for reuse as first-class goods, and the products undergoing
major repairs are sent to the secondary market as second-class products. Moreover, unrepairable and unusable products
are sent to disposal centers. In this network, in case that the suppliers cannot fulfill their responsibilities for any reason,
the responsibility of supplying raw materials is taken over by the backup suppliers.

4 The problem assumptions
e Costs of supplying raw materials from backup suppliers are higher than from main suppliers.

e Products flow only between consecutive facilities.
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e Expenses and demand quantities are considered uncertain.

e Suppliers will face performance disruptions represented by scenarios with a certain probability of occurrence, i.e.

a number between zero and one.

e The capacity of the centers is already specified.

e The percentage of return products, the percentage of products sent from collection centers to repair and disposal
centers, the percentage of products sent from repair centers to production centers, second markets, and disposal

centers are already specified.

Model Indices

Description Set and Indices Description Set and Indices
Main suppliers se€{l.23.--- .5} Repairing Centers ke{l123...- K}
Backup suppliers le{123..-- L} Disposal centers e€{1.23.--- .E}
Manufacturers m € {1.2.3.--- .M} Second customers sm e {1.2.3.--- .SM}
Distribution centers d € {1.2.3.---.D}  products pe{1.23.---.P}
Retailers r€{1.2.3.--- .R}  Raw materials spe{1.23.--- .SP}
Collection Centers  ce€ {1.2.3.---.C} Scenarios of disruption in suppliers sc € {1.2.3.--- .SC'}
Model Parameters
Description parameters Description parameters
The conversion factor of raw materials  hhsg)y Variable cost of providing the production vcsiP
into products requirements of sp by s
Customer demand for the product P dr Variable cost of producing per unit p in vem?,
m
Fix cost of installing main supplier (s) fess Amount of local employment due to con-  0s3P
struction of s
Fix cost of installing manufacturing (m)  fem, Amount of local employment due to con- omP,
struction of m
Fix cost of installing distribution center  fecdy Amount of local employment due to con-  od
(d) struction of d
Fix cost of installing distribution center  fcr, Amount of local employment due to con- or?
(d) struction of r
Fix cost of installing collection center (¢)  fec, Amount of local employment due to con-  oc?
struction of ¢
Fix cost of installing repairing center (¢)  fcky Amount of local employment due to con- ok},
struction of k
Fix cost of installing disposal center (¢)  fce, Amount of local employment due to con-  oe?
struction of e
Variable cost of transporting unit SP  vsm?2P Water use to provide sp by s wsP
from s to m
Variable cost of transporting unit p from  vmd? , Water use for produce per unit p in m wm?b,
m tod
Variable cost of transporting unit p from  vdrf Water use for distribute per unit pind — wd}
dtor
Variable cost of transporting unit p from  vrc?, Water use for distribute per unit pinr  wr?
rtoc
Variable cost of transporting unit p from  vck?, Water use for allocation per unit pinc  wck
ctok
Variable cost of transporting unit p from  vkej, Water use for repair per unit p in k wkj,
ktoe
Variable cost of transporting unit p from  vkmj, Water use for disposal per unit p in k wer

k tom
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Variable cost of transporting unit p from vksmf_ Amount of pollution provided unit sp by es??
k to sm S
Variable cost of maintaining unit p in d ved), Amount of pollution caused produce unit em?,
p by m
Variable cost of maintaining unit p in r ver? Amount of pollution caused maintain unit  ed’,
pind
Variable cost of maintaining unit p in ¢ veck Amount of pollution caused maintain unit er?
pinr
Variable cost of maintaining unit p in k vek? Amount of pollution caused maintain unit ec?
pinc
Energy use for produce one unit sp by sup- ns3P Amount of pollution caused repair unit p ek},
plier in k
Energy use for produce one unit p in m nmb, Amount of pollution caused disposal unit ee?
pine
Energy use for maintain one unit p in d ndy Amount of pollution caused by transport- esmiP,
ing product p from s to m
— — . 7
Energy use for maintain one unit p in r nrk Amount of pollution caused by transport- emd, ,
ing product p from m to d
. . . . . . p
Energy use for maintain one unit p in ¢ nck Amount of pollution caused by transport-  edrg,
ing product p from d to r
Energy use for repair one unit p in k nkj, Amount of pollution caused by transport- erc?,
ing product p from r to c
Energy use for destroy one unit p in e neb Amount of pollution caused by transport- — eck?,
ing product p from ¢ to k
Energy use for transport unit sp from s to nsm?P, Amount of pollution caused by transport- ekm},
m ing product p from k to m
Energy use for transport unit p from m to  nmd? , Amount of pollution caused by transport- eksm?_
d ing product p from k to sm
Energy use for transport unit p from d to  ndr?, Amount of pollution caused by transport- —ekel,
T ing product p from k to e
Energy use for transport unit p from r to nrc?, Capacity of main supplier s for sp capsh
¢
Energy use for transport unit p from ¢ to  nck?, Capacity of manufacturer m for p capm?b,
k
Energy use for transport unit p from k to  nksmj, Capacity of distribution center d for p capdy
sm
Energy use for transport unit p from k to  nkej, Capacity of retailer r for p capr?
e
Energy use for transport unit p from k to  nkmj,, Capacity of collection center ¢ for p capck
m
. . sC . . p
The probability of occurrence of sc sce- pro° Capacity of repair center k for p capk;,
nario
Percentage of products delivered to collec-  SrP Capacity of disposal center e for p cape?
tion centers
Amount of pollution caused by transport- ece?, Salable percentage of product p in second akP
ing product p from c to e customer
Percentage of the transfer product from k  beta2 Percentage of the transfer product from k  aeP
to e toe
Percentage of the transfer product from ¢ alfa Percentage of the transfer product from k  beta
to k to sm
Cost allocation from d to r cdr g, Cost allocation from m to d cmdpg
Cost allocation from s to m CSMgm, Cost allocation from c to k cckep
Fix cost of installing backup supplier (1) fc Capacity of backup supplier 1 for sp capl;”
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Percentage that main supplier can cover delts:¢ Percentage that backup supplier can cover delts;*
raw materials under each scenario raw materials under each scenario
Disruption to the main supplier gs3© Amount of product p transfer by each man-  pp:¢
ufacturer under each scenario

Energy use for backup supplier 1 to produce  nsi;” Water use to provide sp by 1 wsl;”

sp

Energy use for transport unit sp from 1 to  nsml;? Amount of pollution provided unit sp by 1 esl;”

m

Amount of local employment due to con-  oel;” Amount of pollution caused by transporting  esmi;”

struction of a backup supplier 1 product p from 1 to m

Cost allocation from 1 to m vsmlyy, Variable cost of providing the production wesl}”
requirements of sp by 1

Cost allocation from k to m vkmlyy, Cost allocation from k to sm vksmlpsm

Variable cost of transporting unit p from wvmdl,.q Variable cost of transporting unit p from k  vcel®,

m tod toe

Variable cost of transporting unit sp from  vsmlil;? Variable cost of transporting unit p from k = vksmj,

ltom to sm

Manufacturing cost per product unit p costp Energy use for transport unit p from c toe nce?,

Decision Variables
Description Decision Description Decision
variable variable

If a backup supplier 1 is open 1, otherwise 0 =zl If product p is transport from k to m under — ykm}’
scenario sc 1, otherwise 0

If a main supplier s is open 1, otherwise 0  xs, If product p is transport from k to sm under — yksmj.,
scenario sc 1, otherwise 0

If a manufacturer m is open 1, otherwise 0  zm,, If product p is transport from k to e under — yke}:*
scenario sc 1, otherwise 0

If a distribution center d is open 1, other- xzdy Amount of transportation raw material sp gsm3Ps¢

wise 0 from s to m in scenario sc

If a retailer r is open 1, otherwise 0 r, Amount of transportation raw material sp  gsml;>*
from 1 to m in scenario sc

If a collection center c is open 1, otherwise zc. Amount of transportation product p from grf°

0 d to r in scenario sc

If a repairing center k is open 1, otherwise xzkj Amount of transportation product p fromr gcP3¢

0 to ¢ in scenario sc

If a disposal center e is open 1, otherwise 0 ze, Amount of transportation product p from gk%.*
¢ to k in scenario sc

If raw material sp is transport from s to m  ysm?Ps© Amount of transportation product p from gke}.*

under scenario sc 1, otherwise 0 k to e in scenario sc

If product p is transport from m to d under ymd.’; Amount of transportation product p from gkmj. -

scenario sc 1, otherwise 0 k to m in scenario sc

If product p is transport from d to r under — ydr}’* Amount of transportation product p from gmd. ;

scenario sc 1, otherwise 0 m to d in scenario sc

If product p is transport from r to ¢ under — yrcPse If raw material sp is transport from 1 to m  ysmi;>™

scenario sc 1, otherwise 0 under scenario sc 1, otherwise 0

If product p is transport from ¢ to k under yck?.*

scenario sc 1, otherwise 0

Amount of transportation product p from qcePs¢
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Covariates
Description Covariate vari- Description Covariate vari-
able able
Total cost of the network under sc  T'Cost®! Fix cost FixCost
scenario
Variable cost under sc scenario VariableCostt Inventory cos under scenario sc InventoryCostst
Energy use under sc scenario Eng®t Pollution under sc scenario Emsst
Water use under sc scenario Wirst Extent of the network’s ability to SRe s

fulfill social responsibilities

The first target function: cost minimization
min TCOST*" = Fixed Cost 4 Variable Cost*® + Inventory Cost®® Vsc (4.1)
Fixed Cost = Z:fcs6 X x§s + sumg fely X xly + Z fema, X xmay, + Z fedg x xdg + Z fery x xr,
+ chcc X re, + chk:k X xky + chee X Te, + ZZZZydrdr X cdr gy
+ Z Z Z Z ymdl?S X emdy,q + Z Z Z Z ysms”sc X C8Migm + Z Z Z Z Yk x cckey,
p sc k sm

sp sc s

+ Z > Z Z ysmliP x vsmlyy, + Z Z Z Z yksmP*® X vksmlgom
+ f: Z Z Z ykmP*¢ x vkmly,,
Variable Cost® = Z Z Z vesPasmiPse + Z Z Z vesliP gsmlP*e + Z Z Z vem?, qd®s
+ Z Z Pp2S X costp, + Z Z Z vsm3P gsmEs 4 Z Z Z vsml2s? gsml;P™
+ Z Z Z vdrh qrise + Z Z Z orePgelse + Z Z Z vekP gk + Z Z Z vkel, qgkelse
+ Z Z Z vkm? qkmPC + Z Z Z uksmksmqksmzzin + Z Z Z qmdpscvmdlp
+ Z Z > qeelzveel?, + Z Z Z vekf gkt
Inventory Cost®® = i XC: i vedhgd?S + Z Z Z verPqrh®e 4 Z Z Z veclgsmPse
poom o d

Equation shows the first target function minimizing network costs and including fixed costs, variable costs,
and inventory costs. Fixed costs include construction costs, allocation costs, variable costs including the costs of the
required supplies for the production of raw materials by the main and backup suppliers, production and repair costs,
and costs of shipping between facilities. Inventory costs include the costs of maintaining products in distribution
centers, retail centers, and repair centers.
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The second target function: minimization of harmful environmental effects

min TEnv®® = Eng®® + Ems® + Witr*c  ;Vsc (4.2)

Eng* = "> "(ns® + nsmb, )gsmiec + Z Z Z nsly? + nsmly? ) gsmlyP*e
- zp: Z zm:(nmfn + nmd®, ;) qmd®S + Z Z Z (nd’, + ndrh )qrhs + Z Z Z nr? + nrcl,)gebse
- zp: g: zd:(ncfg + nck?, )gkPe + Z Z Z (neP + nke? )qke?>* + Z Z Z nm?, + nkm? )gkmh
- Z > Z (nk? + nksm?,_ ) qksmﬁjfn + Z Z Z (ne? + ncek, )geelse

sm k

Z Z Z (es%P + esm?P )gsm3PsC + Z Z Z (esl;? + eslm;P YgsmlP**

m

+ Z Z Z emb, +emd’ )qd?S + Z Z Z (edt) + edrt Yqrh>e + Z Z Z (er? + ercP,)qchs®
+ Z Z Z (ec? + eck?, )qkD " + Z Z Z (e€? + ekel,)qkel> + Z Z Z (emb, + ekm?¥ )qkm?p>*
+ Z Z Z ekl + eksmi ) qkstifn + Z Z Z ee? + ecel,)qeebs®

sm k

Z Z Z wsPqsmiP¢ 4 Z Z Z wsyPgsmlP* + Z Z Z wmb qdl> + Z Z Z wdhgrh’*

sp s

+ZZZwr§qc§sc+ZZch” kpgc—l—ZZZwk pgc—&-ZZZwequemc
P k c
+ZZZwepqcepsc

Equation shows the second target function minimizing harmful environmental effects on the proposed network
and including the amount of carbon dioxide (CO3) produced and the amount of energy and water consumption in the
supply chain. The energy consumed includes the energy needed for the supply and production of raw materials by
the main suppliers and backup suppliers, product production, product maintenance in distribution, retail, collection
and inspection, repair, and disposal centers, and energy needed for transportation between facilities. C'O5 produced
includes C'Oy from the production and supply of raw materials by main and backup suppliers, product production,
product maintenance in distribution, retail, collection and inspections, repair and disposal centers, as well as carbon
dioxide caused by transportation between the facilities. The water consumed in the supply chain includes the water
consumed for supply and production of raw materials by main and backup suppliers, product production, product
distribution by distributors and retailers, collection and inspection, repair, and disposal.

The third target function: Social responsibility

max s Res = Z Z oslxss + Z Z oel;Pxl; + Z Z omP xm, + Z Z odxdy
s p I sp m p m p
+ Z Z orrPxr, + Z Z okxe. + Z Z oePze, (4.3)
r p kE p k p

Equation (4.3)) shows the third target function maximizing the number of jobs created by the construction of the
facility.

5 Constraints

hhsp x ppiP = Z(qsmsz’“ (1 — deltsi®)) + Z(qsmlifsc/(l —deltlj®)); Vm.sc.sp (5.1)

s l
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(1-«a Z qcbsc = Z gcels®;  Ve.p.sc (5.2)
Z gk =« Z qclse;  Ye.p.sc (5.3)
k T
Z gksm? =3 Z qk%% Vk.p.sc (5.4)
Z gkmp> = (1—(B+7) quck i Vr.p.sc (5.5)
Z qkel* =~ Z qk%c Vk.p.sc (5.6)

Z Z qriy® > db; Vrp (5.7)

ydri>® < xdg;  Vr.d.p.sc (5.8)
ymd?®s < xmy,;  Vd.m.p.sc (5.9)
ykmi>" < xmy,; Vp.sc.k.m (5.10)
ykm?> < xky,;  Vp.sc.k.m (5.11)
yksmi> < xky; Vp.sc.k.sm (5.12)
ysmbr® < xsg;  Vs.m.p.sc (5.13)
ysml)P*¢ < zly;;  Vi.m.p.sc (5.14)
ysmibse < xmyy,;  Vs.m.p.sc (5.15)
qcls¢ < xeccaprl;  Vr.p.sc.c (5.16)
qk?r¢ < wkycapkl; Vek.p.sc (5.17)
Z qkel>" < capel; Ve.p.sc (5.18)

k
qmd?®s < xdgcapdt;  Ym.d.p.sc (5.19)
qudﬁfs < capm®, X xmy,; Vs.m.p.sc (5.20)

d

gsm ¢ < BIGM x ysmil’c;  Vs.sp.sc.m (5.21)
gsml?* < BIGM x ysml;”*;  Vi.sp.sc.m (5.22)
qmd?”s < BIGM x ymd?*S;  Vm.d.p.sc (5.23)
qr?*S < BIGM x ydr’y>®;  Vr.d.p.sc (5.24)
qk??¢ < BIGM x yck?;“; Ve.k.p.sc (5.25)
gkm}’" < BIGM x ykm}>";  Vp.sc.k.m (5.26)
gksmys < BIGM x yksm}% ; Vsm.k.p.sc (5.27)
Zysmzfjc <1; Vsp.scm (5.28)
Zysmlfﬁlsc <1; Vp.sem (5.29)
Zymdﬁfs <1; Vd.p.sc (5.30)

Zydrpsc <1; Vrp.sc (5.31)
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Zykmpsc <1; Vp.scm (5.32)
Zyksmiifn <1; Vp.sc.sm (5.33)
qke?’* < BIGM x ze.; Ve.k.p.sc (5.34)
qeel?® < BIGM x ze; Ve.k.p.sc (5.35)
Z qumsmc —deltsi®) < (1 — GSZ°) x capss x xss;  Vs.sc (5.36)
sp m
DS qsmliP /(1 — deltl;) < (1— GS3€) x caply x xl;  Vl.sc (5.37)
sp m
&l 2S5 XMy Tdg. 2T TCe.Thi e ysmghyC ymdyy s ydrt e yrel i yck? C ysmlP*C ykmp > yksmps ykel>© € {0.1}
(5.38)
qeelsC.qsmiPsc qdb s qrh C gl gkl qkel  .qkmi e qksmye .qmdLl.qsmlP*C > 0.1nt (5.39)

Constraint ensures the balance between the amount of raw material needed by the manufacturers for produc-
tion and the extent of raw material provided by suppliers. Constraint shows the amount of unrepairable products
from returned products transferred from collection and inspection centers to disposal centers. Constraint shows
the amount of returned products sent from the collection and inspection centers to repair centers. Constraint
shows the amount of products repaired in the repair centers and shipped to the second market. Constraint shows
the amount of high quality repaired products shipped from the repair centers to manufacturers for recycle. Constraint

5.10) shows the amount of unrepairable products shipped from the repair centers to disposal centers. Constraint
5.11)) ensures that customer demand is fully fulfilled. Constraints to guarantee that sending from any
facility depends on constructing it. Constraints , show that the entry of products to the facilities or exit
of the product from them should not exceed their capacity. Constraints to relate to the allocation of
facilities. Constraints and are related to the location of the disposal centers. Constraints and
show the amount of raw materials prepared by the main and backup suppliers in different scenarios. Constraints (6.3))
and are related to the binary, positive, and integer nature of the decision variables.

6 The robust counterpart of the proposed model

Due to the uncertainty in market demand and insufficient information about cost parameters, demand and cost
parameters are considered as trapezoidal fuzzy numbers & = (£1.£2.€5.84); For instance, for the demand (d?) we have
(d1P.d2P.d3P.d4P) whose definitive equivalent is calculated as follows based on [21]:

§1-62.83.84

EVI{] ===

(6.1)

In addition, to determine fuzzy numbers, the third fuzzy number is equal to the definitive state and the numbers
of first, second, and fourth fuzzy numbers are valued as:

§1=06x&; &=08x&; =& &a=14x¢& (6.2)

Pishvaee et al.’s robust possibilistic programming (RPP) model (2012) was used to eliminate uncertainties in the
proposed model. According to this method [27], since the first purpose of the model, i.e. the costs, is uncertain, its
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definitive state is as below:
min TCOST?*¢ = Fixed Cost + Variable Cost®® 4+ Inventory Cost™ + m x (d4? — (v x d42 + (1 — @) x d3P)  (6.3)
+o x (8 x GSL: 4 (1 - B) x GS25°) — GS1Y9) Vse
Z fesly + fes2s + fes3s + fesds X 8, 4 Z felly + fel2y + fel3; + fel4, "
- 4 4
femly, + fem?2,, + fem3,, + femd,, fedly+ fed2q + fed3g + feddq
1, 2, 3r 4, 1, 2c 3e 4.
+Zf67“ + fer chr + fer prﬂrzfcc + fec Ifcc + fece « e

T c
" Z Jckly + fck2y Zf0k3k + fekdy o+ Y feele + fee2, Z feede + feede ve,

Fixed Cost =

:Ell

CCdd

€
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+ Z 2 Z 2l 1
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+ ymdfjc « cmalmqg md md md
DR WL

4
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Sp Sc S m
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+ Z 2.2 Z yekyy .
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sp sc
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vkel?  + vke2} + vke3}, + vked?, sc
200 i ahe};
p

k e
p

vkm1% =+ vkm2] = +vkm3} =+ vkmd] pse
220 I akm
P k e

km

vmdly,g + vmd2,,q + vmd3.,q + vmdi, g
DN
p m d 4

vekl) + vek2] + vek3) + vckd], o
2.2 ; ake;
P c k

+ o x (Variable Cost Parameters (4) x Variables)
P

d1? d2h d3h d4
Inventory Cost®¢ = Z Z Z vedly + veazy Z vedda e dqdr™

P m

d
verl? + ver2P + ver3P + verd?
Y Yy e e e
P d r

4
12 2P 37 47
ZZZ veel? + vecly, Zvcc w Tt vce € gsmPse
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+ o x (Inventory Costs Parameters (4) x Variables)

Moreover, Restrictions (5.7)) and (5.36) are examined under uncertainty, the definitive equivalent of which is ((6.4)),
(6.5):

Zquﬁfc >axddf +(1—a) xd3b; Vr.p (6.4)
sc d
Z qumzfjc (1 —deltsi®) < (1 — (B x GS1:° 4 (1 — B) x GS25%)) X capss X Tss; Vs.sc (6.5)

sp m

7 Solving method

Augmented Epsilon Constraint (AEC) method is used to solve the multi-objective model provided. The overall
form of a multi-objective problem is as:

{ min(fi(2) - f2(@) - .- ful2)) )
reX '
in the Equation , the first objective constrained to the primary target and other targets to the maximum Epsilon
(e;) and applied to the Restrictions of the problem. Subsequently, the Epsilon method is used and the following
single-objective model is obtained:

min f1(x)

file)<e; i=23.---.n (7.2)

rzeX

By changing the e; values in the Epsilon constraint method, different answers are obtained that may be effective
or efficient. By modifying or completing the model , the efficient responses can be reached, called Augmented
Epsilon Constraint (AEC) [38]. In this method, first the appropriate interval of Epsilon (e;) must be determined using
the payoff matrix; of course, perhaps the efficient response is not achieved for some Epsilon values. Then, the Pareto
front is obtained for different Epsilon values.

To find the right interval for e; related to the i target (i = 2,...,n), the optimization problems (|7.7)) must first be
resolved for each of the targets (j = 1,2,...,n):

Pay Off;; = min fi(z); z€ X (7.3)

where z7* is saved as an optimal answer and PayOf fj; = fi(27*) as an optimized j value: then, the j target’s optimal
value should be obtained while each time one of the targets of j = 1,2,...,n;j # i should be in the optimal conditions
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as (|7.4).
Pay Off;; = min f;(z)
fi(z) = Pay Off;;
reX
JF#i
where the optimized response z7* is calculated with the optimal value PayOf f;; = fi(z"*) for the target i. Now
using the Lexicographic method, the payoff matrix (7.5)), a 3 x 3 matrix in this study, is obtained:

PayOf f = [payOf fi;] (7.5)

(7.4)

After determining the payoff matrix, the following options are defined for the target i = 1,...,n ((7.6)), , and
)

min(f;) = Hljin{payoffij} = payOf fii (7.6)
max(f;) = mjax{payOffij} (7.7)
R(f;) = max(f;) — min(f;) (7.8)

According to the above definition, the appropriate e; interval is determined as e; € [min(f;) - max(f;)]. Moreover,
the value of R(f;) is used to normalize the targets in the augmented e-constraint function [38]. The programming
model is developed below:

minz = fi(x) — 0252 + D353

fo(x) 4+ 52 = €2

f3($l?) + 83 =e3 (79)
rzeX

S2.85 >0

8 Numerical results

A problem in the form of table [I] was considered in order to evaluate the performance of the presented model:

Table 1: problem information
sc sp p sm e k ¢c r d m 1 s
2 2 2 2 2 2 2 5 2 2 2 3

The mathematical model resulting from the above problem is solved by CPLEX method in GAMS 24/3 software
and by means of random data. The payoff matrix resulting from solving the model with the AEC method is as shown
in Table

Table 2: payoff matrix resulting from solving the model by AEC method
F1 F2 F3

F1 60210.86 82829.79 95430.425
F2 47568.71 32698.78 32698.78
F3 53 108 108

Besides, the Pareto front resulting from solving the model using AEC method is exhibited in Fig. [2}

Fig. [3]indicates the conflict between economic, environmental, and social responsibility goals. In other words, if
the decision-makers focus on reducing environmental effects or increasing employment, more costs will be imposed to
the supply chain.

In order to analyze the problem and draw its schematic, the flow of products and the location of one of the Pareto
points specified in Fig. [2] are reported:

Given the dimensions of the considered problem, at the specified point, two main suppliers are active due to the
level of disruption, and both backup suppliers are employed to meet the producers’ needs. All of the two factories,
two distribution centers, five retail centers, and three collection centers have been constructed, and one center out of
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Figure 2: Pareto front created by AEC method
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two repair centers and two disposal centers has been constructed. The reason for the construction of most centers is
that social responsibility at this Pareto point is at its highest level.

Fig. [ exhibits the schematic result of solving the model and its validity. Accordingly, the total customer demand
is 276.375, which is equal to the customer demand based on the assumption of meeting all customers’ demand, the
total amount of products shipped from the factory to the distribution center and from the distribution center to the
customers.

Consider the following parameters in order to analyze resilience:
capsi? = 1500, deltsj® = 0.4, capl]” = 1400, delts}® =0.90, gsi®=0.0

No backup supplier is constructed under non-disruptive conditions, and the required raw materials are supplied by
three main suppliers. With 40% disruption, Model 1 considers a backup supplier to compensate for the disruption.
The total amount of raw materials is 41 units shipped from the backup supplier and 238 units from the main supplier.

With the increased disruption in the supply chain network, the network costs increase, since it has to get service
from the backup suppliers and this increases the network costs. Fig. |b| shows the increase in costs in case of disruption
of 40-80%.
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-
-
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Figure 5: Relationship between disruption and cost

Figs. [0} [7] and [§ show the effect of decreasing the capacity of the main suppliers without causing disruption on
the target functions:
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Figure 6: Relationship between the main supplier’s capacity and costs

The model is implemented in the GAMS software environment by both methods in order to exhibit the efficiency
of the mathematical model under the conditions of Robust Possibilistic Programming Approach. In RPP model, many
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tests must be done to find the appropriate level of confidence, a time-consuming process. Furthermore, there is no
guarantee that the final selected confidence level is optimal. Besides, there are deviations in the constraints, including
uncertainty. Consequently, this factor may cause the limitations to become impossible, i.e. a significant problem not
considered in this method. Hence, to solve these problems, the RPP model is investigated, too.

The numerical example investigated in the current study is employed for both possibilistic programming and RPP
methods. Uncertain parameters are considered as trapezoidal numbers.

A

\ 4

C1

c2

C3 c4

Figure 9: Fuzzy parameters with trapezoidal distribution

Based on Fig. [9] the C3 parameter is considered equal to the nominal value. The lower limit means that C1 is 40%
lower than nominal value and C2 is 20% lower than nominal value, and finally C4 is 40% more that nominal value.
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For example, in accordance with what aforementioned, the demand parameter is described below:

d3r.. = Uniformint(50,150)

d1?.. = Round(d3Z,, — 0.4 % d3P,.)
d2?.. = Round(d3f,, — 0.2 d3P, )
d4?.. = Round(d3®,, + 0.4 % d3P_ )

The same is applied for other uncertain parameters.

Now for validation of the proposed model, it is implemented in the RPP mode. To solve the three-objective
possibilistic programming model, the second and third target functions are limited based on the table of payoff and
limited to a specified value (the formula of the calculation of this limit for one iteration is presented) and finally the
three-objective model was solved given the economic purpose, i.e. to minimize the cost of the total supply chain
network. The possibilistic programming model is optimized by the reliability levels of 0.7, 0.8, and 0.9.

Epsilon2 = (MinFunction(obj2) + MaxFunction(obj2))/2 + RangFunction(obj2)uniform(—1,0.8)/2
Epsilon3 = (MinFunction(obj3) + MaxFunction(obj3))/2 + RangFunction(obj3)uniform(—1,0.8)/2

After executing the model in the above-mentioned output modes, the resulting output is visible in Table [3]

Table 3: Comparison of model results in possibilistic programming mode and robust possibilistic programming
possibilistic programming robust possibilistic programming
a, B, objl obj2 obj3 objl obj2 obj3
1 07 61415.97 36736.85 59 87437.12 44036.731 59
0.8 63173.4 42318.86 59
3 09 66271.21 43600.99 59

The results suggest that the increased minimum possibilistic degree has led to the increased costs due to increased
demand and other parameters under conditions of uncertainty and the costs in possibilistic programming model is
lower at the confidence level of 0.9 than the robust possibilistic programming model with a penalty of 0.5.

9 Conclusion and recommendations

The researchers realized that in the supply chain, the integration of sustainability is a competitive advantage for
the organization. On the other hand, the performance of the supply chain is greatly affected by disruptions. In the
present paper, the issue of designing the closed-loop supply chain network under supply risk conditions was investigated
considering sustainability criteria, aiming at minimizing the costs and harmful environmental effects in the chain and
maximizing the created jobs according to decisions, given the location and the amount of flow between the facilities. In
the proposed model, it was assumed that after the raw materials arrived from suppliers to factories and manufacturers,
the produced products are transferred to distributors and retailers and the customer demands would be met through
retailers. Subsequently, a percentage of the used products are shipped to the collection and inspection centers, and
after inspection, unrepairable items are shipped to the disposal centers and the rest to the repair centers. In repair
centers, the returned products are shipped to the production centers in case of having the first quality and minor
repairs and, if professional repair is needed and second or third quality level, they are shipped to the second-hand
market and if not repaired, to the disposal centers.

The proposed model employed backup suppliers to make the supply chain resilient and reduce the suppliers’ supply
risk, and Pishvaee’s robust possibilistic programming (RPP) model was used to eliminate the uncertainty. Then, the
model was resolved under certain conditions and the results were examined. The presented model determines in which
of the potential centers the supply, production, distribution, retail, collection, repair, second market and disposal
centers to be constructed, as well as how much the flow of products shipped between the facility would be. The results
show that increased supply chain costs increase. In addition, reducing the main supplier’s capacity may result in
the increased environmental costs and effects as well as decreased number of created jobs. Solving the possibilistic
programming and PRR models shows that the value of the RPP model’s target function at the highest confidence
level is lower than the value of the target function of RPP model with the lowest level of fine.
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Considering the variety of vehicles with a variety of capacities may decline shipping costs. Furthermore, given the

logistical disruptions, various transport operations, such as road, rail, air, and marine operations may be considered as
parallel connectivity between the facilities, and in case of a problem for each route, alternative routes can be activated
instead of the original route. Future research may investigate these issues.
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