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Abstract: Designing an integrated supply chain network (SCN) by considering
economic, social, and environmental aspects will increase its sustainability.
This paper proposes a bi-objective mixed-integer linear programming model to
design a sustainable closed-loop SCN considering location-inventory-routing
problem, cross-docking scheduling, vehicles failure, inflation, routes reliability,
impact of load on fuel consumption, discount on purchases from suppliers,
supplier selection, and order allocation under uncertainty. The proposed
bi-objective model minimises the total costs and maximises the created jobs,
simultaneously. A scenario-based approach is used to cope with demand
uncertainty while a fuzzy multi-objective solution approach is employed to
convert the bi-objective model into a single-objective one. Finally, the
performance of the proposed bi-objective mathematical model is evaluated

using data from a wire and cable industry in Iran.
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1 Introduction

Although for many years, the main goal of companies has been to minimise the total
costs of the supply chain network (SCN) or maximise their profits, today they are
responsible for the social and environmental impacts of their operations (Kannan et al.,
2020; Azadmanesh and Maleki, 2021; Mina et al., 2021). Increasing attention to reverse
logistics and the closed-loop supply chain (CLSC) have first emerged from public and
community awareness, and then governmental laws forced manufacturers to use defective
products (Coenen et al., 2018; Rezaei and Maihami, 2020; Ebrahim Qazvini and Maleki,
2021). In fact, according to new considerations, CLSC management involves the
‘design’, ‘control’, and ‘implementation’ of an integrated system to maximise the value
obtained from a product over its life cycle by continuously retrieving value from returned
products (Jian et al., 2020; Mishra et al., 2020). A review of the literature reveals that
many papers have studied forward or reverse logistics separately while only few studies
have focused on the design of integrated SCNs (Kazemi et al., 2019). Today, designing a
SCN based on forward processes not only ignores the sustainability aspects, but also
reduces the market share and competitive advantage (Mathiyazhagan et al., 2020; Alavi
et al., 2021). In order to get acquainted with the features of the reverse SCNs, some of the
important references presented in this topic are examined below.

A bi-objective mixed-integer programming (MIP) model with the aim of maximising
profits and minimising energy consumption was suggested by Soleimani (2018) to design
a sustainable CLSC network. Gholipour et al. (2019) used a bi-objective mixed-integer
linear programming (MILP) model to organise a green CLSC network. Their model
includes both forward and reverse streams and incorporates location-routing problem
assumptions. They used a fuzzy solution approach to solve their proposed bi-objective
model. A bi-objective MILP model for designing a multi-modal, multi-product, and
multi-period CLSC network with the aim of minimising the total costs and environmental
emissions was developed by Mardan et al. (2019). They presented an accelerated



A sustainable reverse supply chain network design 165

bender’s decomposition algorithm for solving their proposed models in large sizes.
Sadeghi et al. (2020) presented an MILP model for designing a CLSC network. They
utilised a real data from an automotive part manufacturing and distribution industry in
Iran for validation of their model. Govindan et al. (2020) designed an uncertain circular
CLSC network considering the location-routing problem using a multi-objective
mixed-integer linear programming (MOMILP) model. They presented a fuzzy solution
approach to convert the proposed multi-objective model to a single-objective one. They
evaluated the efficiency of their proposed model by a real data from an automotive
parts production in Iran. A novel integrated approach based on multi-criteria decision-
making (MCDM) techniques and mathematical programming model was developed to
design the sustainable CLSC network considering location-inventory-routing (LIR)
problem, supplier selection, and order allocation under uncertainty by Nasr et al. (2021).
They presented a MOMILP model for formulation of their model, and employed a
fuzzy goal programming approach to solve their multi-objective model. Nayeri et al.
(2020) proposed a sustainable CLSC network using a multi-objective model considering
the economic, social, and environmental aspects under uncertainty. They utilised a
fuzzy robust optimisation approach to deal with the uncertainty and used the goal
programming method to solve the multi-objective model. To control operating costs and
CO; emissions in a green CLSC network, a bi-objective MIP model was suggested by
Huang et al. (2020). They used the epsilon-constraint method for solving their proposed
bi-objective model. Parast et al. (2021) introduced a bi-objective MILP model for
designing a green reverse supply chain for the perishable products considering ‘LIR
problem’, ‘pickup and delivery’, and ‘vehicle scheduling’. They applied a multi-objective
fuzzy solution approach to solve their proposed model under uncertainty conditions. They
evaluated the performance of their proposed model by a real data borrowed from a bread
distribution industry in Iran. An MIP model for designing a CLSC network with take-
back legislation was proposed by Diabat and Jebali (2021). Similarly, An MILP model
was developed to design a CLSC network for agriculture crops by Salehi-Amiri et al.
(2021). They used both forward and reverse flows to deliver products and collect the
returned items, and employed meta-heuristic algorithms to solve their proposed
programming model.

In this paper, a bi-objective MILP model for designing a green CLSC network under
demand uncertainty is proposed. The proposed mathematical programming model
considers the LIR problem, inflation, vehicles failure, cross-docking scheduling, supplier
selection and order allocation, discount on purchases from suppliers, routes reliability, as
well as the effect of load on fuel consumption. To deal with uncertainty, a scenario-based
approach is used while a multi-objective fuzzy solution approach is employed to solve
the proposed bi-objective model. Finally, the performance of the proposed bi-objective
model and solution approach is evaluated by a real data from a cable and wire industry in
Iran. The features of the proposed model along with the research gaps are presented in
Table 1. The rest of this paper is organised as follows: The problem definition and the
proposed mathematical model are discussed in Section 2. The efficiency of the proposed
bi-objective model is investigated by a real data example in Section 3. Finally, the
concussion remarks are provided in Section 4.
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2 Problem definition and proposed model

In this section, an uncertain bi-objective MILP model is developed for designing a green
CLSC network taking into account LIR problem, inflation, time window, route reliability,
vehicles failure, cross-docking scheduling, supplier selection, and discounts on purchases
from suppliers. The network under study includes forward flow including suppliers,
plant, cross-docking centres and customers and reverse flow includes collection,
remanufacturing, and disposal centres. The following are the assumptions of the problem
to explain the details of the network under study:

this network includes forward and reverse flows and is multi-product and
multi-period

the location of ‘cross-docking’, ‘collection’, ‘remanufacturing’, and ‘disposal’
centres are determined by the model

there is one plant for producing the products

the routing problem is multi-depot and capacitated, and is considered between cross-
docking centres and customers

vehicles are heterogeneous and capacitated

each vehicle is allowed to visit each customer at most once in each time period
split-delivery is allowed

storage is allowed for future periods

demand is considered uncertain

all defective products should be collected

inflation is considered certain in each time period

the possibility of vehicle failure is considered

reliability is defined for the routes travelled by vehicles

a time window is defined to return vehicles to cross-docking centres
there are discount strategies for suppliers

there are multi-mode transportation for shipping raw materials from suppliers to
plant

the amount of product transported by each vehicle will affect its fuel consumption.

2.1 Mathematical model

Indices

i Raw material (1<i<))
j Product (1<j<))
k Supplier (1<k<K)
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/ Cross (1<)

m,n Cross-docking centre (1<m,n<M)

o Collection centre (1<0<0)

p Remanufacturing centre (1<p<P)

q Disposal centre (1<g=<0

r Price level (1<r<R)

v Transportation mode 1=svsh)

u,u’ Vehicle (1<u,u'<V)

¢ Time period (1<t

S Scenario (1<s<S)

Parameters

SCPiy Capacity of supplier k for supplying raw material / in time period ¢
MCP;, Capacity of plant to produce product ;j in time period ¢

DCPy, Capacity of cross-docking centre / for product j in time period ¢
CCPjy; Capacity of collection centre o for product j in time period ¢
RCPyy, Capacity of remanufacturing centre p to process product j in time period ¢
DSCPj,;  Capacity of disposal centre g to dispose productj in time period ¢
TCP, Capacity of transportation mode v

VCP, Capacity of vehicle u

TRCP Capacity of truck

WE; Weight of product j

CSDjis  Demand of customer m for product j in time period ¢, under scenario s

S Cikrt

MG
D let

CS (jjmt

CClor
RCjp

Price of each unit of raw material i proposed by supplier & at price level 7 in
time period ¢

Cost of producing each unit of product ; in time period ¢

Cost of processing each unit of product j at cross-docking centre / in time
period ¢

Cost of holding each unit of product j at the warehouse of customer m in time
period ¢

Cost of separating each unit of product j at collection centre o in time period ¢

Cost of processing each unit of product j at remanufacturing centre p in time
period ¢
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DSCiy Cost of disposing each unit of product j at disposal centre g in time period ¢

SFy Ordering cost to supplier & in time period ¢
DF; Cost of setting up cross-docking centre /
COF, Cost of setting up collection centre o

RF, Cost of setting up remanufacturing centre p

DSF, Cost of setting up disposal centre ¢

VF, Cost of purchasing vehicle u

TC, Transportation mode v fare per kilometre

TRC Truck fare per kilometre

SMy Distance among plant and supplier k&

MD,; Distance among plant and cross-docking centre /
DCSi Distance among cross-docking centre / and customer m
CSun Distance among customer m and customer n

CSCL,, Distance among customer m and collection centre o

CR,p Distance among collection centre o and remanufacturing centre p
RDSo, Distance among collection centre o and disposal centre g
RM, Distance among remanufacturing centre p and plant

TDCS.,»n  Time distance among cross-docking centre / and customer m using vehicle u

TCSum»  Time distance among customer m and customer # using vehicle u

TSVum Average service time for customer m by vehicle u

™ Time window

®ij The amount of raw material i used to produce one unit of product ;

O Rate of returned product j from customer m in time period ¢

Lot Rate of re-manufacturable product j shipped from collection centre o to

remanufacturing centres in time period ¢

DJ; Number of created job by setting up cross-docking centre /
CJ, Number of created job by setting up collection centre o
RJ, Number of created job by setting up remanufacturing centre p

DSJ, Number of created job by setting up disposal centre g
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WG,
Hmn
R Tmn

CF, u
ECF,
i

Ot

PF
¥

Variables

Wage of road repair team in time period ¢
Possibility of route failure between customer m and customer n

Number of time periods required to repair the route between customer m and
customer n

Failure possibility of vehicle u

Occurrence probability of scenario s

Interest rate

Minimum acceptable reliability

The amount of fuel consumed by the vehicle u per unit distance

The amount of fuel consumed by the vehicle u per kilogram of product

The upper limit of the volume of raw material 7 purchased from the supplier £
at price level r in period ¢

The lower limit of the volume of raw material i purchased from the supplier £
at price level 7 in period ¢

Price of fuel

A large number

If vehicle u moves from customer m to customer # in time period ¢, under

1
XVRymnss { 0 scenario §

1

XVDy {
0

Otherwise

If vehicle u is assigned to cross-docking centre /

Otherwise

If supplier £ is selected at price level r to purchase raw material 7 in time
period ¢, under scenario s

Otherwise

If cross-docking centre / is setup

Otherwise

If collection centre o is setup

Otherwise

If remanufacturing centre p is setup

Otherwise

If disposal centre g is setup
Otherwise

If vehicle u is purchased
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1
ants 0

1
i'l,l/lli’l’lt_i' O

Numts

RR s
TRuus
XSMijrus
XMD:y;s
XDCSjuims
XCSCposs
XCRiopis
XCDSjoqis
XRMjps
XHis
NSM s
NMD,
NCSCross
NCRpis
NCDS s

NRM,s

ejumts

Otherwise

If route between customer m and customer # is repaired in time period ¢,
under scenario s

Otherwise

If vehicle u' visits customer m before vehicle u in time period z, under
scenario §

Otherwise
Arrival time of vehicle u to customer m in time period ¢, under scenario s

Route reliability between customer m and customer # in time period ¢,
under scenario s

Reliability of the route travelled by the vehicle u in time period ¢, under
scenario §

Amount of raw material i purchased from supplier & at price level » by
transportation mode v in time period ¢, under scenario s

Amount of product j shipped from plant to cross-docking centre / in time
period ¢, under scenario s

Amount of product j shipped from cross-docking centre / to customer m
by vehicle « in time period ¢, under scenario s

Amount of product j shipped from customer m to collection centre o in
time period ¢, under scenario s

Amount of product j shipped from collection centre o to remanufacturing
centre p in time period ¢, under scenario s

Amount of product j shipped from collection centre o to disposal centre g
in time period ¢, under scenario s

Amount of product j shipped from remanufacturing centre p to plant in
time period ¢, under scenario s

Amount of product j stored in warehouse of customer m in time period ¢,
under scenario s

Number of transportation mode v used to ship raw materials from supplier
k to plant in time period ¢, under scenario s

Number of trucks used to ship products from plant to cross-docking
centre / in time period ¢, under scenario s

Number of trucks used to ship products from customer m to collection
centre o in time period ¢, under scenario s

Number of trucks used to ship products from collection centre o to
remanufacturing centre p in time period ¢, under scenario s

Number of trucks used to ship products from collection centre o to
disposal centre ¢ in time period ¢, under scenario s

Number of trucks used to ship products from remanufacturing centre p to
plant in time period ¢, under scenario s

The amount of product j in vehicle u after leaving customer m in time
period ¢, under scenario s
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Objective functions

Min Z, = ZDF, x XD, + z COF, x XC, + ZRFP X XR, + Z DSF, x XDS,
q
+z VE, % XV, + ZQ x(1+@) x( > SCitr X XSM s + ZMcﬁ
ik,r,v

XXMDjis+ D" DCy X XDCS s + ZCSCW X XH s + Z CCjoy

Jau,d,m Jj,m,o
XXCSC jpors + Z RC jpy X XCR jops + Z DSC g X XCDS jogrs + Z SFi X XSitos
J-0.p Jj:0.q ik,r
+Z TC, % SMy X NSM s + Z TRC x MD, x NMDy,, + z TRCx CSCL,,

v,k m,o

1
XNCSCyoss + Y TRCXCRyp X NCRyps + Y TRCX RDSq X NCDS M

o,p 0,9

+) TRCXRM , X NRM pys + Y WG, X Ry, X X s + PF

m,n

X Y (CF,+ECF, XWE; X0junts )X CSyy X XVRupss + PF

Jou,m>1,n>1

X Z (CF,, +ECF, XWE; Xﬁjum)XDCS;mXXVDu,XXVRulm,s + PF

Jou,l,m>1

X Z CFu XDCS[m XXVDu] XXVRumltsj

Jou,l,m>1

The first objective function is to minimise costs. These costs are: the cost of setting up
‘cross-docking’, ‘collection’, ‘remanufacturing’, and ‘disposal’ centres, cost of
purchasing vehicles and raw materials, cost of production at plant, cost of processing the
products at cross-docking centres, cost of holding the products at the warehouses of
customers, cost of processing the products at the collection, remanufacturing, and
disposal centres, cost of ordering to suppliers, transportation cost, and fuel consumption
costs by vehicles.

XDCS iulmts XCSC imots
Max Z, = ) Q, X DIy x——2"5 4 N CJ, x—— L%
Y P i

Jaul,m,t J.m,o,t

(@)

XCR jopis XCDS jogis
+ DRI X N DS x e
RCP,, DSCP,,

J,0,pt J>0,q,t

The second objective function is to maximise created job by setting up the cross-docking,
collection, remanufacturing, and disposal centres.

Subjected to:
TRI([S S RRmﬂtS -i-\II><(1 _XVRM}?HUS) vu’ m7 n7 t’ N (3)

TRut: < ZX-VRumnt: Vu, t,s (4)

m,n
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TR, = @ Yu,t,s %)

The reliability of the routes travelled by vehicles in each time period is calculated by
constraints (3) to (5).

I_RT/HH
RRmm‘s =1- Hmn X[l - Z Xmm"s] Vm, n,t,s (6)
t'=1
11
XVRymms <1— Z Xonnt's Vu, m,n,t,s (7)
t'=t—RTp, +1

The reliability of the route between customers in each time period is calculated by
constraints (6) and (7).

D" XSM iy < SCPyq Vi, k,t,s  (8)
D" XMD;, < MCP, Vit s ©)
!

D" XDCS s < DCPy Vi, Lt,s  (10)
D" XCSCs < CCPyy Vi,o,t,s  (11)
D" XCRjops < RCP, Vi, p.t,s (12)
D" XCDS s < DSCP,, Vi,g.t,s  (13)
ZXDCS uimis XWE; <VCE, Yu,l,t,s (14)
J.m

The maximum capacity of ‘suppliers’, ‘plant’, ‘cross-docking’, ‘collection’,
‘remanufacturing’, ‘disposal’ centres and ‘vehicles’ are given in constraints (8) to (14),
respectively.

Z XSM ikrvis z XSM ikrvts
L < NSMyyy < L +1 Vv, k,t,s (15)
TCP, TCP,
> XMD < WE, D" XMD i XWE;
J < NMDy, <2 +1 Vit s (16)
TRCP TRCP
D" XCSCjpois XWE; D" XCSCjyois XWE,
/ < NCSCpps < — +1  Vmo,t,s (17)

TRCP TRCP
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z XCR jopis XWE;; Z XCR jopis XWE;;
/ < NCR, s < 2 +1 Yo, p,t,s 18
TRCP v TRCP P (18)
D" XCDS joqis X WE; D" XCDS joqis X WE,
/ < NCDS,pys <~ +1  VYo,q,t,s  (19)
TRCP TRCP
D XRM j,, X WE; D XRM ;X WE;
/ < NRM s <~ +1 Vp,t, s 20
TRCP P TRCP P (20)

Number of transportation modes used to ship raw materials among suppliers and plant,
number of trucks used to ship products among plant and cross-docking centres, number
of trucks used to ship products among customers and collection centres, number of trucks
used to ship products among collection and remanufacturing centres, number of trucks
used to ship products among collection and disposal centres, and number of trucks used
to ship products among remanufacturing centres and plant are calculated using
constraints (15) to (20), respectively.

XSMikrvts < 5;];” +\PX(1_XSikrts ) VI, ka r,v,t,s (21)
XSMikrvts + lIIX(I - XSikr[s) > 51’7(7‘1 VZ, k: r,v,t, s (22)
D XSjs <1 Vik,t,s  (23)

Constraints (21) to (23) represent the discount on purchases from suppliers.

z XSMikrvts

—k,r,v > ZXMDjltS VZ) jn t= 19 s (24)
bij I

z XSMikrvtx

= +ZXRM'/”('71’X > ZXMD-/’“‘ Vi, j,t>1s  (25)
b p l

Constraints (24) and (25) provide the inventory balance in plant for the first period and
subsequent periods, respectively.

XMDji 2y XDCS juis Vj.Lts  (26)

u,m
Inventory balance in cross-docking centres is applied in constraint (26).

XH juis = 3" XDCS s X (1=, ) = CSDjois = Y XCSCinos Wj,myt=1,5 (27)
u,l 14
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XHjmt: = XH/'m(t—l)s + Z XDCS(/'ulmts X (1 _gu ) - CSDjmts

" (28)
D XCSCjns jym,1>1,s

The inventory balance in the warehouses of customers for the first period and the
subsequent periods is given in constraints (27) and (28), respectively.

! ! !
D XDCS s X(1=E,) 2 D CSDjs + D XCSChors Vjsm e <Tys (29)
t'=1

u,l,t’=1

D XDCS s X(1=E,) = D CSDjury + D XCSCppor Vjsm,t=T, s (30)

u,lt’=t t'=t o,t'=t

o,t'=1

Satisfying customers demand is considered by constraints (29) and (30).

ZXCSijots =ajmtXZXDCSjulmtsx(l_fu) VJ, m,t,s (31)
0 u,l

The amount of product returned from customers is calculated by constraint (31).

D XCSCs = D XCRjgps + Y XCDS joys Vj,0,t,s (32)
m p q

D" XCRjgps = Bjor X Y XCSC o Y, o.t,s (33)
P m

Inventory balances in collection centres are given in constraints (32) and (33).

ZXCRjOptS = XRMjpts VJ, P, [: s (34)

Constraint (34) represents the inventory balance in the remanufacturing centres.

Nu'mts +\Px}“u'umtx 2 Humts + TSVum Vu' # u, m> 1: t,s (35)
Humts + lPx(l - A'u'umts ) 2 Hu'mis +TSI/M'm vu, Fu,m> 1, t: N (36)

Vehicles scheduling for visiting the customers are controlled by constraints (35) and (36).

nzmtx + ‘PX(I - X-VRumntx ) 2 numts + TCSumn +TSVum vu: m, n > 15 ta § (37)
TW +¥ X (1= XVRumiss ) 2 Humis + TDCSuiy X XVDyy + TSV Yu,l,m>1,t,5 (38)

Sub-tour elimination is considered in constraints (37) and (38). Also, the time window for
returning the vehicles to cross-docking centres is guaranteed by constraint (38).

gjumts +TX(1 - XVRumnts ) 2 ejunts + XDCSjulnts v]a u, l, m,n> 1, t,s (39)

ejults 2 ZXDCS‘iulmts v.]a u, l: t: s (40)
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Amount of products in vehicles after leaving the customers are calculated by
constraints (39) and (40).

XSMikrvts < \PXXSikrts VI, ka r,v,t, s (41)

The condition for purchasing from suppliers is given in constraint (41).

XMD s <P X XDy Vi, l,t,s  (42)
XDCS jupmus <V x XDy Vi, u,l,mt,s (43)

The location conditions for cross-docking centres are considered in constraints (42) and
(43).

XCSijots < ‘PXXCO v.]a m,o0,t,s (44)
XCRjopis <P X XC, Vj,0,p,t,s (45)
XCDS jppis <¥x XC, Vj,0.q,t,s  (46)

The location conditions for collection centres are considered in constraints (44) to (46).
XCRjopis <Y X XR, Vj,o0,p,t,s (47)
XRM ;s <Y X XR, Yj, p,t,s (48)

The location conditions for remanufacturing centres are considered in
constraints (47) and (48).

XCDS jogis <Y x XDS, Vi, 0,q,t,s (49)
The location conditions for disposal centres are considered in constraint (49).
ZXVRumnts = ZXVRunmts Vu, n,t,s (50)
m m
If vehicles enter a customers’ site, they should leave it; constraint (50) controls this
requirement for cross-docking centres in each time period, and each scenario.
ZXVRumm <1 Yu,n,t,s  (51)
Constraint (51) states that each vehicle is allowed to visit each customer at most once, in
each time period and scenario.
ZXVDu; <1 Yu (52)
/
Constraint (52) ensures that each vehicle is assigned to a maximum of one cross-docking
centre.
ZXVDHZ <Yx XV, Yu (53)
1

A vehicle will be assigned to a cross-docking centre, if purchased. This condition
considers in constraint (53).
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XDCS jyipis <Y X XVD,y Vj,u,l,m,t,s (54)

XDCS juis <¥X Y XV Ry Vi, l,nt,s  (55)

The two conditions for delivering products to customers are that the vehicle be assigned
to a cross-docking centre and the vehicle visits the customers. These two conditions are
considered in constraints (54) and (55), respectively.

Z XVD,y <¥x XD, VI (56)

According to constraint (56), if a cross-docking centre is not setup, it will not be possible
to allocate vehicles to that cross-docking centre.

2.2 Linearisation process

In the first objective function, there are three nonlinear terms including Gumes % XVRumns,

Opris * XVDu, and XVDy % XVRumis. To linearise these terms, we define three new

variables including one binary variable and two positive variables as shown in Table 2.
Therefore, the linearised objective function is as follows:

Min Z, = » DF,XXD,+ » COF,xXC,+ ) RF,xXXR,+ » DSF,xXDS
p vz q q
l 0 P

q

u t,s i,k,r,v gl

+ VE XXV, + Y Q x(1+@) " x[ D SCitr X XSM s + Y MC,

XXMDji+ D DCy X XDCS juss + Y CSCo X XH jus + D CCyy

Jau,l,m J.m Jj.m,o
XXCSC jpors + z RC jp X XCR s + z DSC gy X XCDS jogss + z SFiy X XSiios
Js0,p 750,94 ik,r
+Z TC, X SM; X NSM 15 + Z TRC x MD, x NMDy;, + z TRCxCSCL,,
v,k 1

m,0 (57)
XNCSCors + Z TRCXCR,p X NCRyps + Z TRCX RDS g X NCDS,1s
o,p 0.9
+z TRCXRM , x NRM ,,; + Z WG, X Ry X Xpuis + PF

m,n

P
X Y (CF,+ECF, XWE; X0X jus )X CSyy + PF

Jou,m>1,n>1
X z (CF, + ECF, XWE; XODR juj1is )X DCS, + PF

ol m>1

x > CF,xDCS,, xDRu/mltsj

Joul,m>1

Constraints (58) to (65), which are derived from new variables, should also be added to
the model.
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OX jummnts 2 6 jumis =¥ X (1= XVRyuss ) Vi, u,mn,t,s (58)
OX jumnts < O junuss Yj,u,mn,t,s (59)
OX jumnis =¥ X XVRymss Vj,u,m,n,t,s (60)
DRyjynts — XVDyy — XVRynss +1.52 0 Yu,l,m,n,t,s (61)
1.5X DR jyunis — XVDyy — XVRympis <0 Yu,l,m,n,t,s (62)
ODR jutnes 2 O jumss =¥ X (1= DRytyanss ) Vi, u,l,mn,t,s (63)
ODR juimnis < 0 jumes Vi, u,l,mn,t,s (64)
ODR jyimnis <Y X DR s Vi, u,l,m,n,t,s (65)
Table 2 Auxiliary variables in the linearisation process

Nonlinear term Equivalent linearisation variable Variable type

Ojumts ¥ XV Rumnts OXjumnts Positive

XVDui % XVRumnts DRuimnts Binary

Gjums X XVDui X XV Rumnts Positive

2.3 Multi-objective solution approach

There are many methods to solve a multi-objective model under uncertainty (Guo et al.,
2019; Tavana et al., 2020; Fu et al., 2021). One of the most effective methods is the
method presented by Torabi and Hassini (2008). This method is based on fuzzy theory. In
this paper, this method is used to solve the proposed bi-objective model under
uncertainty. This method is given below:

Notations

9 The relative importance of minimum satisfaction degree of objective functions.
o Minimum satisfaction degree of objective functions.

wy  The relative importance weight of the /™ objective’s degree of satisfaction.

ve The satisfaction degree for objective function f.

Mathematical model

Max X pg + (1- 19).2 Wy
S
s.t.

Ho Sy

wa =1
S

(66)
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3 Case study

In this section, using data from a wire and cable industry in Iran, the performance of the
proposed bi-objective model is evaluated. The company produces a variety of high
voltage cables, spray cables in various sizes, automotive cables, and telecommunication
and control cables. In this research, four products of this company include flexible wire
(1 x 1.5 mm?) (product 1), flexible wire (1 x 2.5 mm?) (product 2), flexible wire
(1 x 6 mm?) (product 3), flexible wire (1 x 10 mm?) (product 4) will be examined. The
company makes use of two raw materials, including 8 mm copper wire and polyvinyl
chloride (PVC) granules, to produce its products. The products are produced in sizes of
100 metres and for the production of each unit (i.e., 100 metres) of products 1, 2, 3 and 4,
respectively 0.75, 1.1, 1.5 and 2.5 kg of PVC granules and 1.2, 2, 4.8 and 8 kg of 8 mm
copper wire is needed. In this study, there are six customers (wire and cable distributor
stores) in Tehran city, four potential suppliers in Islamshahr, Kashan, Isfahan and Arak,
three potential cross-docking centres in Parand, Islamshahr and Robat Karim, three
potential collection centres in Tehran, Robat Karim, and Parand, two potential
remanufacturing centres in Saveh and Parand and three potential disposal centres in
Saveh, Islamshahr and Parand. Some case study data are given in Tables 3-5.

Table 3 Distance between customers (km)
CSmn n=1 n=2 n=23 n=4 n=>5 n==6 n=
m=1 0 69.3 75.6 69.5 68.9 69.2 68.4
m=2 69.3 0 6.2 1 1.1 1.2 1.9
m=3 75.6 6.2 0 5.6 5.5 4.9 6
m=4 69.5 1 5.6 0 1 1.1 1.9
m=5 68.9 1.1 5.5 1 0 0.7 0.5
m=6 69.2 1.2 4.9 1.1 0.7 0 0.4
m="17 68.4 1.9 6 1.9 0.5 0.4 0
Table 4 Demand of customers for products in each time period and scenario
t=1 t=2 t=3 t=4
CSDjmss
s=1s=2s5s=3 s=1s5s=2s=3 s=1s5s=2s5=3 s=1s5s=2s5=3
J = 0 0 0 0 0 0 0 0 0 0 0 0

33 34 36 30 32 33 29 30 32 35 37 39
32 34 36 43 45 47 43 45 48 28 30 32
47 50 52 44 46 49 32 34 36 45 47 50
28 30 32 33 35 37 32 34 36 31 32 34
31 33 35 31 33 35 37 39 41 41 44 46
40 43 45 41 44 46 29 31 33 39 41 43
0 0 0 0 0 0 0 0 0 0 0 0
38 40 42 32 33 35 29 31 33 31 32 34
32 34 36 30 32 34 36 38 40 29 31 33
37 39 41 27 29 30 30 32 34 39 41 43

§ 38 8 3 8 8 ¥ 8 8 8 38
Il
AW N = 90 LA W -
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Table 4 Demand of customers for products in each time period and scenario (continued)
t=1 t= t= t=
CSDjmss
s=1s=2s=3 s=1s=25s5=3 s=1s5=25=3 s=1s5s=2s=
j m=5 27 29 31 29 31 32 30 31 33 31 33 34
=2 m=6 32 34 36 35 37 39 38 40 43 29 31 32
m=7 32 33 35 32 34 36 30 32 34 31 33 34
j m=1 0 0 0 0 0 0 0 0 0 0 0 0
=3 m=2 24 26 27 25 26 28 32 34 36 35 37 39
m=3 29 30 32 31 33 34 30 32 34 25 26 27
m=4 28 30 31 28 30 31 32 34 36 30 32 33
m=5 30 32 34 33 35 37 33 35 37 33 35 37
m=6 26 27 29 30 32 34 36 38 40 35 37 39
m=7 25 26 28 29 30 32 36 38 40 32 34 36
J m=1 0 0 0 0 0 0 0 0 0 0 0 0
=4 =2 25 26 27 24 25 26 34 36 38 30 32 34
m=3 29 31 32 29 30 32 33 35 37 27 29 31
m=4 26 27 29 24 25 26 30 32 34 24 25 27
m=5 28 30 32 28 30 32 30 32 34 33 35 37
m=6 31 32 34 32 33 35 24 25 27 32 33 35
m=7 25 26 28 28 29 31 25 27 28 31 33 35
Table 5 Cost of purchasing each unit of raw materials from suppliers
SCire -1
t=1 t=2 t=3 t=4
i=1 k=1 25,710 25,780 25,600 25,340
k=2 25,600 25,550 25,460 25,470
k=3 25,000 24,500 25,100 25,000
k=4 24,300 24,800 25,000 24,900
i=2 k=1 225,400 223,900 225,100 226,080
k=2 226,750 224,850 225,900 225,800
k=3 227,950 226,880 227,140 227,630
k=4 227,300 227,120 227,090 227,110
SCitrt -2
t=1 t=2 t=3 t=4
i=1 k=1 25,390 25,410 25,480 25,320
k=2 25,160 25,100 25,090 25,070
k=3 24,250 23,750 24,350 24,250
k=4 23,550 24,000 24,250 24,150
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Table 5 Cost of purchasing each unit of raw materials from suppliers (continued)
SCirt o2
t=1 t=2 t=3 t=4
i=2 k=1 220,892 219,420 220,600 221,560
k=2 222,215 220,350 221,380 221,280
k=3 225,410 224,660 225,300 225,190
k=4 225,210 225,350 224,990 225,160
SCitr =7
t=1 t=2 t=3 t=4
i=1 k=1 25,040 25,100 25,120 24,990
k=2 24,820 24,780 24,890 24,650
k=3 23,750 23,250 23,850 23,750
k=4 23,080 23,560 23,750 23,660
i=2 k=1 218,640 217,180 218,350 219,300
k=2 219,950 218,100 219,120 21,900
k=3 223,240 222,570 223,500 222,980
k=4 223,630 223,540 223,500 223,560

By running the proposed mathematical model in GAMS software using CPLEX solver
for w; = 0.6 and w, = 0.4, the optimal values of objective functions and decision variables
are obtained, which are given below:

The optimal values of the first and second objective functions are 4,099,178,448 and
63.49, respectively.

Raw material 1 (i.e., PVC granules) is purchased from suppliers 3 and 4, and raw
material 2 (i.e., 8 mm copper wire) is purchased from suppliers 1 and 2.

Cross-docking centre 2 (Islamshahr) is setup.
Collection centre 1 (Tehran) is setup.
Remanufacturing centre 1 (Saveh) is setup.
Disposal centre 2 (Islamshahr) is setup.

All vehicles are purchased.

The optimal routes travelled by vehicle 1 in each time period and scenario is shown
in Table 6.

For example, the first row of Table 6 states that vehicle 1 goes from cross-docking
centre 2 to customer 2 in time period 1 and under scenario 1, then, it visits customers
7,3,4,5 and 6, respectively, and finally, it returns to cross-docking centre 2.

The amount of raw materials shipped from suppliers to plant in each time period and
scenario are shown in Table 7.

For example, the number 632.73 in the first row and second column of Table 7
shows that 632.73 kg of raw material 1 (i.e., PVC granules) was purchased from
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supplier 3 in price level 1, in time period 1 and under scenario 2, and by
transportation mode 1 has been transferred to the plant.

e The amount of products shipped from plant to cross-docking centres in each time
period and scenario are represented in Table 8.

e The amount of products delivered to customers by vehicles in each time period and
scenario are shown in Table A1 (see Appendix).

For example, the number 235 in the first row and first column of Table 8 indicates
that 235 packages of product 1 are shipped from plant to cross-docking centre 2 in
time period 1, under scenario 1.

Table 6 The optimal routes travelled by vehicle 1 in each time period and scenario
Vehicle  Time period  Scenario Optimal routes
u=1 t=1 s=1 [=2—>m2—>m]—>m3—>md—>mS5—->mb6—[=2
s=2 [=2—>m4—->m3—->mS—->ml—>m2—->mb6—[=2
s=3 [=2—>mb6b—->mS—>md—o>m2—->m3—->ml—I[=2
t=2 s=1 [1=2—>mT]—>mb6—->mS—->m3—->md—[=2
s=2 [1=2—>m4—>mS—>m2—->m3—->mb—->ml—I[=2
s=3 [=2—>m2—->mS—>m3—o>md—I[=2
t=3 s=1 [1=2—>m5—>md—>m6—->ml—->m2—->m3—>[=2
s=2 [1=2—>m5—>m7—->md—->m2—->m3—>[=2
s=3 [1=2—>m2—>m3—>m7—->m4d—->mS—->mb6—I[=2
t=4 s=1 [1=2—>m5—>m2—>m3—->md—->mb—[=2
s=2 [1=2—>m5—>m2—->m3—->m4d—->mb—->ml—I[=2
s=3 [1=2—>m2—>md—>m3—->mb—->mS—->ml—I[=2
Table 7 The amount of raw materials shipped from suppliers to plant
XSMikrvs s=1 s=2 s=3
i=1 k=3 r=1 wv=1 1t=1 0 632.73 659.24
t=2 589.26 0 0
t=3 0 0 295.05
v=2 t=3 155.14 216.51 0
k=4 v=1 =2 0 571.9 0
t=4 0 508.94 0
v=2 t=1 605.11 0 0
t=2 0 0 552.63
t=4 483.72 0 539.03
i=2 k=1 v=1 t=2 0 0 1768.43
t=3 496.45 692.84 944.17
v=2 t=1 1,936.36 2,024.75 2,109.57
t=2 1,885.64 1,830.07 0
k=2 r=3 = t=4 4,000 4,000 4,000
v=2 t=4 4,000 4,000 4,000
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Table 8 The amount of products shipped from plant to cross-docking centres
XMD:js s=1 s=2 s=3
j=1 1=2 =1 235 252 268

t=2 257 264 277
t=3 219 238 253
t=4 245 258 272
j=2 t=1 264 278 254
t=2 242 209 238
t=3 151 205 251
t=4 215 229 241
j=3 t=1 251 220 210
t=2 248 273 267
t=3 113 155 208
t=4 221 234 246
j=4 t=1 242 253 264
t=2 246 240 233
t=3 73 97 129
t=4 196 207 220

4 Conclusions

Integrating operational and strategic decisions into the SCN design can lead to significant
cost reduction and efficiency enhancement. In this paper, an integrated CLSC network
was designed for the wire and cable industry by integrating decisions related to LIR
problem, cross-docking scheduling, supplier selection, and reverse logistics. The
proposed model includes both forward and reverse flows that minimises total costs and
maximises the created jobs. This paper employed a fuzzy scenario-based approach to
overcome uncertainty and solve the proposed bi-objective model. The results of
implementing the proposed model in a wire and cable industry in Iran confirmed its
efficiency and effectiveness. Problem size is one of the limitations of the model
developed in this study. The MOMILP proposed here can be effectively solved for small
problems. The large problem with a large number of dimensions is NP-hard and requires
heuristics or meta-heuristics algorithms. Therefore, developing heuristic and/or
meta-heuristic algorithms to solve the proposed mathematical programing model in large
scales is recommended for future studies.
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Table A1  The amount of products delivered to customers by vehicles in each time period and
scenario (continued)
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Table A1  The amount of products delivered to customers by vehicles in each time period and
scenario (continued)
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