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Abstract. Integration of reverse logistics processes into supply chain network design can help to
achieve a network that incorporates environmental factors as well as economic factors. In this study,
a new integrated approach is proposed to address designing a multi-product, multi-period supply
chain network with reverse logistics. The framework of the proposed approach includes green sup-
plier evaluation and a mathematical model in an uncertain environment. To the best of our knowl-
edge, integration of green supplier evaluation into the designing supply chain network with reverse
logistics has not been considered in the literature. This integration can help to incorporate experts’
opinions about environmental impact of suppliers in the network design. Minimization of total cost
and maximization of total greenness score of purchased raw materials/components are two objec-
tives of the model. The fuzzy EDAS method is used to determine the greenness scores of suppliers.
Also, demand of customers and capacity of suppliers are defined using fuzzy numbers and a fuzzy
method is used to obtain trade-off solutions. The proposed approach is applied to designing the
supply chain network of a home appliance company. The results show that the proposed approach
is feasible and efficient to obtain solutions to design the supply chain network.
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Introduction

In a supply chain, the product flow starts with suppliers and manufactures, and then fi-
nal products are delivered by distributors to the customer groups to meet their demands
(Hugos 2010). Because of increasing competition in global markets, designing an optimal
supply chain network becomes one of the important strategic processes for any business
(Moncayo—Martinez, Mastrocinque 2016). In the past, economic objectives like cost or
benefit were the most prevalent measures to optimize a supply chain network design. How-
ever, in recent years, environmental requirements have affected manufacturing operations,
and these requirements lead to an increasing attention to development of environmental
management strategies for the supply chain (Beamon 1999).

One of the approaches that can help to improve the environmental aspects of a supply
chain is recovery of used products using reverse logistics. Reverse logistics can increase
the environmental performance of a supply chain by reducing waste and used energy and
resources (Diabat et al. 2013). In general, there are two kinds of supply chains with reverse
logistics: closed-loop supply chain and open-loop supply chain. In a closed-loop supply
chain design, recovered products and/or materials are usually reused in the original supply
chain, i.e. in the production process of the same supply chain. On the other hand, in an
open-loop design returned products are recovered/recycled and reused in other produc-
tion processes out of the original supply chain (Fleischmann et al. 1997; Geyer, Jackson
2004; Krikke et al. 2005). There are many studies that have been made on the supply chain
network design with reverse logistics in both closed-loop and open-loop modes.

Jayaraman et al. (2003) used a mixed-integer linear programming (MILP) approach to
model an open-loop supply chain and introduced a heuristic solution methodology for this
problem. The network which was addressed by them was very simple. Only one objective
was considered for optimization, and the solution methodology cannot be utilized in a situ-
ation with multiple products. Moreover, a single period was used as the planning horizon.
However, this model can provide a basis for more extended models.

One of the studies which used multi-objective programming in designing open-loop
supply chains was made by Pati et al. (2008). They proposed a multi-objective mathematical
model to assist in proper management of the paper recycling logistics systems. They used
a goal programming approach to solve the model. The supply chain network in their study
was designed with multiple products. However, optimization of the model with a single
period and using crisp values for all parameters of the model are two main disadvantages
of their study. In another study, Yu and Solvang (2016) suggested a novel framework for
designing and planning a general reverse logistics network based on the multi-objective
mixed integer programming. Minimization of total cost and carbon emissions were the
objectives of their model. They used a weighted normalization method and solved the
multi-objective decision-making (MODM) model.

Some of studies on open-loop supply chain design have used metaheuristic algorithms.
Pishvaee et al. (2010) developed a MILP model to minimize the transportation and fixed
opening costs in a multistage reverse logistics network. The network examined was in the
open-loop mode. They applied a simulated annealing (SA) algorithm with special neigh-
borhood search mechanisms to determine near optimal solutions. Using metaheuristic
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algorithm is an advantage of their study because it can help to decrease computational time
of solving the model. However, their model is a single-period and single-product model
which is optimized with respect to one objective. Qin and Ji (2010) also proposed an ap-
proach to design the product recovery network in the open-loop mode. Their approach
was based on the fuzzy programming tool. A hybrid intelligent algorithm which integrates
fuzzy simulation and genetic algorithm was developed by them to solve the model. Consid-
eration of uncertainty is an important feature of their study. The research of Eskandarpour
et al. (2014) presented a model to design a comprehensive seven-layer (primary custom-
ers, collection/redistribution centers, recovery, recycling and disposal centers, and second-
ary customers) recovery network by MILP approach. They also developed a metaheuristic
method based on Tabu search to determine optimal or near-optimal solutions in an open-
loop network. Uncertainty of parameters, nevertheless, was not addressed in their model.
Zandieh and Chensebli (2016) addressed an open-loop reverse logistics network including
collection/inspection, recovery and disposal centers and used MILP approach to model it.
A water flow-like algorithm approach was proposed to obtain solutions of the model and
the results of the algorithm were compared with those of the genetic algorithm. Although
the metaheuristic proposed was novel, multi-product and multi-period modes were not
considered in their model, and only one objective was used to optimize the model.

Soleimani and Govindan (2014) and Alshamsi and Diabat (2015) studied on designing
open-loop network design with consideration of multiple products. Soleimani and Govin-
dan (2014) proposed a risk-averse two-stage stochastic programming approach for design-
ing and planning a supply chain network with reverse logistics. Although their model was
formulated in an uncertain environment, the horizon of planning was defined with respect
to a single period. Alshamsi and Diabat (2015) proposed a mixed-integer linear program-
ming model to address the complex network configuration of a supply chain with reverse
logistics. Optimal selection of sites, the capacities of inspection centers and remanufactur-
ing facilities were some of decision variables of their model. Their model was formulated
in a multi-period mode, but uncertainty of parameters was not addressed in the model.

There are many studies which have been done in the field of closed-loop supply chain
design. Some of these studies used single-product and single-period modes for network
design. Mirakhorli (2014) proposed a fuzzy programming approach and a metaheuristic
based on the genetic algorithm to deal with bi-objective reverse logistics network design
problems. A case study in a bread producing factory was used to show the feasibility of
the proposed approach. Garg et al. (2015) considered a closed-loop supply chain network
with four echelons in the forward chain and five echelons in the backward chain. The net-
work was formulated using a bi-objective integer nonlinear programming approach and
solved by an interactive multi-objective decision-making algorithm, but the uncertainty of
parameters was not addressed in the model. Mohajeri and Fallah (2016) presented an op-
timization model for a closed-loop supply chain network. In the considered model, carbon
emission limit was regarded as an environmental constraint. Their model was developed in
an uncertain environment based on fuzzy sets.

Some other researches considered multi-product mode for designing networks. Giiles
et al. (2013) proposed a MILP model for designing network of a multi-phase flexible closed-
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loop supply chain with environmental considerations. However, uncertainty of parameters
was not involved in the design. Jindal and Sangwan (2014) applied a fuzzy mixed inte-
ger linear programming approach to optimize a multi-product, multi-facility capacitated
closed-loop supply chain with some uncertain parameters like demand of products. Vah-
dani and Mohammadi (2015) proposed a bi-objective interval-stochastic robust model for
optimization of designing a closed-loop supply chain network with multi-priority queuing
system. Moreover, a self-adaptive imperialist competitive meta-heuristic algorithm was pro-
posed to solve the model. Subulan et al. (2015) considered a lead/acid battery closed-loop
supply chain network design under risk and uncertainty and proposed a scenario-based
multi-objective stochastic and possibilistic mixed integer programming model to optimize
it. Moghaddam (2015) developed a model for supplier selection and order allocation in a
closed-loop supply chain network. Multi-objective decision-making approaches and Monte
Carlo simulation were used to obtain Pareto-optimal solutions of the model. Talaei et al.
(2016) proposed a multi-objective MILP model to investigate a facility location/allocation
problem in a multi-product closed-loop green supply chain network and minimization of
the total cost of the network. The e-constraint was utilized for optimization of the model.
Dai (2016) developed a model for a multi-product, multi-echelon, and multi-objective
closed-loop supply chain network in a fuzzy environment. A fuzzy MODM approach was
utilized to solve the model by minimization of total cost, waste, carbon dioxide, and risks
of the network. Ma et al. (2016) proposed a robust multi-objective mixed integer nonlin-
ear programming model to deal with an environmental closed-loop supply chain network
problem. They used the LP-metrics method to find optimum solutions of the problem.

In addition, there are some studies which focused on designing closed-loop supply
chain networks with multiple products and multiple periods. Pazhani et al. (2013) de-
veloped a bi-objective model for a multi-period, multi-product closed-loop supply chain.
Minimization of total costs and maximization of service efficiency of the warehouses and
hybrid facilities were two objectives of the model, and the goal programming approach was
used to obtain solution of the model. Ramezani et al. (2014) presented a multi-objective
model for a multi-product, multi-period, closed-loop supply chain network. A fuzzy pro-
gramming approach was used for maximization of profit, minimization of delivery time,
and maximization of quality. Zeballos et al. (2014) proposed a design and planning ap-
proach to address a general closed-loop supply chain with multiple periods and products.
The multi-stage stochastic programming and MILP approaches were used to determine
optimum design. Tavakkoli-Moghaddam et al. (2015) presented a bi-objective model for
designing a network of bi-directional facilities in a closed-loop supply chain under un-
certainties. A hybrid solution approach based on the fuzzy possibilistic programming and
fuzzy multi-objective programming was also developed by them to solve the model. Ka-
laitzidou et al. (2015) addressed a multi-product, multi-echelon and multi-period closed-
loop supply chain network design problem and modeled it using MILP approach. They
used standard branch-and-bound techniques to determine global optimum of the proposed
model. Considering uncertainty is an advantage of the researches of Ramezani ef al. (2014),
Zeballos et al. (2014) and Tavakkoli-Moghaddam et al. (2015).
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Green supplier evaluation can be considered as another activity that can help to im-
prove environmental aspect of a supply chain. The green supplier evaluation and selec-
tion problem has been the interest of many researchers during the past years (Keshavarz
Ghorabaee et al. 2016a; Khaksar ef al. 2016; Liao et al. 2016; Shahryari Nia et al. 2016).
Govindan et al. (2015) performed a review of multi-criteria decision-making approaches
in green supplier evaluation and selection problem, and Nielsen et al. (2014) presented
the most important criteria for this problem. However, there have been only a few studies
that this problem is involved in supply chain network design. For example, Govindan and
Sivakumar (2016) and Kannan et al. (2013) proposed integrated models for green sup-
plier selection and order allocation, but their models were limited to optimization of the
order quantity from, and the other decision variables of a supply chain network were not
included. This research aims to improve supply chain network design by considering the
green supplier evaluation as a part of designing process.

The above-mentioned studies are summarized with respect to some of the important
characteristics of them in Table 1. In the last row of this table, we present the main features
of the present research in comparison with the other studies which have been reviewed.
The main contributions of this research are (i) to present an approach for designing a sup-
ply chain in an uncertain environment with closed-loop and open-loop modes, and (ii)
consideration of green supplier evaluation in the process of designing the supply chain
network with reverse logistics.

Table 1. Studies on supply chain network design with reverse logistics

Author(s) Closed- Open- Multi- Multi-  Multi- Under  Supplier

and year loop loop product period objective uneer eve.ilua— Approach
tainty tion
Jayaraman ..
x v x x x x x
et al. (2003) MILP/ Heuristic
Pati et al. < v v < v < < MILP/ Goal
(2008) programming
Pishvaee et al. MILP/
x v x x x x x
(2010) Metaheuristic
. . Fuzzy
erzl Oaln OC; i x v x x x v x programming/
Metaheuristic
Pazhani et al. v < v v v < < MILP/ anl
(2013) programming
Giiles et al.
v x v x x x x
(2013) MILP
Kannan et al. < < < < v v v MILP/ Fuzzy
(2013) MCDM
Eskandarpour MILP/
x v x x x x x L
etal (2014) Metaheuristic
Soleimani and Stochasti
Govindan x 4 4 x x v x toc astlF
(2014) programming
Jindal and
Sangwan v « v < < v < MILP/ Fuz.zy
programming

(2014)
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End of Table 1

Author(s)  Closed- Open- Multi- Multi-  Multi- Under  Supplier
. o uncer-  evalua- Approach
and year loop loop product period objective . .
tainty tion
Ramezani v « v v v v < MILP/ Fuzzy
et al. (2014) programming
Mirakhorli v « « < v v < MILP/ Fuzzy
(2014) programming
Zeballos et al. v < v v < v < MILP/ Stoch.astic
(2014) programming
Vahdani and
Mohammadi 4 x v x v v x Metaheuristic
(2015)
MILP/
Subulan et al. v < v < v v < Possibilistic
(2015) and Stochastic
programming
Tavakkoli-
Moghaddam v x v v v v x I\fOILi/HI:;Z;y
et al. (2015) prog &
Alshamsi and
v v v
Diabat (2015) * * * MILP
Garg et al MINLP/
( 225)1 5) ’ v x x x v x x Interactive
programming
Kalaitzidou
v x v v x x
et al. (2015) * MILP
Goal
Moghaddam v x v x v x v programming/
(2015) h .
Simulation
Mohajeri and v < < < < v < Fuzzy _
Fallah (2016) programming
Yu and
Solvang x v x x v x x MILP
(2016)
Talaei et al. v < v < v v « Robust fuzzy
(2016) programming
Zandieh and
Chensebli x v x x x x x Metaheuristic
(2016)
Dai (2016) v x v x v v x Fuzzy
programming
Ma et al. v < v < v v < MINLP/ Robust
(2016) programming
Govindan and
Sivakumar x x x x v v v MII\L/IPC/DF;AZ 2
(2016)
MINLP/ Fuzzy
This research v v v v v v v MCDM/ Fuzzy

programming
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In this study, a multi-objective mathematical model is proposed for designing a supply
chain network with reverse logistics. The reverse logistics in the considered supply chain
network includes both the closed-loop and open-loop modes. Two objectives are defined
for the optimization process. The first objective is minimization of total cost of the network
and the second objective, which is related to the green supplier evaluation, is maximiza-
tion of total greenness score of purchased raw materials/components. To define the second
objective, we need the greenness score of each supplier which are determined using a fuzzy
multi-criteria decision making method. The fuzzy EDAS method is used in this step of the
proposed approach (Keshavarz Ghorabaee et al. 2015; Keshavarz Ghorabaee et al. 2016b).
The demand of customers and capacity of suppliers are two uncertain parameters in the
proposed model. The uncertainty of these parameters is defined by using fuzzy numbers. A
fuzzy MODM approach is used in this research to solve the model and obtain Pareto (near-
Pareto) optimal solutions. The global criterion method is used to compare and validate the
results of the fuzzy MODM approach. We use a numerical example of designing the supply
chain network of a home appliance company to illustrate the procedure and efficiency of
the solution approach.

The rest of this paper is organized as follows. In Section 1, the characteristics of the
considered supply chain network are described, and important assumptions are stated. In
Section 2, a multi-objective mathematical model is proposed to design the considered sup-
ply chain network. In Section 3, we present the framework of a solution approach based
on the fuzzy EDAS and a fuzzy MODM method to optimize the proposed mathematical
model. In Section 4, a numerical example is solved using the solution approach. Finally,
conclusions are presented.

1. Problem description

The general structure of the proposed supply chain network with reverse logistics is illus-
trated in Figure 1. As can be seen in this figure, the network includes four stages in the for-
ward direction (i.e. suppliers, production centers, distribution centers, and customers) and
four stages in the backward (reverse) direction (i.e. customers, collection centers, recovery
centers and recycled material markets). The forward flow begins with the procurement of
raw materials/components from suppliers and transportation of them to the production
centers for manufacturing the products. The new products are transported from produc-
tion centers to customers via distribution centers to meet the customer demands. The used
products are returned to the collection centers by the customers. Some of the returned
products are disposed and the remainder is processed and grouped into some recoverable
materials/components. Then these recoverable materials/components are transported to the
recovery centers. In the recovery centers, a portion of the received materials/components
are disposed and process of the recovery is done on the remnant on them. The process of
the recovery centers resulted in two types of items: the recovered/recycled raw materials/
components that can be used in the production centers, and the recycled materials that can
be sold in a market. In this problem the facilities of each stage with their predetermined
parameters are needed to be established in some potential locations.
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The aim of the proposed model is to design the network by optimization of two objec-
tive functions. The first objective function is minimization of total cost of supply chain
network, and the second one is maximization of total greenness score of purchased raw
materials/components. The important assumptions used in developing the proposed model
are stated as follows:

- Demand of customers and capacity of suppliers are two uncertain (fuzzy) parameter
of model and the other parameters are deterministic.

- The potential locations for establishing facilities and distances between them are pre-
determined.

- The required number of facilities to be established in each stage is known.

— Physical locations of the recycled material markets and disposal sites have no impact
on the design of the proposed network.

— The capacity of required facilities and cost parameters related to them are definite.
- The planning horizon is divided into multiple time-periods.

— Multiple products are manufactured, distributed and returned.

— There is no flow between facilities of the same stage.

— Shortage is not possible and there is no discount.

— The greenness score of suppliers is determined according to evaluations of experts.

- Returned quantity of a product in a period is a fraction of the average demand of that
product in previous periods.

- Transportation costs between facilities of stages are dependent on distances between
them.
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2. Model formulation

This section describes a multi-objective mathematical model for the proposed supply chain
network. As previously mentioned, the proposed model consists of two objectives. The first
objective is economic and the second function is environmental. Some important con-
straints are also imposed to make the optimization model. The notations of sets and indices,
parameters and variables which are used in the proposed model are defined in Table 2.

Table 2. Notations and their descriptions

Description
LCP: LCP: LCC: LCR Set of potential locations of production, distribution,
T collection and recovery centers; j
I Set of required production centers i
K Set of required distribution centers k
L Set of required collection centers [
M Set of required recovery centers m
Sets N Set of suppliers n
P Set of products p
Q Set of customers g
R Set of raw materials/components r
T Set of time-periods ¢
VA Set of recoverable materials/components z
G Set of recycled materials for selling in markets g
SSUP Greenness score of raw material/component r of supplier n
cLP Fixed cost for establishing a production center at potential
Y location j € LCP
CLD Fixed cost for establishing a distribution center at potential
i location j € LCP
cLc Fixed cost for establishing a collection center at potential
j location j € LCC
CLR Fixed cost for establishing a recovery center at potential
] location j € LCR
CFP Fixed cost for setting up the production line of product p in
pit production center i at time-period ¢
Parameters cvP Variable cost for manufacturing product p in production
pit center i at time-period ¢
CIPP Inventory cost of product p in production center i at time-
pit period ¢
CIRP Inventory cost of raw material/component r in production
it center i at time-period ¢
CFS Fixed cost to make a contract with supplier n for raw
rnt material/component r at time-period ¢
CRS Purchasing cost of one unit of raw material/component r
it from supplier n at time-period ¢
cIp Inventory cost of product p in distribution center k at time-
pkt

period ¢
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Parameters

Continue of Table 2
Description
cDe Variable handling cost of product p in distribution center k
Pkt at time-period ¢
cis Processing cost of usable portion of returned product p in
pit collection center [ at time-period ¢
cIpc Inventory cost of returned product p in collection center
plt at time-period ¢
cbsc Disposal cost of returned products in collection centers
clzc Inventory cost of recoverable material/component z in
2t collection center / at time-period ¢
CRC Processing cost of usable portion of recoverable material/
zmt component z in recovery center m at time-period ¢
CDSR Dispos'al cost of recoverable materials/components in
collection centers
CIZR Inventory cost of recoverable material/component z in
zmt recovery center  at time-period ¢
CIRR Inventory cost of raw material/component r in recovery
rmt center m at time-period ¢
PgG Selling price of one unit of recycled material g
CTR Distance-based transportation cost of one unit of raw
r material/component r
C;P Distance-based transportation cost of one unit of product p
c1z Distance-based transportation cost of one unit of
z recoverable material/component z
D,’,}SP Distance between supplier # and potential location j € LCP
DAPD Distance between potential location j € LCP and potential
i location j' € LCP
DADC Distance between potential location j € LCP and customer
Jq q
DACR Distance between potential location j € LCC and potential
Y location j' € LCR
DARP Distance between potential location j € LCR and potential
i location j' € LCP
s Fuzzy capacity of supplier n for raw material/component r
CPrnt at time-period ¢
cpP Capacity of production center i for manufacturing product
pit p at time-period ¢
INVEP* Ipventory capacity for product p in production center i at
P time-period ¢
RP* Inventory capacity for raw material/component r in
INVR . forr ;
i production center i at time-period ¢
cpbe Capacity of distribution center k for distributing product p
Pkt at time-period ¢
INV ﬁ: Inventory capacity for product p in distribution center k at

time-period ¢
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Continue of Table 2
Description
f)fj/\/jf,qt Fuzzy demand of product p for customer g at time-period ¢
INVPC Inventory capacity for returned product p in collection
plt center [ at time-period ¢
INVZCt Inventory capacity for recoverable material/component z in
2t collection center [ at time-period ¢
INVZR* Inventory capacity for recoverable material/component z in
zmt recovery center m at time-period ¢
INVRR* Inventory capacity for raw material/component r in
rmt recovery center m at time-period ¢
X FSP* Capacity of tranqurtat.ion between supplier n and
nit production center i at time-period ¢
X FRP* Capacity of transportation between recovery center m and
mit production center i at time-period ¢
FPD* Capacity of transportation between production center i and
ikt distribution center k at time-period ¢
« Capacity of transportation for distribution center k at time-
Parameters Xxfpe p erI; od tY P
X FCR* Capacity of transportation bet.ween collection center / and
Imt recovery center m at time-period ¢
(pg Disposal rate of returned product p
AD Disposal rate of recoverable material/component z
P Distance factor of transportation cost
A Utilization factor of raw material/component r in
U manufacturing product p
thU Return rate target for product p at time-period ¢
oA Conversion factor of returned product p to recoverable
pz material/component z
A Conversion factor of recoverable material/component z to
@ raw material/component r
A Conversion factor of recoverable material/component z to
= recycled material g
£ QP Quantity of product p manufactured in production center i
pit at time-period ¢
& Quantity of recoverable material/component z produced in
2t collection center [/ at time-period ¢
QR Quantity of raw material/component r produced in
Xrmt recovery center m at time-period ¢
Variables xgrsl;t Quantity ?f re_cydcled material g produced in recovery center
m at time-period ¢
S FSP Quantity of raw mate}rial/ component transported from
it supplier n to production center i at time-period ¢
L FPD Quantity of product p transported from production center i
pikt to distribution center k at time-period ¢
K EDC Quantity of product p transported from distribution center

Phat k to customer q at time-period ¢
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Variables

End of Table 2
Description
xFce Quantity of product p returned from customers to
plt collection center [ at time-period ¢
Quantity of recoverable material/component z transported
xECR from collection center [ to recovery center m at time-period
t
A FRP Quantity of raw material/component r transported from
rmit recovery center m to production center i at time-period ¢
xTcc Quantity of returned product p processed in collection
plt center [ at time-period ¢
TCR Quantity of recoverable material/component z processed in
zmt recovery center  at time-period ¢
yLP Binary variable takes a value of 1 if production center i is
y established at potential location j € LCP
LD Binary variable takes a value of 1 if distribution center k is
ki established at potential location j € LCP
yiC Binary variable takes a value of 1 if collection center [ is
i established at potential location j € LC¢
yLR Binary variable takes a value of 1 if recovery center m is
" established at potential location j € LC®
FP Binary variable takes a value of 1 if production line of
Y pit product p is set up in production center i at time-period ¢
S Binary variable takes a value of 1 if raw material/
Yrnt component r is purchased from supplier # at time-period ¢
inyPP Inventory level of product p in production center i at time-
pit period t
inyRP Inventory level of raw material/component r in production
it center i at time-period ¢
invD, Inventory level of product p in distribution center k at
pht time-period ¢
inyPC Inventory level of returned product p in collection center [
plt at time-period t
. 7C Inventory level of recoverable material/component z in
inv% . - .
£ collection center / at time-period ¢
inyZR Inventory level of recoverable material/component z in
zmt recovery center m at time-period ¢
invRR Inventory level of raw material/component r in recovery
rmt center m at time-period ¢
(TSP Transportation cost of one unit of raw material/component
rni r between supplier n and production center i
TPD Transportation cost of one unit of product p between
pik production center i and distribution center k
TDC Transportation cost of one unit of product p between
Pkq distribution center k and customer g
Transportation cost of one unit of recoverable material/
cZTlfnR component z between collection center [ and recovery
center m
TRP Transportation cost of one unit of raw material/component
Crmi

r between recovery center m and production center i




532 M. Keshavarz Ghorabaee et al. Designing a multi-product multi-period supply chain ...

The economical objective (f) function includes total production cost (TPC), total distri-
bution cost (TDC), total collection cost (TCC), total recovery cost (TRC) and total trans-
portation cost (TTC). These costs are defined in Egs. (1) to (5):

PC=Y 3 CIPf + X3 (CRrfh+ Chlxgi + ClF vl )+ T3S Clitinv i +

iel jeLCP pePielteT reRielteT
DIDIPICEVEAEDIDIPIPI eEzH £ (1)
reRneNteT reRneNielteT
TDC=73%" > CPPypP+ 3 > > CRinvig, + > > > > Crix e (2)
keK jeLCP pePkeKteT pePkeKqeQteT
TCC=% Y ch yl] + ZZZ(CPU (( ) ngc) Cgl’tcmv & chc(p? ;§C)+
leL jeLCR pePleLteT
2.2 D Clcinvi 3)
zeZleLteT
TRC= Y. 3 CHykt+ 3 Y 3 (CBG ((1-2P )xEok )+ COSAPIGR + ClzkinuZ, |+
meM jeLCR zeZ m teT
PIDIPIC AL EDIDIPY (4)
reRmeMteT geGmeMteT
TC= T ¥ AV ¢ ST T S + 3 T 3 SR+
reRneNielteT pePielkeKtel pePkeKqeQteT
PIDIPIPIAZEHED P IPIPY (5)
zeZleLmeMteT reRmeMielteT

In TRC Equation (Eq. (4)), the last expression is subtracted from the other costs because
it is a benefit expression and should be maximized.
In summary, Eq. (6) shows the economical objective function that should be minimized.

Min f¢ =TPC+TDC+TCC+TRC+TTC. (6)

Moreover, the environmental objective of the proposed model, which is related to maxi-
mization of total greenness score of purchased raw materials/components from suppliers,

is shown in Eq. (7).
Max f& =% > > > SoUPxESr. (7)

reRneNielteT

In Eq. (5) the transportation cost coefficients in different stages of the network are
dependent on the distances between established facilities and defined in Egs. (8) to (12).

ISP =1DCIR z D;:‘jspyép , VreRVneN,Viel, (8)
jeLCP
EIZD =tPCP Y Y DAy yi? VpeP,Viel,VkeK; 9)

jeLCP j'eLCP



Technological and Economic Development of Economy, 2017, 23(3): 520-548 533

TDC _ D (TP ADC LD )

oy =T°Cy Z DEPeyiP VpeP,VkeK,VqeQ; (10)
jeLcP

IR =<PClz Y Y DACRygcernlf, , VzeZNleLNmeM; (11)

jeLCC j'eLCR

cIRP =1DCIR 3" % DARPyLRYLP | VreRVmeM,Viel. (12)
jeLCRjeLCP?

The constraints of the production centers (purchasing and manufacturing) are defined
in the following equations. Eqs. (13) and (14) shows the capacity constraints of suppliers
and production centers, respectively. The maximum capacity of suppliers is considered as
an uncertain (fuzzy) parameter. Egs. (15) to (18) are the inventory constraints of products
and raw materials/components in production centers. Eq. (19) states that if a production
line is set up in a time-period, it can be operational after that time-period.

D xSk _CPmtymt ,  VreRVneN,\VteT; (13)
iel

xJ <CPEyIE,  VpePVielVieT; (14)
invgf; :mvPP +x§ft3 Zxﬁﬁ(? , VpeP,Viel,VteT; (15)

keK
invkP —vaPt nt DAl Y ERE N wAxSY ., VreRVielVieT; (16)
neN meM peP

invPl SINVZY,  VpePVielVteT; (17)
invRP <INVRP" | VreRVielVteT; (18)
yplt ypfzt ) VpeP,Viel VteT. (19)

Egs. (20) to (23) show the constraints related to distribution of products. Eq. (20) is
the capacity constraint of distribution centers on each product. Egs. (21) and (22) are the
constraints of inventory of products in distribution centers, and Eq. (23) is the constraint
to meet the demand of customers. In Eq. (23), the demand of customers is considered as
an uncertain (fuzzy) parameter.

ngqug < Pﬁ? , VpeP,VkeK,VteT; (20)
q€Q
invllfk mvpk(t . +z gﬁft) Zxﬁquct , VpeP,VkeK,VteT; (21)
iel q€Q
mvl?kt < INVPIIZ , VpeP,VkeK,VteT; (22)
szDC:BEM VpeP,YqeQVteT (23)
qui pqt > p > q ) .

keK
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The following equations describe the constraints related to collection activities. Eq. (24)
shows the constraint of returned product in each time-period. It’s clear that total returned
product in the first time-period is equal to zero (z:xF CC =0). Eq. (25) is related to trans-

pi1
leL

formation of returned product to the recoverable materials/components. Egs. (26) to (29)
show the inventory constraints in the collection centers.

RU t-1
z glctc VPeP,VteT—{l}; (24)
leL E=1p =2q<Q
FoTllhg). erever oo

peP

- xT ;
vyl =inv R -, VpePVleLVieT; (26)
inv4C —vaC +x2tz > xhCR VzeZNlelLVteT; (27)

meM

invPC <INVEC",  VpeP,VleLVteT; (28)
inv4C <INVZC", VzeZ Vel VteT. (29)

Constrains of recovery activities are defined in Egs. (30) to (36). Eq. (30) is the con-
straint of converting recoverable materials/components to the raw materials/components
that can be used in the production centers, and Eq. (31) shows the constraint of transform-
ing the recoverable materials/components to the recycled materials for selling in markets.
Egs. (32) to (35) indicate the inventory constraints of recovery centers.

,mt Z?» ((1—%?)@%5), VreRVmeM,NVteT; (30)
zeZ
X ZB (( ) ZT,SF), Vg, Vme M,VteT; (31)
invZR = vaRt ) + Y xBER — xTCR VzeZ,NmeM,VteT; (32)
leL
invyk, =invRE +ermRt D xkRE, VreR,VmeM,\NteT; (33)
iel
znvZerft _INVZ%R; , VzeZ,VNmeM\NteT; (34)
invRR < INVRR* | VreRVmeM,\VteT. (35)

Constraints of transportation flow between different stages of the supply chain network
are defined in Egs. (36) to (40).

Db <xIEF, VneN\VielVteT; (36)
reR
Z frﬁf; _X%{f* , VmeM,VielVteT; (37)

reR
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Y oxbED <XEPP*,  VieLVkeK\VteT; (38)
peP

Y > HPC<X[PC,  VkeKVieT; (39)
pePqeQ

ngl(fjﬂli SlenC;R* > VZEL’vaM’VtET * (40)
zeZ

Egs. (41) to (48) state the constraints of assigning the potential locations for establishing
the required centers in different stages.

igpgl, VjeLCP; (41)
iel
> P =1, Viel; (42)
jeLCP
Sy <1, vjeLcP; (43)
keK
Y yP=1,  VkeK; (44)
jeLcP
Zylgc <1, VjeLCC; (45)
leL
Zyﬁczl, VieL; (46)
jeLc®
PIPES Vje LCR; (47)
meM
z errg: , VmeM. (48)
jeLCR
It should be noted that there is no initial inventory in all stages (i.e. invyfy =0, invij =0,
inviyo =0, invif =0, inv45 =0, invZi, =0 and invi§ =0).

3. Solution approach

In this section, a solution approach is described for optimization of the proposed multi-
objective mathematical model. The framework of the proposed approach is depicted in
Figure 2. In the following sub-sections, this framework is explained.

3.1. Reformulation of uncertain constraints

As can be seen in Figure 2, after definition of problem and formulation of model, it’s needed
to reformulate the constraints of the model that include uncertain (fuzzy) parameters. By
using o-cuts approach, fuzzy right hand sides of the constraints are converted to interval
values. According to the proposed model, Egs. (13) and (23) are two constrains with fuzzy
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Problem definition

r \
Formulation of a fuzzy multi- Identification of criteria for green
objective mathematical model L supplier evaluation and selection )

p v

Reformulation of fuzzy constraints Assessment of weights of the

using a-cuts approach L criteria by each DM
y

Assigning ratings of potential

Setting the val f th
cting e vaues ot tie suppliers by each DM on each

parameters of the model

\ criierion y
Using the fuzzy MODM [ Evaluation of suppliers using ]
approach to solve the model fuzzy EDAS method
\
Y B
Comparing the results with the Determination of greenness
Global Criterion approach score of each supplier (S5V7

Analysis of the Pareto
(near-Pareto) solutions

Fig. 2. The framework of the solution approach

S ——C
right hand sides. Suppose that the values of CPrt and DEM pgt are triangular fuzzy num-

—~S ——C
bers, i.e. CPru =(CPS},CPS2,CPS? ) and DEM pgr =(DEMS),, DEMZ , DEMS3, ) . Then

a-cuts of these values are defined as follows:

—~§
CPoit =[ CPSAL,CRSAY | (49)
——C
DEM pgt = [DEMI?%L,DEMI%U] : (50)
where,
CPsat = CP3} +a(CPS: - CPSL ); (51)
CpriottU :Cpri?; —OL(CPT,‘ES _Cprizt) > (52)
Cal _— Cl C2 _ Cl ).
DEMS3 = DEMS), +a( DEMSZ — DEMS), ) (53)
CaU — C3 _ C3 _ C2
DEMSV = DEMS3, — o DEMS, — DEMS ). (54)

To reformulate the considered constraints, the approach of Gabrel et al. (2010) is used
and two groups of variables (cpSY and demg;/t ) are defined according to the right hand

sides. Then Eq. (13) is replaced with Egs. (55) to (57), and Eq. (23) is transformed to Egs.
(58) to (60) shown as follows:

fo;fif < cpfn‘fy,sm , VreR,VneN,VteT; (55)
iel

Pl <CPSEY,  VreRVneNVeeT; (36
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cpSy 2 CPSaL VreRVYneN,VteT; (57)
S xEC —demSY . VpeP,¥qeQVteT; (58)
keK

demSY, <DEMS3V,  VpeP,VqeQVteT; (59)
demGy > DEMSSL ., VYpeP,VqeQVteT. (60)

Using this reformulation, we can optimize the model with different values of a.

3.2. Using fuzzy EDAS to determine greenness scores

After reformulation of the uncertain constraints, we need to set parameters of the model.
One of these parameters is the greenness score of each supplier on each raw material/com-
ponent. To determine this parameter, the fuzzy EDAS method is used. The EDAS method
is a new and efficient method which was proposed by Keshavarz Ghorabaee et al. (2015)
for inventory classification. This method has been used and extended by some research-
ers (Turskis, Juodagalviené 2016; Kahraman et al. 2017; Peng, Liu 2017). The fuzzy EDAS
method was proposed to deal with MCDM problems under uncertainty (Keshavarz Gho-
rabaee et al. 2016b). For using this method, first, evaluation criteria should be identified
and then weights of criteria and ratings of alternatives (suppliers) on each criterion should
be assessed by decision-makers. In this study, linguistic variables with trapezoidal fuzzy
numbers, which are presented in Table 3, are used by decision-makers to evaluate suppli-
ers. Interested readers are referred to the research of Keshavarz Ghorabaee et al. (2016b)
for detailed information about the fuzzy EDAS method and the computational steps of it.

Table 3. Linguistic variables with fuzzy numbers

Usage Linguistic variable Trapezoidal fuzzy number
= Very low (VL) (0,0, 0.1,0.2)
2 Low (L) (0.1,0.2,0.2,0.3)
5 Medium low (ML) (0.2,0.3,0.4,0.5)
£ Medium (M) (0.4,0.5,0.5,0.6)
= Medium high (MH) (0.5,0.6,0.7,0.8)
; High (H) (0.7,0.8,0.8,0.9)
= Very high (VH) (0.8,0.9,1,1)

Very poor (VP) (0,0,1,2)

Poor (P) (1,2,2,3)

é‘) Medium poor (MP) (2,3,4,5)
8 Fair (F) (4,5,5,6)
8 Medium good (MG) (5,6,7,8)
Good (G) (7,8,8,9)

Very good (VG) (8,9,10,10)
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3.3. Fuzzy MODM to solve the model

A fuzzy multi-objective approach based on the method of Zimmermann (1978) is used in
this study for optimization of the proposed model. To solve the model by this approach,
objective functions of the original mathematical model, which are defined in Egs. (6) and
(7), are replaced with one objective function (Eq. (61)) and two new constraints (Eqgs. (62)
and (63)) shown as follows:

Max f =w°AE +w8AS ; (61)

c_ fc.
e <1o S I, (62)
f max f min
g _ 8§
WL -
f max ~ f min
where A¢ denotes the satisfaction degree of the minimization function (ff) and A£ shows
the satisfaction degree of the maximization function (f£). Moreover, w* and w# are used for
weighting objectives (w° + w8 = 1). By changing these weights, we can obtain the Pareto-
optimal solutions of the multi-objective model.

3.4. Comparing the results

Global criterion method is used in this study to compare the results of the fuzzy MODM
approach and validate them. For using this approach the objectives of the proposed model
(Egs. (6) and (7)) should be merged to one objective function as follows:

p P
Min f{w{—f ~ o B o] e | e =S| (64)
fritax _fi’ilin fngmx _fr‘gin

Using different values of w® and w8 in Eq. (63), Pareto-optimal solutions can be deter-
mined. Then we can compare them with the corresponding solutions of the fuzzy MODM
approach.

4. Numerical example

In this section, a numerical example is used to illustrate the propose model and solution
procedure. The example is related to a home appliance company which decides to design
and optimize its supply chain with reverse logistics. The company has a plan to establish
some facilities in some potential locations to manufacture and distribute its products and
recover the returned products. The basic data about the problem is presented in Table 4
and the detailed data is provided as Supplementary information (Data 1.xlsx).

As can be seen in Table 4, there are nine suppliers (1, to ny) for six raw materials/
components (7, to r,). It should be noted that, in this problem, each supplier has its own
characteristics and can supply specific raw materials/components. n, and #, are the sup-
pliers of r, n5 to ng can only supply r, to r,, and n, to ng are the suppliers of r; and r,. The
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Table 4. Basic data of the example

Item Number
Potential locations for production centers 7
Potential locations for distribution centers 6
Potential locations for collection centers 5
Potential locations for recovery centers 5
Required production centers 2
Required distribution centers 2
Required collection centers 2
Required recovery centers 2
Suppliers 9
Customers 10
Products 4
Raw materials/components 6
Recoverable materials/components 4
Salable recycled material 2
Time-periods 4

company formed a group of ten experts (decision-makers) to evaluate these suppliers and
determine the greenness score of them (SSUP). First the experts defined some criteria with
respect to the review article of Nielsen et al. (2014) and evaluate their importance. Then
the ratings of suppliers were assigned on each criterion by each decision-maker, and finally
the greenness scores were determined using the fuzzy EDAS method. The detailed data of
experts’ evaluations is provided as Supplementary information (Data 2.xlsx). Table 5 shows
the defined criteria and their average importance, and Table 6 presents the greenness score
of each supplier. It is assumed that the greenness scores of a supplier are equal in different
raw materials/components.

Table 5. Evaluation criteria and their average fuzzy weights

Criteria Fuzzy weights

Environmental management systems  (0.75,0.85,0.9,0.95)

Green image (0.64,0.74,0.83,0.89)
Environmental competences (0.56,0.66,0.7,0.8)
Design for environment (0.75,0.85,0.9,0.95)
Environmental improvement costs (0.29,0.39,0.4,0.5)
Delivery (0.65,0.75,0.82,0.89)
Quality (0.74,0.84,0.88,0.94)
Technical capability (0.21,0.31,0.36,0.46)
Management and organization (0.26,0.36,0.4,0.5)

Financial position (0.52,0.62,0.65,0.75)
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Table 6. The greenness score of suppliers

Supplier (1) Fuzzy score SsuP
1 (-2.16,0.26,1.32,3.81) 0.8135
2 (-2.52,-0.32,0.75,2.86) 0.1867
3 (-0.16,0.57,0.93,1.69) 0.7584
4 (-0.67,0.09,0.45,1.19) 0.2649
5 (0.06,0.78,1.13,1.92) 0.9741
6 (-0.82,-0.08,0.27,0.98) 0.0836
7 (-0.98,0.22,0.83,2.01) 0.5182
8 (-0.63,0.55,1.12,2.31) 0.8397
9 (-1.32,-0.12,0.49,1.71) 0.1897

Figure 3 depicts the potential locations for required facilities, location of suppliers and
location of customers. With respect to the parameters of the problem, the mathematical
model is solved using the fuzzy MODM approach described in the previous section with
different a-cuts and different weights of objectives. The values of objective functions are
presented in Table 7. The global criterion results (with p = 1) are also included in this table
for comparison. We used an educational unlimited version of Lingo 16.0x64 to solve the
model.

According to Table 7, the results of the fuzzy MODM and global criterion approaches
are very close together. The estimated Pareto (near-Pareto) front is shown in Figure 4
(M1 = fuzzy MODM and M2 = global criterion). As can be seen in this figure, there is a
good trade-off between the values of objectives in different weights, and so the proposed

& % & ®{[§}
@ V@ @‘ °® o
& @OW o

® | &

Customers | Suppliers

Potential Potential Potential Potential
locations of locations of locations of locations of
production distribution collection recovery

centers centers centers centers

Fig. 3. The location of different elements of the network
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Table 7. The results of model in different a-cuts and different weights

541

Objectives bounds

Weights

Fuzzy MODM

Global criterion

a frfmx
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approach is efficient to obtain Pareto (near-Pareto) optimal solutions for the mathematical

model.

Here, one of these solutions (with o = 0.5 and w° = w8 = 0.5) is considered to show the
optimal design of the network. Figure 5 represent a graphical view of the optimum loca-
tion of facilities in different stages and the flow of materials and product over the whole
planning horizon.

We can see that , and n, are not selected for purchasing raw materials/components in
all time-periods. It should be noted that the detailed results for this network configuration
is provided as a Lingo report file in Supplementary information (Report.pdf). However, as
an example, the values of the flow of raw materials/components from suppliers to produc-

tion centers in each time-period ( x

FSP
rnit

) are presented in Table 8.
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Fig. 4. The estimated Pareto (near-Pareto) front
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Fig 5. The optimal network design with o = 0.5 and w° = w8 = 0.5

According to this table, there is no flow between n, and ny and production centers
which shows that these suppliers are not selected in all time-periods. Also, it can be seen
that 7, only supplies r, for the second production center in one of the time-periods. More-
over, raw materials/components of 75 only transport to the second production center, and
there is no connection between 7 and the first production center.
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Table 8. The flow of raw materials/components from suppliers to production centers (x>F)
i 1 2
t 1 2 3 4 1 2 3 4

r n

1 2849.5 2350.7 1818 2591.8 3555.5 5104.3 4223.7 2703.8
! 2 0 0 0 0 0 0 0 0

3 1890 2520 2835 2835 0 0 0 0

4 250 0 0 0 1640 1271.6 0 0
2 5 0 0 0 0 1890 2100 2415 2520

6 0 0 0 0 191.5 0 0 0

3 0 520.3 1365 1470 1050 739.7 0 0

4 0 0 0 0 1365 1365 1470 1470
’ 5 0 0 0 0 840 840 1050 1260

6 0 0 0 0 0 0 0 0

3 375 1365 1449 0 885 0 21 1470

4 0 0 0 0 1365 1365 1470 1680
4 5 0 0 0 0 1050 1050 1050 1365

6 0 0 0 0 0 0 0 0

7 0 0 0 0 3892.3 4116.7 0 3104.6
5 8 2602 2016.1 0 3812.2 1913 2708.8 4935 1122.8

9 0 0 0 0 0 0 0 0

7 0 0 0 386.3 4725 4935 4935 4758.7
6 8 2832 5565 5775 5775 2523 0 0 0

9 0 0 0 0 0 0 0 0

Conclusions

In recent years, using reverse logistics in designing supply chain networks has received
more and more attentions from both academics and practitioners because of its consequen-
tial effect on environmental aspects of supply chains. In this study, a new general problem
has been considered to design a multi-product, multi-period supply chain network with re-
verse logistics. The reverse logistics which has been presented in the problem includes both
closed-loop and open-loop modes. Therefore the recovered products of the network can be
either used in the production centers of the supply chain or sold to the recycled material
markets. We have also integrated the process of green supplier evaluation in designing the
network. A multi-objective mathematical model has been developed for minimization of
the total cost of the supply chain and maximization of total greenness score of purchased
raw materials/components from the suppliers. The uncertainty in the demand of customers
and capacity of suppliers has been dealt with using fuzzy numbers in the proposed model.
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A framework based on fuzzy EDAS, fuzzy MODM and global criterion methods has been
presented to evaluate suppliers and determine the greenness score of them, optimization
of the mathematical model, obtain the Pareto (near-Pareto) solutions and comparison of
the results.

A numerical example of a home appliance company has been utilized to describe the
procedure of the proposed approach. By evaluation of suppliers with respect to green cri-
teria in a fuzzy environment, we have incorporated the experts’ opinions about suppliers
into the optimal design of the network. The fuzzy EDAS method has provided us with
an efficient way to determine the greenness score of suppliers. In addition, the proposed
framework helps us to examine the effect of changing degree of uncertainty of the supply
and demand by varying the values of o in the model. Using lower values of o, which are
closer to zero, leads to network configurations associated with higher degree of uncertainty.
The results of this study confirmed that the estimated Pareto (near-Pareto) front is wider
in lower values of o.. Moreover, because the transportation costs have been considered
as dependent variables of distances between potential locations of stages, in the optimal
solution of the network, minimization of distances between optimal locations has been
involved by minimizing the total transportation cost. The results show that the proposed
framework is efficient and feasible to solve the considered supply chain network problem
and can determine optimal configurations with different weights of objective functions.

Because the supply chain network design is an NP-hard (non-deterministic polynomial-
time hard) problem, the computational time of solving the model increases with the size
of the problem. Therefore, it is suggested for future research to develop multi-objective
metaheuristic algorithms for solving the proposed model. Also, the uncertainty of the other
parameters of the model like the return rate of products can be considered in future re-
search. Furthermore, locations of the recycled material markets and disposal sites have
not been included in the model of this research which can be considered as variables in
future research.
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