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Abstract

The importance of remanufacturing used products into new ones has been widely recognized in the literature and in
practice. This is due to both of economic opportunities and environmental aspects. This paper aims to design a new
integrated multi-period & multi-product closed-loop supply chain network considering reused cost and capacity
constraints for all stages. In this problem the stages of supplier, assembler, retailer, customer, collection center,
refurbishing center, and disassembler is regarded consequently. The considered objective function is total cost factors
that consists of 7 components: costs of associated with locating the plants and retailers, purchasing, transportation,
collection of used products from customers, disposal for subassemblies, refurbishing, and finally refund to customers.
First, parameters and decision variables of this problem are defined, then a mixed integer linear programming
mathematical model is presented. The proposed mathematical model is run applying the GAMS software. Two real
examples (shed light, and power-outlet) are considered to solve using the proposed mathematical model. These two
examples were obtained based on data in two new references. Since this problem is known as NP-Hard, the model is run
just for small-sized problem consists of four suppliers, two disassemblers, two retailers, and two periods. The results are
analysed and some sensitivity analysis have been done for the effective factors. These result show that, the demand has
a less effect on total cost. But Purchasing/refurbishing cost ratio has a high effect on the objective function. Finally, the
capacity of collection and refurbishing centers has a high effect in primary changes and this effect gradually reduced. So
having the proper capacity for collection and refurbishing centers and also creating balance between different stages can
reduce overall cost.

Keywords: Capacity constraints; Closed-loop supply chains; Reused costs.

1. Introduction

The classic supply chain approach, which is nowadays called the forward supply chain, is not concerned with end-of-life
(EOL) products. Then, the reverse supply chain, or reverse logistics (RL), aims to account for EOL products in the most
environmentally friendly manner possible. The evolution of supply chains leads to an integrated approach of considering
both forward and reverse supply chains simultaneously known as the closed-loop supply chain (CLSC) (Chopra and
Meindl, 2010, Georgiadis and Besiou, 2010, Maliki et al., 2016, Govindan and Soleimani, 2017). The growing interest
in the collection of disused products for recovering resources is reasonable considering environmental issues and is also
more profitable (Lee et al. 2009, Quariguasi Frota Neto, Walther, Bloemhof, Van Nunen, and Spengler, 2010). For
example, batteries, cellular phones, computers, shoes, automobiles, refrigerators, bottles etc. should be brought back to
reuse or disposal according to environmental considerations. So, the reversal logistic has recently attracted wide attention
according to sustainability and environmental themes all over the world (Bjgrn and Hauschild, 2013, Elbounjimi et al.
2014, Das et al. 2015, MacArthur Foundation, 2014, Kaya et al. 2016).

Corresponding author email address: sh.hosseini@shahroodut.ac.ir
133



Derakhshan, Hosseini and Hassani

Correspondingly, all activities and solutions like the logistics management of the overall lifecycle of parts and products
should be integrated into a top level of supply-chain procedure (Yang et al. 2009, Amini et al. 2016). The closed-loop
supply-chain (CLSC) network structure is a good method for managing the overall lifecycle of parts and products.
Therefore, the new and business-perspective type of CLSC definition can be found in Guide and VVan Wassenhove (2009)

as follows: “the design, control, and operation of a system to maximize value creation over the entire life cycle of a
product with dynamic recovery of value from different types and volumes of returns over time.” In this approach to
supply chain, EOL products play a vital role. So, some of the many activities that should be done during a CLSC are as
follows:

e Recycling, to have more raw materials or parts

e Remanufacturing, to resale products to secondary markets or if possible to primary markets

e Repairing, to sell products in the secondary markets

In a CLSC network, some new materials or parts are also needed from suppliers to replace which are not recoverable
through the system (Jayaraman et al., 1999, Gaura, et al. 2017). In this kind of network system, the objective is to
optimize some performance measures, for instance to minimize collection, transportation, purchasing, recovery, and
disposal costs as well as the fixed costs of potential collection places and retailers.

In this study, a multi-period multi-product closed-loop supply-chain network model, which consists of forward and
reverse logistics, is introduced, and a new mixed integer linear programming model is developed to minimize total cost
factors.

The rest of this paper is organized as follows: In section 2, a brief review of the literature is provided. In Section 3, the
problem is defined and a new mixed integer linear programming model is presented. Results of computational
experiments are given in Section 4, and finally the conclusions and future studies are offered in Section 5.

2. Review of the literature

Supply chain management (SCM) is usually defined as the efficient planning, execution, and control of all the operations
between suppliers, manufacturers, warehouses, retailers, and customers (Cardenas-Barron and Sana, 2014). Sustainable
SCM involves making decisions about supply chain operations that meet the existing needs while maintaining the
usefulness of products for the future. The sustainable approach not only considers the economic benefits while making
a decision, but also takes social and environmental impacts into account. To enhance value creation over the product
lifecycle, to improve the sustainability of supply chains, and to give more attention to environmental aspects, evolution
of the supply chains leads to an integrated approach called the closed-loop supply chain (CLSC) (Zavvar Sabegh, et al.
2016, Govindan and Soleimani, 2017).

Stindt and Sahamie (2014) classified the quantitative studies of closed-loop supply chain in four groups of network
design, production planning, product returns management, and forecasting. In closed loop supply chain there are
different options for recovery such as reuse, repair, remanufacturing, refurbishing, retrieval and recycling; in
which remanufacturing that transforms the defective products into an as-good-as new condition is attractive
in terms of environmental concerns, legislation and economics (Torkaman, Fatemi Ghomi, and Karimi, 2017).

The first attempt at remanufacturing was made by Schrady (1967) who developed an economic order quantity model for
products that can be repaired. He did not consider disposal costs and assumed that manufacturing and repair are
instantaneous and infinite. Later, Richter (1996) developed a hybrid system that considers both production and repair for
Schrady's model. Robert Lund (1996) also did a study about the remanufacturing industry of domestic U.S. steel in 1996
and suggested that the remanufacturing industry should be larger in terms of employment and gross sales. In the same
vein, some researchers including Guide (1996), Guide and Srivastava (1998), Fleischmann et al. (1997), Jayaraman et
al. (1999), Fleischmann et al. (2001), and Krikke et al. (2003) worked on improving central collection and
remanufacturing shop control.

Also, several researchers have often focused on mathematical modelling in different cases. For instance, Teunter (2004)
developed a new mathematical model for finite and infinite production and recovery rates with the assumption that
recovered products are as good as new and satisfy the same demand. Similarly, Min et al. (2006) investigated the CLSC
network design problem involving both spatial and temporal consolidation of returned products, and proposed a hew
mixed integer nonlinear programming model. This problem was also studied by Yang et al. (2009) who introduced a
new model including suppliers, manufacturers, retailers, customers, and recovery centers in which each section has its
own aims in conflict with each other.
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In another study, EI-Saadany and Jaber (2010) developed an optimization model that accounts for waste disposal cost
while considering price and quality dependent return rate. The CLSC network problem focusing on the operations of
Reduce, Recovery, and Reuse (as 3R) was studied by Wang and Hsu (2010). They developed an integer linear
programming formulation and a genetic algorithm based on spanning tree to determine locations of various facilities.
Kannan et al. (2010) proposed a new CLSC network model in the multi-echelon multi-period condition for product
returns. They looked for the optimum usage of secondary lead recovered from the spent lead—acid batteries for producing
new batteries, and considered material procurement, production, distribution, recycling, and disposal. Pishvaee et al.
(2011) also proposed a new robust optimization model for handling the inherent uncertainty of input data and factors in
the CLSC network problem. The proposed model which is a deterministic mixed integer programming model was
presented by using the recent extensions in the robust optimization theory. In another work, a mixed integer linear
programming model was constructed based on the lifecycle of a network consisting of manufacturing facilities,
collection, repair, disassembly, recycling, and disposal by Amin and Zhang (2012). They considered three types of return
contains in their model: commercial returns, end-of-life products, and end-of-use products.

Qiang et al. (2013) studied a CLSC network design problem in which collection centers recycle product directly from
the demand market. They formulated this problem as a finite-dimensional variation inequality problem. Capturing the
uncertainty in demand, which is associated with penalties, namely inventory and shortage costs, is the major innovation
and contribution that differentiates their study from other works. Considering an integrated CLSC problem with the aim
of optimizing the strategic goals and tactical decisions simultaneously, Ozceylan et al. (2014) introduced a model which
could be used as a part of an integrated tool to support decision making within supply chain management. They intended
to minimize costs of transportation, purchasing, refurbishing, and operating the disassembly workstations, so a nonlinear
mixed integer programming formulation was developed. Then to evaluate the performance of the proposed model, some
numerical examples were used, and sensitivity of the solutions with respect to parameters like purchasing/refurbishing
cost ratio was examined. For more information on the closed-loop supply chain and reverse logistics, readers could study
the paper of Govindan et al. (2015) which illustrates this subject by reviewing 382 papers published between 2007 and
2013. More recently, Elbounjimi et al. (2015) studied the problem of designing a multi-echelon and capacitated closed-
loop supply chain network that provides different products. They defined the total profit of chain as the objective
function, and developed a mixed-integer linear programming formulation for the problem. Guo and Ya (2015) derived a
stochastic model with quality dependent collection rate, buy-back price, and remanufacturing cost. Jeihoonian et al.
(2015) proposed a stochastic mixed-integer programing model for a CLSC network design problem in which the reverse
network involves several types of recovery options. Dutta et al. (2016) built a multi-period recovery framework to
examine the optimal buy-back price. They discussed the return rate improvement of used products by considering
uncertain demand and capacity. Optimization of the closed-loop supply chain of multi-items with returned subassemblies
was studied by Tahirov et al. (2016). They developed a new mathematical model for this kind of supply chain where a
product (new or remanufactured) and its spare parts are returned and disassembled for recovery. Recently, Moshtagh et
al. (2017) studied a stochastic CLSC model with shortages and rework. They considered quality based returns with
different demands of manufactured and remanufactured products. Furthermore, Masoudipour et al. (2017) studied the
possibility of closing the chain in a textile company and the effects of such a decision on the profits of the chain. So, they
proposed a bi-objective model to formulate the CLSC problem which includes the manufacturers, distributors and,
customers in the forward chain as well as remanufacturing, repairing, and recycling centers in the backward chain. This
model is applicable to industries with zero-waste strategy and similar recovery facilities. Chen et al. (2017) says that due
to environmental issues, product refurbishment is becoming more and more important nowadays and optimization of
products refurbishing process in closed loop supply chain needs to be studied. In this regard, they established a multi-
period model for this problem to deal with the uncertainties.

Based on the research reviewed here, it is clear that there is a research potential for making use of a closed-loop supply-
chain network. Besides, to the researchers’ knowledge, there has been no study on the multi-period multi-product
condition of the closed-loop supply chain network considering reused cost and capacity constraints for all stages. The
purpose of this research is, therefore, to study and design a new integrated closed-loop supply chain network considering
the multi-period multi-product condition and capacity constraints for all stages. The considered objective function is total
cost factors. This idea is got from a study by Ozceylan and Paksoy (2013) although collection costs and reused costs
considering the bill of materials besides disposal costs for the network are added to study as the contributions of this
paper to the relevant literature. Moreover, this study is developed based on two real examples of shed light and power-
outlet.

3. Problem definition and modeling

The problem considered in this study can be defined as designing an integrated problem of closed-loop supply chain
network considering the bill of material and reused costs. The objective is to minimize total cost factors. To understand
it better, assume a product with two parts as an example of a CLSC which contains the forward chain and the reverse
chain. The former is used to purchase and assemble parts to form end products and deliver them to end users whereas
the latter is used for collecting, refurbishing, disassembling, and disposal of the subassemblies or products.
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Two ways can be used for supplying the system with subassemblies: one involves using suppliers and the other involves
disassembling returned products. The network discussed here can be conceptualized in a framework as shown in Figure
1.

The network includes a number of suppliers that provide different parts/components as raw materials with a certain
utilization number to plants in which they are transformed into the same number of products. Purchased items are
processed and then assembled in an assembly section or line, and final products are transported to retailers. After that,
the products are delivered to distributers or customers as a forward flow logistic. The reverse flow logistic starts with
collecting the used products from end users or repair centers. The used products are sent to the chain for several reasons
like insufficiency or lack of satisfactory quality specifications or defectiveness. Each customer zone has a known demand
that must be satisfied, and it is assumed that a percentage of the demand is provided by a certain amount of used products.
Finally, all used products must be collected from customer zones. They can be transported to disassembly centers, or
they can be directly shipped to refurbishing centers if do not require any substantial processing. The products returned
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Figure 1. A generic form of forward/reverse logistics (Tonanont et al., 2008).

to the disassembly centers are revised, classified, and organized by the disposal and remanufacturing strategy. Returned
products that are of good quality for remanufacturing can be disassembled, recovered, reprocessed, cleaned, and tested
until they become new parts. Disassembly lines are usually essential to transform the discarded products to
parts/components, just like assembly lines which are used to assemble components into a final product with a high
volume (Demirel and Gokcen 2008). After refurbishing, the new products are transported to retailers in order to be
delivered to customers. There are several types of costs in this system such as transportation, purchasing, refurbishing,
collection, refund to customers, disposal, and fixed costs of potential plants and retailers.

The basic assumptions of the proposed model are as follows:

The demand for each product is specified and fixed.

Total demands of each product must be fully met for each end user.

The capacities of all facilities, both forward and reverse, are limited and fixed.
All cost ratios are deterministic and known a priori.

The rates of collection, disposal, and disassembly are known.

All workstations can process any task with the same costs.

These assumptions which are the standard assumptions for the closed-loop supply-chain design are also considered in
other studies (e.g. Sheu et al. 2005, Neto et al. 2008, Wang and Hsu 2010). Besides, Wang and Hsu (2010) state that a
common assumption is that it is better to consider the recovery amount as a function of customer demand in the recovery
systems.
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In the following the mixed integer mathematical model and its formulation which provides all of the above mentioned
decision parameters and assumptions are presented. First, the index sets, decision making variables, and parameters are
defined. Then, the mixed integer mathematical model is developed and illustrated.

Index sets:
| ={1L2,..}i el Index set of suppliers
J={12,..}]€el Index set of assemblers
K={,2..}k eK Index set of retailers
L={12..}1eL Index set of customers
M ={L2,..} meM Index set of collection centers
R={2..},reR Index set of refurbishing centers
D={1L2..}3,deD Index set of disassemblers
C={2.}ceC Index set of subassemblies
G={,2.}9eG Index set of products
P={L2,.}peP Index set of period
Variables:
X aciip amount of subassembly ¢ of product g shipped from supplier i to assembler j in period p
Y aikp amount of product g shipped from plant j to retailer k in period p
W oklp amount of product g shipped from retailer k to customer I in period p
Ag,mp amount of product g collected from customer | to collection center m in period p
B gmm amount of product g shipped from collection center m to refurbishing center r in period p
S gmdp amount of product g shipped from collection center m to disassembler d in period p
E grkp amount of product g shipped from refurbishing center r to retailer k in period p
Z ged jp amount of subassembly ¢ of product g shipped from disassembler d to assembler j in period p
Fgcd p amount of subassembly ¢ of product g disposed from disassembler d to disposal in period p
H i If plant j is open in period p, 1; otherwise, 0.
\ kp If retailer k is open in period p, 1; otherwise, 0.
Parameters:
i distance between supplier i and assembler j
d i distance between assembler j and retailer k
d, distance between retailer k and customer |
d,, distance between customer | and collection center m
d, distance between collection center m and refurbishing center r
d.g distance between collection center m and disassembler d
d, distance between refurbishing center r and retailer k
ddj distance between disassembler d and assembler j
d, distance between disassembler d and the disposal unit
Ayeip capacity of subassembly ¢ of supplier i in period p
bgjp capacity of assembler j for product g in period p
Coip capacity of retailer k for product g in period p
Uy demand of customer I for product g in period p

|
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€ gmp capacity of collection center m for product g in period p

f o capacity of refurbishing center r for product g in period p

O gcap capacity of disassembler d for subassembly ¢ of product g in period p

t shipping cost

S g purchasing cost of subassembly ¢ of product g of supplier i

W refurbishing cost of product g of refurbishing center r

(€C) gim collection cost of product g

(rf ) gim refund to customers costs of product g

(wdc),. disposal cost of subassembly ¢ of product g

a;, the fixed opening cost of plant j in period p

,ka the fixed opening cost of retailer k in period p

Qgc number of subassembly ¢ in product g

H p maximum available number of plants in period p

\ b maximum available number of retailer in period p

0, ax maximum percentage of collected products from customers

O,nin minimum percentage of collected products from customers

A percentage of product which is sent to refurbishing centers from collection centers
H percentage of subassembly which is sent to assemblers from disassemblers

Mathematical formulation:

MinimizeZ :LZZZZZ L DI IPIP N AL IEDIDIPIPI LN

geG ceC iel jed peP geG jed keK peP geG keK leL peP

DIDIDNELIEDIDIDIPILIISIEDID NP IPIEFIEL (1)

geG lel meM peP geG meM reR peP geG meM deD peP

D IDID I N LIRS I IDID I IR FED I I I I G *dch

geG reR keK peP geGceC deD jel peP geG ceC deD peP

: zzzzmcwsmj o

geGceC iel je) peP

; zzzngmm*wng o

geG meM reR peP

+ ZZ z ZAglmp *(rf )glm 4)

geG leL meM peP

+ Zz Z ZAglmp *(CC) gim 5)

geG leL meM peP

+ Z Z Fyeap * Gvdc),, (6)

geG ceC deD peP

| ST,y T3V, A, o
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A <a..
ZJX gcyp — a9C|P

= vVgeG,ceC,iel,peP 8)
k%ng,kp— d Vg eG,jel,peP ©)
%_,nglp <Cgqp Vip Vg eG,k eK,peP (10)
k%;ng.p >Ug, Vg eG,l eL,peP (12)
%Bgmm +(%D;ngdp S€ymp VgeG,meM,peP (12)
%;Egmpgfgrp vVgeG,reR,peP (13)
Facap +%:chdjp < Ygeap Vg eG,ceC,deD,peP (14)
Z,H,p < vp eP (15)
Z,Vkp < Vp eP (16)
%YglkarLEgm(p ) Z,nglp =0 Vg eG,ceC,jel,peP (17)
%,ngjp%Zgwﬂp_l)—%ukp #, =0 Vg €G,k eK,p eP (18)
Orin %(,nglp < m% Agap < axk%Klemp Vg €G,l eL,p eP (19)
ﬂ“%;Aglmp _%Bgmrp = vgeG,meM,peP (20)
m% Bgmrp_k%(:Egrkp_ vVgeG,reR,peP (21)
(1—1)%;Ag|mp _d%D:ngdp =0 vgeG,meM,peP (22)
(- ,U)m%,/l S gmap ¥Age — Fyeap =0 VgeG,ceC,deD,peP (23)
uZngdp*qgc—%;chdjpzo Vg eG,ceC,deD,peP (24)
X oY gico W gip s Agimp 1 B g+ gmap » VgeG,ceCjiel,jeld,keK,lelL 5)
E o L geajpr Foeap 20 ,meM,reR,deD,peP
Hi, Vi, e{Ol} Viel,keK,peP (26)

The objective function has seven components. The cost of transportation in the forward and reverse chains is represented
in (1). The second component denotes the cost of purchasing the subassembly parts as equation (2). The cost of
refurbishing is shown in (3). The forth component, shown in (4), indicates the cost of refund to customers for product.
The fifth component represents the cost of collecting used products from customers as equation (5). The sixth component
shows the cost of disposal for subassemblies as (6). The final component represents the fixed costs of locating the plants
and retailers (7). Constraints (8)—(14) state the needs to regard the capacity of suppliers, plants, retailers, collection
centers, refurbishing centers, and disassembly centers, respectively. The number of plants and retailers that can be opened
are limited by constraints (15) and (16). Equations (17)—(24) are used to balance the forward and reverse part facilities:
the quantities that enter a facility should be equal to the amount of products/parts that leave it. Non-negativity restriction
on the decision variables is guaranteed by constraint (25). Finally, constraint (26) defines the binary variables.

4. Computational experiments

In order to run the proposed mathematical model and evaluate the results, some test problems are applied in various
conditions. The test problems are obtained from the data in Ozceylan et al. (2014) by considering new parameters of the
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current study. For this purpose, a randomly generated numerical example is used to illustrate the basic ideas and to derive
insights. It is run for two recyclable hand-lights and power-outlet. The complete illustration is presented below.

4.1. Description of the data
The network for the numerical example, shown in Figure 2, consists of four subassembly suppliers, two assemblers, two
retailers, and four customers in the forward chain.

The suppliers provide required sources to produce the products, namely a hand-light, shown in Figure 3 with its seven
different subassemblies (Tang et al., 2002), and a power-outlet, shown in Figure 4 as the second sample. The reverse
logistics network in the sample problem contains two of each collection, disassembly, and refurbishing center. The
collection centers are responsible for collecting the used products from repair centers and customers. In the first period,
the subassemblies are assembled in assembler’s centers and sent to retailers or customers. The reverse flow starts with

Suppliers (i) Assemblers (j) Retailers (k) Customers (I)

min < collection < 6,4,

! /Refurbishing T
‘ g " Ce{nfggs_f{).--""'}___Z:«:j\" Collection
bisposal R L e Genters (i)
i§~-‘ ) R T S
1-p, ---------
% ettt O —= Forward flow

Disassemblers (d) ~*~% P
ﬂ --==-> Reverse flow

Figure 2. The CLSC network for the numerical example

to 0

the collection of used hand-lights from customers, where the collected amount is in an interval uniform (@ nax )

min
and where (1— A1) % of the collected amount is directed to disassemblers; the rest that do not require any substantial
processing are directly shipped to the refurbishing centers. After doing refurbishes activities, the used hand-lights are
transported to the retailers to be delivered to customers during the subsequent period. Following this process, the
subassemblies are classified based on their condition: usable subassemblies are sent to the assemblers to be reused in the
next period while the rest are disposed of. We go through the same process involving collection and refurbishing activities
for the second example (power-outlet) in the next section so that power-outlets could be delivered to customers as new
products.

For the numerical example, the unit transportation cost (t) is considered as 5.23 cents per ton-km.

One period is considered 4 months (16 weeks), with six working days in a week, each of 9 hour long. The problem is
modeled using two periods. Several experiments were handled in order to tune the needed parameters, and the final
amount was determined as follows:

(€C) gim : $5/product

(rf ) gim : $10/product

(wdc),. : $5/subassembly

The remaining parameters were taken from the study of Ozceylan and Paksoy (2014) as follows: H b =2, \ b =2, O in

= 20%, 6

m

o = 80%, A =30%, u=70%, S 4i =$25/subassembly, W, =$10/product, the fixed costs are found to be

$5000 (a;,)and $3000 ( ﬂkp ) for each plant and retailer in all periods, respectively.

Tables 1-4 depicts the distances, capacities, and demands of the numerical example.
|
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(a)

Glass

L
\ Main housing
Cover < |

@;ﬁﬁﬁlﬂl

‘ l
Bulb / Battery Spring
Head housing
(b)

Figure 3. (a) A hand-light and (b) its subassemblies (Ozceylan and Paksoy. 2014).

Table 1. Distance values between facilities (km)

Assembler | Assembler | Collection Collection Dizposal
1 2 center 1 center 2
Supplier 1 100 130 - - -
Supplier 2 110 130 - - -
Supplier 3 140 20 - - -
Supplier 4 190 185 - - -
Retailer 1 160 120 - - -
Retailer 2 20 100 - - -
Disassembler 1 120 130 130 110 30
Disassembler 2 280 270 160 120 60
Table 2. Distance values between facilities (km)
Customer | Customer | Customer | Customer | Refurbishing | Refurbishing
1 2 3 4 center 1 center 2
Retailer 1 220 260 130 170 220 260
Retailer 2 320 290 210 330 180 130
Collection 30 80 100 o0 Q0 100
center 1
Collection 110 a5 63 g7 &0 Q5
center 2
Table 4. End product capacities of facilities and demands of customers (tons)
Periods | Assemblers | Retailers Customers Collection | Refurbishing
centers centers
1 2 1 2 1 2 3 4 1 2 1 2
1 G670 | 390 | 320 | 380 ) 160 | 160 | 180 [ 190 ) 200 | 230 | 240 210
2 350 | 470 | 330 [ 330 ) 170 | 180 | 170 [ 180 ) 230 | 220 | 210 260

4.2. The solution of the numerical problem

According the mixed integer linear programming formulation that was presented as (1)—(26) of the sample CLSC
network, there are 580 variables and 530 constraints for the considered conditions. All computational experiments are
conducted on a PC with an Intel Core i7 processor with 8 GB of RAM, and the computation time required to solve the
model to optimality using the GAMS CPLEX solver is 4 CPU seconds. When the proposed model is solved for the given
example, the total cost, which includes transportation, purchasing, refurbishing, collection, refund to customers, disposal,

and fixed costs, is found to be 319524.97 for two periods. Table 5 presents all of the costs.
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Table 3. Subassembly capacities of suppliers and disassemblers (tons)

Subaszsembly
1 2 3 4 5 6 7
Supplierl
Periodl 585 451 424 523 367 559 480
Period2 435 557 539 579 483 489 509
Supplierl
Periodl 401 480 447 437 460 422 416
Period2 303 408 592 480 527 588 413
Supplierd
Periodl 377 463 512 337 578 457 509
Period2 49% 591 463 499 544 423 408
Supplierd
Periodl 307 473 453 483 434 496 449
Period2 431 496 508 423 559 451 480
Disassemblerl
Periodl 280 219 293 279 292 289 22
Period2 232 254 203 228 221 279 283
Disassemblerd
Periodl 471 426 426 449 420 452 487
Period2 471 482 444 413 436 471 437
Table 5. Performance results of the problem
Performance criteria Value () Percentage of
total cost

Ohj. Total objective function value 31932497 100

Ohbj. 1 | Total transportation costs 0433497 20.32

Ohbj. 2 | Total purchasing costs 210160.00 63.77

Ohbj. 3 | Total refurbishing costs 1810.00 0.57

Obj. 4 | Total collection cost 280.00 0.30

Obj. & | Total refund to customer cost 4400.00 1.38

Obj. 6 | Total dizposal cost 760.00 0.24

Obj. 7 | Total fixed costs 7100.00 2.22

As it is evident in the table, the purchasing cost is the highest with 65.77%, followed by the transportation costs which
account for 29.52% of the overall cost while the minimum share (i.e. 0.24%) belongs to the disposal costs. The
experimental optimal results for the problem in both periods are shown in Table 6.

Table 6. Optimal distribution flow of the problem

Amount of Amount of Amount of Amount of Amount of Amount of
purchased assembled collected refurbished | disassembled disposed
parts products products products products parts
Period 1 5320 690 430 129 301 722
Period 2 2380 371 140 42 o8 232

The first column in Table 6 shows the purchased components that should be assembled in plants during the first and
second periods. According to Table 6, in total 5520 tons of components are purchased from suppliers, and a total of 690
tons of end products are transported to customers through retailers after assembly in period 1. Two of the potential plants
and retailers are opened in the optimal solution during any period. A total of 430 tons of end products are gathered and
transported to the collection centers to be inspected. Also, 129 tons of used products in good condition will be shipped
to refurbishing centers. The remainder of the collected used products is transported to the disassemblers. A similar
analysis can be performed for the optimal distributions in the second period. With the use of recycled subassemblies
from the first period, the capacity utilization rates of suppliers are decreased as expected.

Now, another practical example is illustrated and solved using the proposed mathematical model. This new example is
about power-outlet. Suppose that suppliers provide three different kinds of parts to produce a power-outlet as shown in
Figure 4.
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QJ goe &:\.f/—:
(b)

Figure 4 (a). A power-outlet and (b) its components

Tables 7-8 present similar data (capacities and demands) of the second numerical example (power-outlet). It is assumed
that there are 3 subassemblies, 4 suppliers, and 2 disassemblers.

Table 7. Subassembly capacities of suppliers and disassemblers (tons)

Subassembly
1 2 3

Supplierl

Periodl Q20 720 620
Period2 210 710 610
Supplier2

Periodl Q20 750 620
Period2 Q10 740 610
Supplierd

Periodl 029 720 620
Period2 Q10 710 610
Supplierd

Periodl 1080 970 720
Period2 1050 930 710
Disassemblerl

Periodl 240 250 980
Period2 760 230 740
Disassembler2

Periodl Q80 220 250
Period2 780 740 730

The results of solving the second numerical example including the amounts of cost elements are presented in Table 9.
Like in the first example, the purchasing cost is the highest with 64.86%, followed by the total transportation costs which
account for 30.34% of the overall cost, and the minimum share is due to disposal costs with 0.27%.

Table 8. End product capacities of facilities and demands of customers (tons)

Periods | Assemblers | retailers Customers Collection | Refurbishing
CENters CEMters
1 2 1 2 1 2 3 4 1 2 1 2

1 670 [ 490 | 320 | 480 | 230 | 180 | 240 | 260 | 250 | 270 [ 170 130
2 450 | 470 ) 430 ) 330 | 220 | 130 | 230 | 250 | 280 | 260 [ 180 190
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For simplicity, the other need parameters are considered as the first example.

Table 9. Performance results for the problem of the second product

Performance criteria Value (§) Percentage of total cost

Obj. Total objective function value §94238.6 100

0Ohbj. 1 Total transportation costs 210688.03 3034
Obj. 2 Total purchasing costs 450320.10 54.56
Obj. 3 Total refurbishing costs 3820.15 0.33

Obj. 4 Total collection cost 2200.06 0.32
Obj. 5 Total refund to customer cost 10400.00 1.48
Obj. 6 Total disposal cost 1900.25 0.27
0Obj. 7 | Total fixed costs 15000.00 2.13

4.3. Scenario analyses
It is well-known that all parameters of optimization problems are estimated or determined based on the previous
information. So, it is quite possible that these parameters change over time. Therefore, it is important to study and analyze
different scenarios for parameter changing. In this section the results of additional computational experiments based on
changing the amounts of parameters are presented to gain a better understanding of the potential of the model and to see
how changes in the parameters of the problem influence the solution value.

4.3.1. Effects of changing demands (Scenario 1)
Figure (5) and (6) present effects of changes in the customers’ demands on the amount of objective function in examples
1 and 2, respectively. In this analysis, the amount of customers’ demands is changed between -20% and +20%. As the
results reveal, the largest increase is seen in the costs of purchasing and transportation.

=@~ 0Obj] =d= Objl =—#= 0bj2 == O0bj3 —g— Obj4
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Demand changes

Figure 5. Effects of demand changes on each objective function for the hand-light example.
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Figure 6. Effects of demand changes on each objective function for the power-outlet example.

4.3.2. Sensitivity to changes in the purchasing/refurbishing cost ratio (Scenario 2)
Another important parameter in the considered problem is the rate of purchasing cost to refurbishing cost of products.
The results of the effect of this parameter on the total objective function and its elements are shown in Figures (7) and
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(8) for both examples. The results indicate that increasing the purchasing/refurbishing cost ratio causes rises in both the
purchasing and total cost. Besides. Other changes decrease the transportation and refurbishing cost.

== (Obj == Objl =#= 0Obj2 == 0Obj2 —a- Objd

Change in coxt

0.5 1 15 2 25 3 25 4 4.5
Purchasing/refurbishing cost ratio

Figure 7. Effects of different ratios on each objective function for the hand-light example.
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Figure 8. Effects of different ratios on each objective function for the power-outlet example.

4.3.3. Sensitivity to the capacities of collection and refurbishing centers (Scenario 3)
The objective function follows the capacities of collection and refurbishing centers. Thus, in order to analyze the effect
of this parameter on the objective function, we have changed the capacity between -20% and +20%. The results are
shown in Figures (9) and (10) for the example 1 and 2, respectively. According to the figures, increases in the capacities
of collection and refurbishing centers lead to rises in both the transportation and refurbishing costs and decreases in the

purchasing cost. The other costs elements are not affected.
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Figure 9. Effects of capacity changes on each objective function for the hand-light example.
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Figure 10. Effects of capacity changes on each objective function for the power-outlet example.

5. Summary and Conclusion

Due to environmental issues, product refurbishment and remanufacturing the used product is becoming more and more
important nowadays. Therefore, optimization of products refurbishing process in closed-loop supply chain needs to be
studied. Moreover pay attention to the cost of this process is another important problem. There are several situations in
real-world such as reused cost and capacity limits for stages that few academic research focus on these situations
carefully.

In this paper, a closed-loop supply-chain network in multi-period & multi-product condition and considering reused cost
was studied. The objective function contains all elements of costs. At first problem was described and a mixed integer
linear programming mathematical model was developed. Two realistic network instances as base cases was used to apply
the proposed mathematical model. These two problems were obtained based on data in two new references. Since this
problem is known as NP-Hard, so it was solved just in small sized-scale consists of four suppliers, two disassemblers,
two retailers and two periods. The results were analysed in some indexes. Also some sensitivity analysis were done for
the effective factors such as demand of customers, capacity of collection and refurbishing centers, and
Purchasing/refurbishing cost ratio. These result show that, the demand has a less effect on total cost. But
Purchasing/refurbishing cost ratio has a high effect on the objective function. More detail result shows that cost of
purchasing the subassembly parts has the most sensitivity against the changes and so managers should more attention to
this cost element. Finally, the capacity of collection and refurbishing centers has a high effect in primary changes and
this effect gradually reduced. Therefore determination the proper capacity for collection and refurbishing centers and
also creating balance between different stages can reduce overall cost.

To continue future work, we recommend investigating this problem with considering unexpected disturbances in
parameters of the supply chain. Considering aspects of energy consumption as a new objective can be another attractive
study field. Also, according to this problem is NP-Hard, some metaheuristic such as Particle Swarm Optimization (PSO),
Imperialist Competitive Algorithm (ICA) algorithms can be developed for large-sized problems.

References

Amini, A., Alinezhad, A., and Salmanian, S. (2016). Development of Data Envelopment Analysis for the Performance
Evaluation of Green supply chain with Undesirable Outputs. International journal of supply and operations management,
Vol. 3(2), pp. 1267-1283.

Amin, S. H., and Zhang, G. (2012). An integrated model for closed-loop supply chain configuration and supplier
selection: Multi-objective approach. Expert Systems with Applications, Vol. 39(8), pp. 6782-6791.

Bjorn, A. and Hauschild, M.Z. (2013). Absolute versus Relative Environmental Sustain-ability: What can the Cradle-to-
Cradle and Eco-efficiency Concepts Learn from Each Other?, Journal of Industrial Ecology, Vol. 17(2), pp. 321-332.

Cardenas-Barron, L. E., and Sana, S. S. (2014). A production-inventory model for a two-echelon supply chain when
demand is dependent on sales teams' initiatives. International Journal of Production Economics, Vol. 155, pp. 249-258.

Int J Supply Oper Manage (1JSOM), Vol.4, No.2 146


http://ijsom.com/browse.php?a_code=A-10-100-74&slc_lang=en&sid=1&sw=supply+chain
http://ijsom.com/browse.php?a_code=A-10-100-74&slc_lang=en&sid=1&sw=supply+chain
http://ijsom.com/browse.php?mag_id=10&slc_lang=en&sid=1

Modeling a Multi-period Multi-product Closed-loop Supply Chain ...

Chen, Y.T., Chan, F.T.S., Chung, S.H., Park, W.Y. (2017). Optimization of product refurbishment in closed-loop supply
chain using multi-period model integrated with fuzzy controller under uncertainties. Robotics and Computer—Integrated
Manufacturing, in press, available at: https://doi.org/10.1016/j.rcim.2017.05.005.

Das, K., Posinasetti, N. R., (2015). Addressing environmental concerns in closed loop supply chain design and planning.
International Journal of Production Economics, Vol. 163, pp. 34-47.

Demirel, N. O., and Gokgen, H. (2008). A mixed integer programming model for remanufacturing in reverse logistics
environment. The International Journal of Advanced Manufacturing Technology, Vol. 39(11-12), pp. 1197-1206.

Dutta, P., Das, D., Schultmann, F., and Frohling, M. (2016). Design and planning of a closed-loop supply chain with
three way recovery and buy-back offer. Journal of Cleaner Production, Vol. 135, pp. 604-619.

Elbounjimi, M., Abdulnour, G., Ait-kadi, D., (2014). Green Closed-loop Supply Chain Network Design: a literature
review. International journal of operations and logistics management, Vol. 3(4), pp. 275-286.

Elbounjimi, M., Abdulnour, G., Ait-kadi, D., (2015). A Mixed Integer Linear Programming Model for the Design of
Remanufacturing Closed—loop Supply Chain Network. International journal of supply and operations management, \VVol.
2(3), pp. 820-832.

Ellen, M. F. (2014). Towards the circular economy -Accelerating the scale-up across global supply chains. Available at:
http://www3.weforum.org/docs/WEF_ENV_TowardsCircularEconomy_Report_2014.pdf.

El Saadany, A. M., and Jaber, M. Y. (2010). A production/remanufacturing inventory model with price and quality
dependant return rate. Computers & Industrial Engineering, Vol. 58(3), pp. 352-362.

Fleischmann, M., Beullens, P., BLOEMHOF-RUWAARD, J. M., and Wassenhove, L. N. (2001). The impact of product
recovery on logistics network design. Production and operations management, Vol. 10(2), pp. 156-173.

Fleischmann, M., Bloemhof-Ruwaard, J. M., Dekker, R., Van der Laan, E., Van Nunen, J. A., and Van Wassenhove, L.
N. (1997). Quantitative models for reverse logistics: A review. European journal of operational research, Vol. 103(1),
pp. 1-17.

Gaura, J., Aminib, M., Rao, A.K., (2017). Closed-loop supply chain configuration for new and reconditioned products:
An integrated optimization model. Omega, Vol. 66(Part B), pp. 212-223.

Georgiadis, P., and Besiou, M. (2010). Environmental and economic sustainability of WEEE closed-loop supply chains
with recycling: a system dynamics analysis. The International Journal of Advanced Manufacturing Technology, Vol.
47(5-8), pp. 475-493.

Govindan, K., Soleimani, H. (2017). A review of reverse logistics and closed-loop supply chains: a Journal of Cleaner
Production focus. Journal of Cleaner Production, Vol. 142 (20), pp. 371-384.

Govindan, K., Soleimani, H. and Kannan. D. (2015). Reverse logistics and closed -loop supply chain: A comprehensive
review to explore the future. European Journal of Operational Research, VVol. 240(3), pp. 603-626.

Guide, V. D. R,, Jayaraman, V., and Linton, J. D. (2003). Building contingency planning for closed-loop supply chains
with product recovery. Journal of operations Management, Vol. 21(3), pp. 259-279.

Guide Jr, V. D. R., and Van Wassenhove, L. N. (2009). OR FORUM—the evolution of closed-loop supply chain
research. Operations research, Vol. 57(1), pp. 10-18.

Guo, J., and Ya, G. (2015). Optimal strategies for manufacturing/remanufacturing system with the consideration of
recycled products. Computers & Industrial Engineering, Vol. 89, pp. 226-234.

Jayaraman, V., Guide Jr, V. D. R., and Srivastava, R. (1999). A closed-loop logistics model for remanufacturing. Journal
of the operational research society, Vol. 50(5), pp. 497-508.

M. Jeihoonian, M. K. Zanjani, and M. Gendreau. (2017). Closed-loop supply chain network design under uncertain
quality status: case of durable products. International Journal of Production Economics, VVol. 183(Part B), pp. 470-486

147
Int J Supply Oper Manage (1JSOM), Vol.4, No.2


https://doi.org/10.1016/j.rcim.2017.05.005
http://www.sciencedirect.com/science/journal/09255273
http://www.sciencedirect.com/science/article/pii/S0305048316000141
http://www.sciencedirect.com/science/article/pii/S0305048316000141
http://www.sciencedirect.com/science/article/pii/S0305048316000141
http://www.sciencedirect.com/science/article/pii/S0305048316000141
http://www.sciencedirect.com/science/article/pii/S0305048316000141
http://www.sciencedirect.com/science/journal/09596526
http://www.sciencedirect.com/science/journal/09596526/142/part/P1
http://www.sciencedirect.com/science/journal/09255273
http://www.sciencedirect.com/science/journal/09255273/183/part/PB

Derakhshan, Hosseini and Hassani

Kannan, G., Sasikumar, P., and Devika, K. (2010). A genetic algorithm approach for solving a closed loop supply chain
model: A case of battery recycling. Applied Mathematical Modelling, Vol. 34(3), pp. 655-670.

Kaya, O., Urek, B., (2016). A mixed integer nonlinear programming model and heuristic solutions for location, inventory
and pricing decisions in a closed loop supply chain. Computers & Operations Research, VVol. 65, pp. 93-63.

Krikke, H., Bloemhof-Ruwaard, J., and Van Wassenhove, L. N. (2003). Concurrent product and closed-loop supply
chain design with an application to refrigerators. International journal of production research, Vol. 41(16), pp. 3689-
37109.

Lee, J. E., Gen, M., and Rhee, K. G. (2009). Network model and optimization of reverse logistics by hybrid genetic
algorithm. Computers & Industrial Engineering, Vol. 56(3), pp. 951-964.

Lund, R. T. (1996). The remanufacturing industry: hidden giant, United States: Boston University.

Maliki, F., Anwar Brahami, M., Dahane, M., and Sari, Z. (2016). A supply chain Design Problem Integrated Facility
Unavailabilities Management. International journal of supply and operations management, VVol. 3(2), pp.1253-1266.

Masoudipour, E., Amirian, H., and Sahraeian, R. (2017). A novel closed-loop supply chain based on the quality of
returned products. Journal of Cleaner Production, Vol. 151, pp. 344-355.

Meindl, P., and Chopra, S. (2001). Supply Chain Management: Strategy, Planning, And Operation, edition- 5, india:
Pearson Education India.

Min, H., Ko, C. S., and Ko, H. J. (2006). The spatial and temporal consolidation of returned products in a closed-loop
supply chain network. Computers & Industrial Engineering, Vol. 51(2), pp. 309-320.

Moshtagh, M. S., and Taleizadeh, A. A. (2017). Stochastic integrated manufacturing and remanufacturing model with
shortage, rework and quality based return rate in a closed loop supply chain. Journal of Cleaner Production, Vol. 141,
pp. 1548-1573.

Neto, J. Q. F., Bloemhof-Ruwaard, J. M., van Nunen, J. A., and van Heck, E. (2008). Designing and evaluating
sustainable logistics networks. International Journal of Production Economics, Vol. 111(2), pp. 195-208.

Ozceylan, E., Paksoy, T., and Bektas, T. (2014). Modeling and optimizing the integrated problem of closed-loop supply
chain network design and disassembly line balancing. Transportation research (part E): logistics and transportation
review, Vol. 61, pp. 142-164.

Pishvaee, M. S., Rabbani, M., and Torabi, S. A. (2011). A robust optimization approach to closed-loop supply chain
network design under uncertainty. Applied Mathematical Modelling, Vol. 35(2), pp. 637-649.

Qiang, Q., Ke, K., Anderson, T., and Dong, J. (2013). The closed-loop supply chain network with competition,
distribution channel investment, and uncertainties. Omega, Vol. 41(2), pp. 186-194.

Quariguasi Frota Neto, J., Walther, G., Bloemhof, J. A. E. E., Van Nunen, J. A. E. E., and Spengler, T. (2010). From
closed-loop to sustainable supply chains: the WEEE case. International Journal of Production Research, Vol. 48(15),
pp. 4463-4481.

Richter, K. (1996a). The EOQ repair and waste disposal model with variable setup numbers. European Journal of
Operational Research, Vol. 95(2), pp. 313-324.

Rogers, D. S., and Tibben-Lembke, R. S. (1998). Going backwards: reverse logistics trends and practices. University
of Nevada, Reno: Center for Logistics Management.

Schrady, D. A. (1967). A deterministic inventory model for reparable items. Naval Research Logistics Quarterly, Vol.
14(3), pp. 391-398.

Sheu, J. B., Chou, Y. H.,, and Hu, C. C. (2005). An integrated logistics operational model for green-supply chain
management. Transportation Research (Part E): Logistics and Transportation Review, Vol. 41(4), pp. 287-313.

Int J Supply Oper Manage (1JSOM), Vol.4, No.2 148


http://www.sciencedirect.com/science/article/pii/S0305054815001720
http://www.sciencedirect.com/science/journal/03050548
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Maliki
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Brahami
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Dahane
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Sari
http://ijsom.com/article-1-70-en.pdf
http://ijsom.com/article-1-70-en.pdf
http://ijsom.com/browse.php?mag_id=10&slc_lang=en&sid=1

Modeling a Multi-period Multi-product Closed-loop Supply Chain ...

Stindt, D. and Sahamie, R. (2014). Review of research on closed loop supply chain management in the process industry.
Flexible Services and Manufacturing Journal, Vol. 26(1-2), pp. 268-293.

Tahirov, N., Hasanov, P., Jaber, M. Y., (2016). Optimization of closed-loop supply chain of multi-items with returned
subassemblies. International Journal of Production Economics, Vol. 174, pp. 1-10.

Tang, Y., Zhou, M., Zussman, E., and Caudill, R. (2002). Disassembly modeling, planning, and application. Journal of
Manufacturing Systems, Vol. 21(3), pp. 200-217.

Teunter, R. (2004). Lot-sizing for inventory systems with product recovery. Computers & Industrial Engineering, Vol.
46(3), pp. 431-441.

Torkaman, S., Fatemi Ghomi, S.M.T, and Karimi, B. (2017). Multi-stage multi-product multi-period production planning
with sequence-dependent setups in closed-loop supply chain. Computers & Industrial Engineering, Vol. 113, pp. 602-
613.

Wang, H. F., and Hsu, H. W. (2010). A closed-loop logistic model with a spanning-tree based genetic algorithm,
Computers & operations research, Vol. 37(2), pp. 376-389.

Yang, G.-F., Wang, Z.-P., and Li, X.-Q. (2009). The optimization of the closed-loop supply chain network.
Transportation Research (Part E), Vol. 45 (1), pp. 16-28.

Zavvar Sabegh, M.H., OzturkOglu, Y., and Kim, T. (2016). Green supply chain Management Practices’ Effect on the
Performance of Turkish Business Relationships. International journal of supply and operations management, Vol. 2(4),
pp. 982-1002.

|
149
Int J Supply Oper Manage (1JSOM), Vol.4, No.2


http://www.sciencedirect.com/science/article/pii/S0925527316000050
http://www.sciencedirect.com/science/article/pii/S0925527316000050
http://www.sciencedirect.com/science/article/pii/S0925527316000050
http://www.sciencedirect.com/science/journal/09255273
http://www.sciencedirect.com/science/article/pii/S0360835217304576#!
http://www.sciencedirect.com/science/article/pii/S0360835217304576#!
http://www.sciencedirect.com/science/article/pii/S0360835217304576#!
http://www.sciencedirect.com/science/journal/03608352
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Zavvar+Sabegh
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=OzturkOglu
http://ijsom.com/search.php?sid=1&slc_lang=en&auth=Kim
http://ijsom.com/article-1-51-en.pdf
http://ijsom.com/article-1-51-en.pdf
http://ijsom.com/browse.php?mag_id=8&slc_lang=en&sid=1



