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By the green point of view, supply chain management (SCM), which contains supplier and loca-
tion selection, production, distribution, and inventory decisions, is an important subject being examined 
in recent years by both practitioners and academicians. In this paper, the closed-loop supply chain 
(CLSC) network that can be mutually agreed by meeting at the level of common satisfaction of con-
flicting objectives is designed. We construct a multi-objective mixed-integer linear programming 
(MOMILP) model that allows decision-makers to more effectively manage firms’ closed-loop green 
supply chain (SC). An ecological perspective is brought by carrying out the recycling, remanufacturing 
and destruction to SCM in our proposed model. Maximize the rating of the regions in which they are 
located, minimize total cost and carbon footprint are considered as the objectives of the model. By 
constructing our model, the focus of customer satisfaction is met, as well as the production, location of 
facilities and order allocation are decided, and we also carry out the inventory control of warehouses. 
In our multi-product multi-component multi-time-period model, the solution is obtained with a fuzzy 
approach by using the min operator of Zimmermann. To illustrate the model, we provide a practical 
case study, and an optimal result containing a preferable level of satisfaction to the decision-maker is 
obtained. 
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1. Introduction 

The concept of the supply chain (SC) is the set of relationships and links that ensure 
the movement of products between suppliers, manufacturers, distributors, retailers, and 
ultimately consumers. Businesses have changed their perspective in the supply chain 
management (SCM) with rapidly growing environmental awareness and legislation. 
With the change of viewpoints of companies, the green image has not only helped to 
maintain ecological balance but also increased profitability by providing a competitive 
advantage. Ilgin and Gupta mentioned the evolution of environmentally conscious man-
ufacturing and product recovery that has occurred in the last decade and considered the 
new areas that have come into focus during this time [1]. Recycling, which is one of the 
activities of greening the SC, is a crucial process to prevent wasting of our resources 
that are getting more and more consumption day by day. Recycling, remanufacturing of 
used products and bringing them back to the market provide the environmental benefits 
and they also reduce production cost. The closed-loop supply chain (CLSC) can be 
thought of as an integrated form of traditional forward and environmentally sensitive 
reverse logistics activities. A general forward SC network consists of suppliers, manu-
facturers, distributors, and customers [2]. In reverse SC network, used products from 
customers are accumulated in collection centres and shipped them to refurbishing, dis-
assembly, and decomposition centres. 

Inventory decision is one of the critical decision classes because it is directly related 
to customer satisfaction. Furthermore, it enables to minimize the damage which may be 
occurred as a result of unexpected and unforeseen changes in customer demand and 
uncertainty in supply by determining the levels of raw materials and products be stocked 
in which facilities. 

Fuzzy logic can be used in SC modelling or solving to deal with many real-life 
uncertainties such as demand uncertainty. The fuzzy set theory enables the decision- 
-maker not only to consider all available options under given constraints (optimization) 
but also to develop new alternatives at the same time. Moreover, another vital issue that 
cannot be overlooked for firms in SCM is the ability to make multi-objective decisions. 
It is increasingly difficult to manage the SC for a single objective since the world is esti-
mated hardly as a sole criterion and interpreted as if it were bound to an only measure. 

In this paper, a multi-echelon multi-objective closed-loop supply chain (MOCLSC) 
model is proposed to periodically make decisions of supplier selection, production, fa-
cilities (e.g., warehouse, distribution and recycling centres) set-up, the transportation 
quantities, and the level of product(s) stock in a warehouse. The presented network is 
modelled as a mixed-integer linear programming (MILP) problem by paying regard to 
the economic and environmental factors. Our three model objectives are minimization 
of both the total cost and CO2 emission, which is a greenhouse gas, and maximizing the 
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percentage of importance previously attributed to the facilities. We have solved the lin-
ear programming (LP) problem by using the minimum operator of Zimmermann with 
a fuzzy approach to maximize the mutual satisfaction of these all objectives. The pro-
posed model is dealt with using GAMS 23.5. 

The rest of the paper is arranged as follows: Related works done by the previous 
researchers are briefly reviewed in the next section. The proposed CLSC framework 
and the mathematical model are mentioned in Section 3. Section 4 describes the solution 
methodology and there is a case study to test the model in Section 5. Finally, Section 6 
represents general conclusions. 

2. Literature review 

Under the influence of the Industrial Revolution, Bowersox introduced to the bases 
of the SC, so-called physical distribution phase, in the period from the First and Second 
World Wars to the 1960s [3]. Since the day it comes, there are many studies on SC which 
has attracted considerable attention from companies and researchers. Tsiakis et al. [4] con-
sidered the design of multi-product multi-echelon SC networks which is modelled math-
ematically as a MILP optimization problem. Melo et al. [5] gave a literature review of 
facility location models in the context of SCM. Mousavi et al. [6] considered the design 
of a two-echelon distribution SC network for the seasonal products with multiple ven-
dors (manufacturers), buyers (retailers) and a set of warehouses for each vendor. 

With globalization and increasing environmental sensitivity, scientists turn towards 
green CLSC issues. Hu et al. [7] presented a cost-minimization discrete-time linear an-
alytical model for a multi-time-step, multi-type hazardous-waste reverse logistics sys-
tem. Savaskan et al. [8] handled the problem of choosing the appropriate reverse channel 
structure for the collection of used products from customers. Kim et al. [9] proposed 
a general framework for remanufacturing and studied on a mathematical model to max-
imize the total cost savings by optimally deciding the number of parts to be processed 
at each remanufacturing facility, the number of purchased parts from the subcontractor. 
Abdallah et al. [10] introduced the uncapacitated closed-loop location inventory model, 
which captures the interdependency between location inventory decisions in the forward 
and reverse SCs. Ozceylan and Paksoy [11] proposed a new mixed-integer mathemati-
cal model for a CLSC network that includes both forward and reverse flows with multi-
periods and multi-parts with minimizing the objective function. Hasanov et al. [12] ad-
dressed the coordination of order quantities in a four-level closed-loop supply chain 
(CLSC) with remanufacturing. 

In the modelling and solving of CLSC problems, it has been concentrated on studies 
involving fuzzy mathematics due to insufficient crisp approaches and uncertainties con-
cerning the nature of life. Chen and Lee [13] proposed a multi-product, multi-stage, and 
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multi-period scheduling model to deal with multiple incommensurable goals for a multi-
echelon SC network with uncertain market demands and product price. Peidro et al. [14] 
proposed a fuzzy mathematical programming model for SC planning which considers 
supply, demand, and process uncertainties. The model is formulated as a fuzzy MILP 
model where data is ill-known and identified by triangular fuzzy numbers. Ozkok and 
Tiryaki [15] proposed a compensatory fuzzy approach to solve multi-objective linear 
supplier selection problem with multiple-item by using Werners’ “fuzzy and” (μand) op-
erator. Shi et al. [16] studied the production planning problem for a multi-product 
closed-loop system and aimed to maximize the manufacturer’s expected profit by jointly 
determining the production quantities of brand-new products, the amounts of remanu-
factured products, and the acquisition prices of the used products. Amin and Zhang [17] 
developed an integrated model that has a framework for supplier selection criteria in reverse 
logistics with a fuzzy method on qualitative criteria and they proposed a MOMILP model 
to take strategic and tactical decisions. Pishvaee and Razmi [2] proposed a multi-objec-
tive fuzzy mathematical programming model for designing an environmental SC under 
the inherent uncertainty of input data in such a problem. Ramezani et al. [18] addressed 
the application of fuzzy sets to design a multi-product, multi-period CLSC network. 
Jindal and Sangwan [19] proposed a multi-product, multi-facility capacitated CLSC 
framework in an uncertain environment including reuse, refurbish, recycle, and disposal 
of parts. Jindal et al. [20] proposed the network design and optimization of a multi-
product, multi-time, multi-echelon capacitated CLSC in an uncertain environment. So-
leimani et al. [21] carried out by accounting for environmental considerations, total 
profit optimization, and reduction of lost working days due to occupational accidents, 
as well as maximizing responsiveness to customer demand. Chen et al. [22] established 
a model which structured and optimized the process of product refurbishment, consid-
ering inventories, and uncertainties. Wu et al. [23] designed a fuzzy mixed-integer linear 
programming model for a closed-loop supply chain network design under uncertainty 
and constructed a two-stage interactive possibilistic programming procedure. 

As can be understood from the literature review, many factors which are effective 
in SC designs can be extended to more real-life problems by expanding networks. 
Therefore, we aimed to gain the literature by building a model for MOCLSC manage-
ment, where optimal distribution can be achieved. In the model, it is decided procure-
ment raw materials, manufacture in the plants, and usage of facilities (warehouses, dis-
tribution centres, recycling centres) periodically. Besides, stock control in the ware-
house(s) is a crucial decision for our model to be released in case of uncertainties such 
as raw material inefficiency. In other words, it is performed optimal location and allo-
cation to different plants, warehouses, distribution centres, recycling centres, and exter-
nal suppliers in the model. Considering the increasing environmental sensitivity in re-
cent years, it is aimed to reduce CO2 emission during operations such as production, 
handling, transportation, recycling, destruction. The model also takes into consideration 
to give priority to the use of the facilities, which will benefit the companies. 
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3. Multi-objective closed-loop supply chain framework  
and the mathematical model 

3.1. The proposed CLSC framework 

As illustrated in Fig. 1, the CLSC framework is presented for handling the multi- 
-echelon network in which forward flow, reverse flow, and their mutual interactions are 
considered simultaneously. The network is structured multi-time model with consider-
ing the inventory level of products and the related inventory costs. 

 
Fig. 1. The proposed CLSC framework 

Forward SC is consisting of suppliers, plants, warehouses which is holding inven-
tory levels of products, distribution centres, and customer zones. The reverse SC starts 
with the collection of returned products from the customer zones to recycling centres. 
The network will be managed as efficiently as possible by managing the inventory of 
products, which is a critical decision in the time-period that has products with high pro-
duction and logistical costs. Since a product consists of various components/parts, the 
returned products are disassembled at recycling centres for remanufacturing and dis-
posal of the components/parts processes. The mathematical model created in the article 
is based on the assumptions as follows: 

• All objectives and constraints are linear. 
• The locations of the suppliers, the customer zones, and the disposal centres are 

fixed and known in advance. 
• A product consists of various components/parts. 
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• The distances between the facilities are determined and fixed throughout the plan-
ning periods. 

• The unit transportation costs calculated based on distances and the amount of unit 
CO2 emission due to these transports are determined. 

• Quantity discounts are not taken into consideration. 
• Inventory is stored at the warehouses. Inventory level is managed throughout the 

network, and storage conditions of the warehouses are available for product types. 
• Each plant, warehouse, distribution centre, and recycling centre has rating values 

that indicate a predetermined level of preference. 
• The decision is taken periodically, and each period has a link to the previous period. 
• The recycled components/parts have the same quality as the brand-new parts and 

can be used manufacturing process at the plants. 

3.2. Model development 

The proposed multi-objective multi-period multi-product mixed-integer linear pro-
gramming (MILP) model is expressed in this section. The set of indices, decision vari-
ables, parameters, constraints, and objectives of the MILP model to be used in the case 
study are as follows: 

Subscripts 

I – set of components/parts, i = 1, 2, …, I 
j – set of products,  j = 1, 2, …, J 
s – set of suppliers, s = 1, 2, …, S 
p – set of plants, p = 1, 2, …, P 
w – set of warehouses, w = 1, 2, …, W 
d – set of distribution centres, d = 1, 2, …, D 
c – set of customer zones, c = 1, 2, …, C 
r – set of recycling centres, r = 1, 2, …, R 
k – set of disposal centres, k = 1, 2, …, K 
t – set of times, t = 1, 2, …, T 

Decision variables 

Yjptjpt – binary variable for the usage of plant p for product  j in time t 
Yjwtjwt – binary variable for the usage of warehouse w for product  j in time t 
Yjdtjdt – binary variable for the usage of distribution centre d for product  j in time t 
Yjrtjrt – binary variable for the usage of recycling centre r for product  j in time t 
Xispisptt – binary variable for part i transported from supplier s to plant p in time t 
Xjpwtjpwt – binary variable for product  j transported from plant p to warehouse w in time t 
Xjwdtjwdt – binary variable for product  j transported from warehouse w to distribution centre d in time t 
Xjdctjdct – binary variable for product  j transported from distribution centre d to customer zone c in time t 
Xjcrtjcrt – binary variable for product  j transported from customer zone c to recycling centre r in time t 
Xirptirpt – binary variable for part i transported from recycling centre r to plant p in time t 
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Xirktirkt – binary variable for part i transported from recycling centre r to disposal centre k in time t 
LSjwtjwt – inventory level of product  j in warehouse w in time t 
Qjptjpt – units of product  j to be produced in plant p in time t 
Qisptispt – units of part i to be purchased from supplier s to plant p in time t 
Qjpwtjpwt – units of product  j to be transported from plant p to warehouse w in time t 
Qjwdtjwdt – units of product  j to be obtained in distribution centre d from warehouse w in time t 
Qjdctjdct – units of product  j to be transported from distribution centre d to customer zone c in time t 
Qjcrtjcrt – units of product  j to be recycled in recycling centre r from customer zone c in time t 
Qirptirpt – units of part i to be transported from recycling centre r to plant p in time t 
Qirktirkt – units of part i to be destroyed in disposal centre k from recycling centre r in time t 

Parameters 

jctDjct  – demand of customer zone c for product  j in time t 

ijcij  – units of part i in product  j 

jpSCjp  – usage cost for plant p of product  j 

jwSCjw  – usage cost for warehouse w of product  j 

jdSCjd  – usage cost for distribution centre d of product  j 

jrSCjr  – usage cost for recycling centre r of product  j 

ispPCisp  – unit purchasing cost for part i from supplier s to plant p 

jptPCjpt  – unit cost of production for product  j in plant p in time t 

jwtStCjwt  – unit cost of inventory holding for product  j in warehouse w in time t 

jrRCjr  – unit cost of recycling for product  j in recycling centre r 

ikDCik  – unit cost of disposal for part i in disposal centre k 

ispTCisp  – unit transportation cost for part i transported from supplier s to plant p 

jpwTCjpw  – unit transportation cost for product  j transported from plant p to warehouse w 

jwdTCjwd  – unit transportation cost for product  j transported from warehouse w to distribution centre d 

jdcTCjdc  – unit transportation cost for product  j transported from distribution centre d to customer zone c 

jcrTCjcr  – unit transportation cost for product  j transported from customer zone c to recycling centre r 

irpTCirp  – unit transportation cost for part i transported from recycling centre r to plant p 

irkTCirk  – unit transportation cost for part i transported from recycling centre r to disposal centre k 

jptCapjpt  – production capacity of product  j at plant p in time t 

jwtCapjwt  – capacity of warehouse w for product  j in time t 

jdtCapjdt  – capacity of distribution centre d for product  j in time t 

jrtCapjrt  – capacity of recycling centre r for product  j in time t 

iktCapikt  – capacity of disposal centre k for part i in time t 
LBi  – lower bound of part quantity per transportation 
LBj  – lower bound of product quantity per transportation 

isMXis  – maximum purchase order from supplier s in time t 
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jpCQjp  – unit CO2 emission of production for product  j at plant p 

jwCQjw  – unit CO2 emission for product  j at warehouse w 

jdCQjd  – unit CO2 emission for product  j at distribution centre d 

irCQir  – unit CO2 emission for part i at recycling centre r 

ikCQik  – unit CO2 emission for part i at disposal centre k 

ispTCQisp  – unit CO2 emission of transportation from supplier s to plant p for part i 

jpwTCQjpw  – unit CO2 emission of transportation from plant p to warehouse w for product  j 

jwdTCQjwd  – unit CO2 emission of transportation from warehouse w to distribution centre d for product  j 

jdcTCQjdc  – unit CO2 emission of transportation from distribution centre d to customer zone c for product  j 

jcrTCQjcr  – unit CO2 emission of transportation from customer zone c to recycling centre r for product  j 

irpTCQirp  – unit CO2 emission of transportation from recycling centre r to plant p for part i 

irkTCQirk  – unit CO2 emission of transportation from recycling centre r to disposal centre k for part i 
(%)pratingP  – rating of importance of the site in which plant p is located 
(%)wratingW  – rating of importance of the site in which warehouse w is located 
(%)dratingD  – rating of importance of the site in which distribution centre d is located 
(%)rratingR  – rating of importance of the site in which recycling centre r is located 

jη  – maximum percentage of product  j returned from customer zones to recycling centres 

iλ  – maximum percentage of part i recycled in recycling centres 

Objective functions 

The objectives are modelled as three functions: (i) minimization of total cost, (ii) 
maximization of rating of importance, and (iii) minimization of total CO2 emission. 

To minimize the total cost, the following costs are considered: purchasing compo-
nents from suppliers, manufacturing, holding inventory, recycling, disposal, transporta-
tion, and usage of facilities. 

 

1min isp ispt jpw jpwt

jwd jwdt jdc jdct

j t

I S P T J P W T

i s p t j p w t
J W D T J D C T

j w d t j d c t
J C R T I R P T

j c r t i r

i

p
cr jcrt irp irp

rk

t

TCisp Qispt TCjpw Qjpwt

TCjwd Qjwdt TCjdc Qjdct

TCjcr Qjcrt TCirp Qirpt

TCirk Qirkt

Z = +

+ +

+ +

+

   

   

   
I R K T J P T

i r k t j p t
J R C T I K R T

j

irkt jpt jpt

jr r
r c t i

jc t ik ir
r t

kt
k

PCjpt Qjpt

RCjr Qjcrt DCik Qirkt

+

+ +

  

   

  



Multi-echelon closed-loop supply chain with multi-product multi-time period 

 

33

 

 

.

jp jpt jw jwt

jd jdt jr
d

J P T J W T

j p t j w t
J D T J R T

j t j r t
J W T I S P

j

T

j w t i

jrt

wt jwt isp ispt
s p t

SCjp Yjpt SCjw Yjwt

SCjd Yjdt SCjr Yjrt

LSjwt StCjwt PCisp Qispt

+ +

+ +

+ +

   

   

  

 

(1)

 

The aim of the maximization of the rating of importance is to decide on the way to 
maximize the important values that indicate the preference level of the candidate facil-
ities. 
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(2)
 

The aim of the minimization of the total CO2 emission is to reduce the carbon foot-
print to the minimum, taking into account the emissions during processing at facilities 
and transportation. 
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Subject to constraints 

Constraint (4) ensures that the demand for each product is satisfied with the sum of 
newly produced products. 

       ,  ,  
D

jc j
d

t dct j c tDjct Qjdct= ∀ ∀ ∀  (4) 

Constraint (5) provides a balance of parts to be constituted products. Constraint (6) 
ensures that the amount of production in a plant is equal to the amount that goes to 
warehouses; thus, it hinders the inventory of products in the plant. (7) and (8) are bal-
ance constraints for distribution centres and recycling centres, while (9) and (10) are 
constraints for the recycling process and (11) for the destruction process. 

 , ,  ,  
S R J

ii
s

ispt rpt j j t
r j

p tQispt Qirpt cij Qjpt i p+ = ∀ ∀ ∀    (5) 

 , ,  ,  jpt jpw

W

w
t j p tQjpt Qjpwt= ∀ ∀ ∀  (6) 

 , ,  ,  d

W

jwdt j c

C

w c
t j d tQjwdt Qjdct= ∀ ∀ ∀   (7) 

 , ,  ,  jcrt ij irpt irkt

J C P K

j c p k
tQjcrt cij Qirpt rQi t irk  = + ∀ ∀ ∀ 

 
     (8) 

 , ,  ,  
R D

j j
r

jcrt
d

dct tQ t jjcrt Qj c cdη= ∀ ∀ ∀   (9) 

 , ,  ,  irpt jcrt ij

P J C

i
p j c

Q tirpt Qjcrt cij i rλ  = ∀ ∀ ∀ 
 

    (10) 

 (1 ) , ,  ,  irkt jcrt

K J C

i
k j c

ij i r tQirkt Qjcrt cijλ=  
 


− ∀ ∀ ∀


    (11) 

Constraint (12) controls the inventory level of the product in the potential ware-
house by providing to use of products, which stocked periodically, in the next period. 

 , 1 = + , ,  ,  
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While (13) is a production capacity constraint for plants, (14)–(18) are the capacity 
constraints for products entering and leaving warehouses, distribution centres, and re-
cycling centres, respectively. Constraint (19) provides the upper limit for purchases 
from suppliers, and constraint (20) is the destruction limit for the potential disposal cen-
tres. If there is a connection between the supplier and the plant, Constraint (21) guaran-
tees that the transport quantity is not exceeded by the maximum amount that can be 
purchased from the supplier. Constraints (22)–(27) provide that no transportation occurs 
if there is no connection between the facilities and the customer zones. 

 , ,  ,  j
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 , ,  ,  ,  jwdt jwt jwdt tQjwdt Capjwt Xjwd j wt d≤ ∀ ∀ ∀ ∀  (23) 

 , ,  ,  ,  jdct jdt jdct tQjdct Capjdt Xjdc j dt c≤ ∀ ∀ ∀ ∀  (24) 

 , ,  ,  ,  jcrt jrt jcrt tQjcrt Capjrt Xjcr j ct r≤ ∀ ∀ ∀ ∀  (25) 

 , ,  ,  ,  ,  irpt jrt irpt tQ t i jirpt Capjrt Xirp r p≤ ∀ ∀ ∀ ∀ ∀  (26) 

 . , ,  ,  ,  irkt jkt irkt tQirkt Capjkt Xirk i rt k≤ ∀ ∀ ∀ ∀  (27) 

Constraints (28)–(34) guarantee that the quantities to be transported do not fall be-
low an accurate value of possible transportation. Constraints (35)–(38) allow at least 
one of the factories, warehouses, distribution centres, and recycling centres to be used, 
respectively. According to constraints (39)–(47), if the potential plant, warehouse, dis-
tribution centre, or recycling centre are not used, no connection is established with the 
facility in the same time. Constraints (48)–(56) allow at least one link to be found in 
addition to that when any plant, warehouse, distribution centre, or recycling centre re-
ceives a decision to use it. 

 , ,  ,  ,  ispt ispt i s p tQispt LBiXispt≥ ∀ ∀ ∀ ∀  (28) 

 , ,  ,  ,  jpwt jpwt j p w tQjpwt LBjXjpwt≥ ∀ ∀ ∀ ∀  (29) 

 ,      ,  ,  ,  jwdt jwdt j w d tQjwdt LBjXjwdt≥ ∀ ∀ ∀ ∀  (30) 

 , ,  ,  ,  jdct jdct j d c tQjdct LBjXjdct≥ ∀ ∀ ∀ ∀  (31) 

 , ,  ,  ,  jcrt jcrt j c r tQjcrt LBjXjcrt≥ ∀ ∀ ∀ ∀  (32) 

 , ,  ,  ,  irpt irpt i r p tQirpt LBiXirpt≥ ∀ ∀ ∀ ∀  (33) 

 , ,  ,  ,  irkt irkt i r k tQirkt LBiXirkt≥ ∀ ∀ ∀ ∀  (34) 

 1, ,  jpt

P

p
Y tjpt j≥ ∀ ∀  (35) 
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 1, ,  jwt

W

w
Y tjwt j≥ ∀ ∀   (36) 

 1, ,  jdt

D

d
Y tjdt j≥ ∀ ∀  (37) 

 1, ,  jrt

R

r
Y tjrt j≥ ∀ ∀  (38) 

 , ,  ,  ,  
J

j
ispt jpt i s p tXispt Yjpt≤ ∀ ∀ ∀ ∀  (39) 

 , ,  ,  ,  jpwt jpt j p w tXjpwt Yjpt≤ ∀ ∀ ∀ ∀  (40) 

 , ,  ,  ,  jpwt jwt j p w tXjpwt Yjwt≤ ∀ ∀ ∀ ∀  (41) 

 , ,  ,  ,  jwdt jwt j w d tXjwdt Yjwt≤ ∀ ∀ ∀ ∀  (42) 

 , ,  ,  ,  jwdt jdt j w d tXjwdt Yjdt≤ ∀ ∀ ∀ ∀   (43) 

 , ,  ,  ,  jdct jdt j d c tXjdct Yjdt≤ ∀ ∀ ∀ ∀  (44) 

 , ,  ,  ,  jcrt jrt j c r tXjcrt Yjrt≤ ∀ ∀ ∀ ∀  (45) 

 , ,  ,  ,  
J

j
irpt jrt i r p tXirpt Yjrt≤ ∀ ∀ ∀ ∀  (46) 

 , ,  ,  ,  
J

j
irpt jpt i r p tXirpt Yjpt≤ ∀ ∀ ∀ ∀  (47) 

 , ,  ,  
I

ispt j
i

S

s
pt tXispt Yjp j pt≥ ∀ ∀ ∀  (48) 

 , ,  ,  jpwt j

W

w
pt tXjpwt Yjp jt p≥ ∀ ∀ ∀  (49) 
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 , ,  ,  jpwt j

P

p
wt tXjpwt Yjw jt w≥ ∀ ∀ ∀  (50) 

 , ,  ,  jwdt j

D

d
wt tXjwdt Yjw jt w≥ ∀ ∀ ∀  (51) 

 , ,  ,  jwdt j

W

w
dt tXjwdt Yjd jt d≥ ∀ ∀ ∀  (52) 

 , ,  ,  jdct j

C

c
dt tXjdct Yjd jt d≥ ∀ ∀ ∀  (53) 

 , ,  ,  jcrt j

C

c
rt tXjcrt Yjr jt r≥ ∀ ∀ ∀  (54) 

 , ,  ,  
I

irpt j
i

P

p
pt tXirpt Yjr j rt≥ ∀ ∀ ∀  (55) 

 , ,  ,  
I

irpt j
i

R

r
pt tXirpt Yjp j pt≥ ∀ ∀ ∀  (56) 

The following constraints are related to binary and general integer values of the 
decision variables. All the decision variables are positive numbers. 

 [ ],  ,  ,  0,1jpt jwt jdt jrtYjpt Yjwt Yjdt Yjrt ∈  (57) 

 [ ],  ,  ,  ,  ,  ,  0,1ispt jpwt jwdt jdct jcrt irpt irktXispt Xjpwt Xjwdt Xjdct Xjcrt Xirpt Xirkt ∈  (58) 

 
,  , , , 

, , , , 0
jwt jpt ispt jpwt

jwdt jdct jcrt irpt irkt

LSjwt Qjpt Qispt Qjpwt

Qjwdt Qjdct Qjcrt Qirpt Qirkt ≥
 

(59)
 

4. Fuzzy approach to the solution 

The decision processes with different relative values are based on a single purpose 
such as profit maximization, cost minimization, minimization of the working time. 
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Gaining meaningful information by considering the degree of satisfaction of the objec-
tive for different decision options is the first of two main issues that are prioritized in 
multi-objective decision making. The other is to rank or weight the relative importance 
value for each. From this point of view, the initial process for the proposed solution 
approach of the multi-objective linear programming (MOLP) problem given by mathe-
matically crisp data is to establish the membership functions of the objectives. 

To determine the membership functions, the upper ( kz+ ) and lower ( kz− ) bounds corre-
sponding to respectively the best and worst satisfaction levels of the objective functions ,kz  

1, 2, ..., ,k K=  should be determined. Therefore, each objective is minimized and maxim-
ized under the original constraints of the problem. Let S be the feasible solutions region of 
the problem with the original constraints. Limit values are min ( ),k kx S

z z x−

∈
=  

max ( ).k kx S
z z x+

∈
=  Membership functions should be defined after the boundary values 

are obtained. We use a linear membership function for the sake of simplicity. The linear 
membership function ( )( )k kz xμ  corresponding to the kth objective function for maxi-
mization can be characterized as follows: 

 ( )( )

( )
( ) ( )

( )

0,

,

1,

k k

k k

k k
k k k

k k

k k

z x

z x z
z x z

z z x z
z z
z x z

μ

−

−
− +

+ −

+




−





<

= ≤ ≤
−

>

 (60) 

where ,k kz z− +≠  1, 2, ..., ;k n=  in the event that k kz z− += , ( )( ) 1.k kz xμ =  With similar 

logic, the linear membership function ( )( )k kz xμ  corresponding to the kth objective 
function for minimization can be adapted as follows: 

 ( )( )

( )
( ) ( )

( )

,

1,

0,

k k

k k

k k
k k k

k k

k k

z x

z x z
z z x

z z x z
z z

z x z

μ

−

+
− +

+ −

+




−





<

= ≤ ≤
−

>

 (61) 

where ,k kz z− +≠  1, 2, ..., ;k n n K= + +  in the event that k kz z− += , ( )( ) 1k kz xμ =  [14]. 
Using the minimum operator of Zimmermann [24], the updated form of the MOLPP 

is as follows: 
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( )( )max min

s.t.
kkx k z x

x S

μ

∈
 (62) 

Using an auxiliary λ variable (namely ( )( ) ( )( )min k kk k kz x z xμ λ μ λ=  ≥ ) , the 

system (62) can be written as 

 ( )( )

[ ]

max
s.t.

,  1, 2, ...,

0,1

k kz x k K

x S

λ

μ λ

λ

≥ =

∈
∈

 (63) 

Thus, the MOLP problem is converted into the traditional LP problem. The result 
of (63) is the minimum operator model corresponding to the MOLPP. The optimal value 
( *λ ) corresponds to the value at which the lowest satisfaction level of all objectives is 
maximized. In other words, it can be interpreted as the most basic satisfaction level of 
the goals in the given original problem. 

5. A case study 

In this section, the proposed MOMILP model is illustrated in a case study. We study 
a supply chain network of a company which produces and markets dairy products and 
plan to implement SCM most efficiently by focusing on customer satisfaction. The net-
work will be managed as effectively as possible by implementing inventory manage-
ment, which is critical for products with high production and logistical costs in the time-
period. In the network, plants buy raw material from external suppliers in the form of 
component/part, assemble recycled parts from recycling centres, and produce finished 
products under capacity constraints. In this case study, recyclable materials are only 
packing parts. Moreover, product stock is kept in warehouses to use in the next period 
when necessary. Customer demand is met from either newly manufactured items, re-
manufacturing used items collected from customers for recovery, the products that are 
kept in stock in the warehouse, or from all. Recyclers provide to obtain the returned 
product from customers, recycle these products to parts, and distribute recycled parts 
for production. Non-recyclable parts are disposed of with green precautions in the dis-
posal centre. 
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The MOCLSC network consists of three external suppliers (s), two candidate plants (p), 
five candidate warehouses (w), six candidate distribution centres (d), ten customer zones 
(c), two candidate recycling centres (r), one disposal centre (k). Also, it is supposed that 
there are four types of products (j) and five types of components (i) with different utili-
zation factor. Moreover, decisions are taken in three time-periods (t). Possible plants, 
candidate warehouse locations, candidate distribution centre locations, customer zones, 
candidate recycling centre locations, and disposal centre location in the company’s SC 
network, shown on the representative map (Fig. 2), will provide a better understanding 
of the results of the proposed model. 

 
Fig. 2. Company’s candidate locations for SC network  
(including all candidate plant and facilities locations) 

Numerical values of some parameters are LBi = 200, LBj = 110, ηj = 0.5 ,j∀ λ1 = λ2 = 0, 
λ3 = 0.7, λ4 = 0.6, λ5 = 0.8, Capiktikt = 100 000 000 , , .i k t∀  We have omitted our enor-
mous data owing to the space limitation of our paper. The results are obtained with the 
help of the GAMS 23.5 program in 0.047 s. The linear membership functions of objec-
tives are determined as follows to implement the fuzzy approach. These values are given 
in Table 1. 

Table 1. Individual maximum and minimum values of objectives 

Objective Maximum Minimum 
1 4.5767×108 3.2871×107 
2 4.9699×108 4.9409×107 
3 6.8862×108 5.4077×107 
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By using (60), (61), and the limit values in Table 1, membership functions of ob-
jectives are constituted in the interval ,k kZ Z− +   ( 1, 2, 3).k =  Accordingly, the min op-

erator model obtained is as follows: 

 

1

2

3

max

s.t.

457 670 000
457 670 000 32 871000

49 409 000
496 990 000 49 409 000

688 620 000
688 620 000 54 077 000

where 0 1

T

Z

Z

Z

x X

λ

λ

λ

λ

λ

− ≥
−

− ≥
−

− ≥
−

∈

≤ ≤

 (64) 

To be able to interpret and compare the effectiveness of the results, the objectives 
have been individually solved, and networks have been constituted before solving the 
problem with the proposed approach. Thus, we got 0.702λ =  with the solution of the 
model (14). This means that even the least satisfying goal has been observed to be sat-
isfied with 70.2%. The objective functions values and the basic satisfaction level of 
objectives are given in Table 2. 

Table 2. Solution values for objectives 

Objective zk μk 

1  1.4931×108  0.726 
2  3.6374×108  0.702 
3  2.4299×108 0.702  

 
Figures 3–5 demonstrate the network created with the results that maximize the 

common satisfaction of all objectives. The network has emerged that it allows satis-
faction of the three objectives at the highest possible level simultaneously. In the op-
timal solution, when the locations of distribution centres are examined, the facilities 
are close to the customers who are serviced. This data indicates the consistency in the 
network. 
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Fig. 3. Company’s CLSC network obtained with the maximization  

of the common satisfaction of all objective functions in the first period 

 
Fig. 4. Company’s CLSC network obtained with the maximization  

of the common satisfaction of all objective functions in the second period 
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Fig. 5. Company’s CLSC network obtained with the maximization 

of the common satisfaction of all objective functions in the third period 

6. Conclusions 

A multi-echelon CLSC network was designed in which the conflicting objectives 
were met by mutual compromise at the acceptable satisfaction level. The proposed 
model was dealt with multi-component, multi-product, multi-plant, multi-warehouses, 
multi-distribution centres, multi-recycling centres, multi-disposal centres, and multi-
time-periods. Taking into consideration the CO2 emissions generated from transporta-
tion and during the operations in the facilities, the carbon footprint was reduced to the 
minimum with an environmentalist perspective. Moreover, it was tried to get attention 
to the importance and necessity of which the addition of recyclable raw materials or 
semi-products in the reproduction process, the destruction of non-recyclable materials 
by green methods. Inventory management was also provided throughout the chain to 
ensure that the production can proceed without hindrance when it was paid regard to 
periodically increases in customer demands and production costs, and duration of sup-
ply due to seasonally diminishing raw materials. The model established in the study was 
solved in the computer environment with the suggested approach by using GAMS 23.5. 
The proposed solution methodology was able to generate a balanced solution for the 
degree of satisfaction between objectives. We achieved a realistic solution by using 
a fuzzy approach to the solution of our multi-objective model. 
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It is considered to work on different approaches fuzzy decision variables and/or 
parameters to express the uncertainty inherent to the decision-making process for future 
researches. The model can be adopted under different conditions due to its flexibility. 
Another future research can be the usage of nonlinear membership functions for this 
problem. 

References 

[1] ILGIN M.A., GUPTA S.M., Environmentally conscious manufacturing and product recovery (ECMPRO). 
A review of the state of the art, J. Environ. Manage., 2010, 91 (3), 563–591. 

[2] PISHVAEE M.S., RAZMI J., Environmental supply chain network design using multi-objective fuzzy 
mathematical programming, Appl. Math. Model., 2012, 36 (8), 3433–3446. 

[3] BOWERSOX D.J., LA LONDE B.J., SMYKAY E.W., Readings in physical distribution management. The 
logistics of marketing, Macmillan, 1969. 

[4] TSIAKIS P., SHAH N., PANTELIDES C.C., Design of multi-echelon supply chain networks under demand 
uncertainty, Ind. Eng. Chem. Res., 2001, 40 (16), 3585–3604. 

[5] MELO M.T., NICKEL S., SALDANHA-DA-GAMA F., Facility location and supply chain management. 
A review, Eur. J. Oper. Res., 2009, 196 (2), 401–412. 

[6] MOUSAVI S.M., BAHREININEJAD A., MUSA S.N., YUSOF F., A modified particle swarm optimization for 
solving the integrated location and inventory control problems in a two-echelon supply chain network, 
J. Int. Manuf., 2017, 28 (1), 191–206. 

[7] HU T.L., SHEU J.B., HUANG K.H., A reverse logistics cost minimization model for the treatment of 
hazardous wastes, Transp. Res. Part E: Log. Transp. Rev., 2002, 38 (6), 457–473. 

[8] SAVASKAN R.C., BHATTACHARYA S., VAN WASSENHOVE L.N., Closed-loop supply chain models with 
product remanufacturing, Manage. Sci., 2004, 50 (2), 239–252. 

[9] KIM K., SONG I., KIM J., JEONG B., Supply planning model for remanufacturing system in reverse lo-
gistics environment, Comp. Ind. Eng., 2006, 51 (2), 279–287. 

[10] ABDALLAH T., DIABAT A., SIMCHI-LEVI D., Sustainable supply chain design: a closed-loop formula-
tion and sensitivity analysis, Prod. Plan. Control, 2012, 23 (2–3), 120–133. 

[11] OZCEYLAN E., PAKSOY T., A mixed-integer programming model for a closed-loop supply-chain net-
work, Int. J. Prod. Res., 2013, 51 (3), 718–734. 

[12] HASANOV P., JABER M.Y., TAHIROV N., Four-level closed loop supply chain with remanufactur-
ing, Appl. Math. Model., 2019, 66, 141–155. 

[13] CHEN C.L., LEE W.C., Multi-objective optimization of multi-echelon supply chain networks with un-
certain product demands and prices, Comp. Chem. Eng., 2004, 28 (6–7), 1131–1144. 

[14] PEIDRO D., MULA J., POLER R., VERDEGAY J.L., Fuzzy optimization for supply chain planning under 
supply, demand and process uncertainties, Fuzzy Sets Syst., 2009, 160 (18), 2640–2657. 

[15] OZKOK B.A., TIRYAKI F., A compensatory fuzzy approach to multi-objective linear supplier selection 
problem with multiple-item, Exp. Syst. Appl., 2011, 38 (9), 11363–11368. 

[16] SHI J., ZHANG G., SHA J., Optimal production planning for a multi-product closed loop system with 
uncertain demand and return, Comp. Oper. Res., 2011, 38 (3), 641–650. 

[17] AMIN S.H., ZHANG G., An integrated model for closed-loop supply chain configuration and supplier 
selection: Multi-objective approach, Exp. Syst. Appl., 2012, 39 (8), 6782–6791. 

[18] RAMEZANI M., KIMIAGARI A.M., KARIMI B., HEJAZI T.H., Closed-loop supply chain network design 
under a fuzzy environment, Knowl.-Based Syst., 2014, 59, 108–120. 



 S. AKIN BAS, B. AHLATCIOGLU OZKOK 

 

46

[19] JINDAL A., SANGWAN K.S., Closed loop supply chain network design and optimisation using fuzzy 
mixed-integer linear programming model, Int. J. Prod. Res., 2014, 52 (14), 4156–4173. 

[20] JINDAL A., SANGWAN K.S., SAXENA S., Network design and optimization for multi-product, multi-time, 
multi-echelon closed-loop supply chain under uncertainty, Proc. CIRP, 2015, 29, 656–661. 

[21] SOLEIMANI H., GOVINDAN K., SAGHAFI H., JAFARI H., Fuzzy multi-objective sustainable and green 
closed-loop supply chain network design, Comp. Ind. Eng., 2017, 109, 191–203. 

[22] CHEN Y.T., CHAN F.T., CHUNG S.H., PARK W.Y., Optimization of product refurbishment in closed- 
-loop supply chain using multi-period model integrated with fuzzy controller under uncertainties, Rob. 
Comp.-Int. Manuf., 2018, 50, 1–12. 

[23] WU G.H., CHANG C.K., HSU L.M., Comparisons of interactive fuzzy programming approaches for 
closed-loop supply chain network design under uncertainty, Comp. Ind. Eng., 2018, 125, 500–513. 

[24] ZIMMERMANN H.J., Fuzzy programming and linear programming with several objective functions, 
Fuzzy Sets Syst., 1978, 1 (1), 45–55. 


