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 Because of cost and environmental concerns, reverse supply chain (RSC) has received a 

lot of consideration. RSC is defined as the activities of the collection and recovery of 

product returns in supply chain. The integration of forward supply chain (FSC) and 
RSC results in a closed-loop supply chain (CLSC). In this paper, RSC, FSC, and CLSC 

are presented. Then, the research targets are mentioned. The purpose of paper is to 

develop efficient approaches to support closed-loop green supply chain configurations, 
especially develop methodologies examine impact of uncertainty on CLSC. In this 

paper, a multi-target model is developed to configure the general CLSC network. 
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INTRODUCTION 

 

 There are two types of supply chains: forward and reverse supply chains. The forward supply chain (FSC) 

includes of series of activities in the process of converting raw materials to finished products. The managers try 

to improve forward supply chain performances in areas such as demand management, procurement, and order 

fulfillment  [4,22,7]. Reverse supply chain (RSC) is defined as the activities of the collection and recovery of 

product returns in supply chain management (SCM). Economic features, government directions, and customer 

pressure are three aspects of reverse logistics [13]. Generally, there are more supply points than demand points 

in reverse logistics networks when they are compared with forward networks [20]. Reverse logistics include the 

process of implementing and controlling the inbound flow and storage of secondary goods and related 

information opposite to the traditional supply chain directions for the purpose of recovering value and proper 

disposal. 

 The integration of forward supply chain and reverse supply chain constructs a closed loop supply chain 

(CLSC) [8]. In other words, there are both forward and reverse channels in CLSC networks. The purpose of this 

paper is to develop effective approaches to support closed loop supply chain configurations and analyses 

especially develop methodologies to examine impacts of the following issues on CLSC: 

 

Uncertainty:  

 In the mathematical models, there are many parameters such as cost, demand, and return which are not 

deterministic. As a result, several sources of uncertainty should be considered. 

 

Multi-targets:  

 In closed-loop network configuration, not only it is preferred to minimize the total cost (including 

operation, transportation, and holding costs), but also it is necessary to optimize other factors such as recycling 

materials and wastes because of environmental concerns. In addition, different criteria should be considered in 

selection of members of supply chain (such as suppliers). As a consequence, multi-target models should be 

proposed and appropriate solution approaches should be developed. The paper is arranged as follows: section 2 

presents related works about closed loop supply chain. Section 3 presents a multi-target facility location model 
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for closed-loop supply chain network under uncertain demand and return. Finally, section 4 presents 

conclusions. 

 

Related Works 

 Several papers have been published about reverse logistics and closed-loop supply chain networks. In [24] 

presented a literature review for RL. They examined the related papers based on three main categories including 

distribution planning, inventory, and production planning. In presented a literature review for the application of 

facility location models in supply chain management. They expressed that the goal of the majority of models is 

to determine the network configuration by minimizing the total cost. However, profit maximization and multiple 

targets have received less attention. Moreover, they implied that a few papers use stochastic parameters 

combined with other aspects such as multi-layer network structure.In [8] stated that the evolution of closed-loop 

supply chain networks can be examined in five phases including the golden age of remanufacturing, 

coordinating the reverse supply chain, reverse logistics process, closing the loop, and prices and markets. In 

(Pokharel et al, 2009)reviewed articles of reverse logistics. They expressed that it is useful to develop pricing 

models for acquiring used products. It is mentioned that a limited articles have taken into account stochastic 

demand of new products and supply of used-products. Akcali and Cetinkaya [1] provided literature review and 

survey for the papers of RL and CLSC.Some authors have used multi-target and goal programming models to 

formulate closed-loop supply chain networks. One target can be minimizing the total cost. Besides, because of 

importance of environmental issues, some target functions may be added.  

 Figure 2.1 shows a classification of green supply chain management and importance of green operations in 

reverse logistics. Krikke et al [12] developed quantitative modelling to support decision-making concerning 

both the design structure of a product, i.e. reparability, modularity, recyclability and the design structure of the 

logistic network. They applied to a closed-loop supply chain design problem for refrigerators using real life R & 

D data of a Japanese consumer electronics company concerning its European operations. The targets are 

minimization of the supply chain costs, energy use, and residual waste. Sheu et al [19] proposed a linear multi-

target programmingmodel that systematically optimizes the operations of both integrated logistics and 

corresponding used-product reverse logistics in a given green-supply chain. The targets are maximization of the 

manufacturing chain-based net profit, and the reverse chain-based net profit. Uster et al [21] considered a multi-

product closed-loop supply chain network design problem where they located collection centers and 

remanufacturing facilities while coordinating the forward and reverse flows in the network so as to minimize the 

transportation, processing, and fixed location costs. They utilized Bendersdecomposition approach to solve the 

model. Demirel and Gokcen [5] presented a mixed-integer mathematical model for a remanufacturing system 

that includes both forward and reverse flows, and illustrated on a numerical example. Pati et al [15] formulated 

a mixed-integer goal programming model to determine the facility location, multiechelon and multi-facility 

decision making framework. In the paper of Du and Evans [6], a bi-target optimization model is proposed. The 

targets consist of minimization of the total costs and minimization of the overall tardiness of cycle time. The 

solution approach includes a combination of dual simplex, Scatter Search, and the constraint method. Gupta and 

Evans [9] proposed a non-preemptive goal programming approach to model a closed-loop supply chain network. 

Pishvaee et al [16] developed a bi-target mixed-integer programming model. The first target minimizes the total 

costs and the second one maximizes the responsiveness of a logistics network. Then, the problem has been 

solved by Mimetic Algorithm. 

 

Materials And Methods- Multi-Target Facility Location Model:  

Network description: 

 In this section, a general closed-loop supply chain network is described. Figure 2 shows the network which 

includes plants, collection centers, and demand markets. The plants can manufacture new products and 

remanufacture returned products. The products are sent to demand markets by plants. Then, the returned 

products are sent to collection centers. Collection centers have the following responsibilities: collecting of used 

products from demand markets, determining the condition of the returns by inspection and/or separation to find 

out whether they are recoverable or not, sending recoverable returns to the plants, sending the unrecoverable 

returns (because of economic and/or technological reasons) to the disposal center. The target is to know how 

many and which plants and collection centers should be open. 

 The following assumptions are made in the network configuration: 

All of the returned products from demand markets are collected in collection centers. 

Locations of demand markets are fixed. 

Locations and capacities of plants and collection centers are known in advance. 

 

Mathematical Model: 

 The network can be formulated as a mixed-integer linear programming model. Sets, parameters, and 

decision variables are defined as follows: 
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Sets: 

I = set of potential manufacturing and remanufacturing plants locations (1 . . . i . . . I) 

J = set of products (1 . . . j . . . J) 

K = set of demand markets locations (1 . . . k . . . K) 

L = set of potential collection centers locations (1 . . . l . . . L) 

 

 
 
Fig . 1: Green supply chain management framework. 

 

 

Fig. 2: The closed-loop supply chain network. 

 

Parameters: 

  = production cost of product j,  = transportation cost of product j per km between plants and demand 

markets,  = transportation cost of product j per km between demand markets and collection centers,  = 

transportation cost of product j per km between collection centers and plants,  = transportation cost of product 

j per km between collection centers and disposal center,  = fixed cost for opening plant I,  = fixed cost for 

opening collection center l,  = cost saving of product j (because of product recovery),  = disposal cost of 

product j,  = capacity of plant i for product j,  = capacity of collection center l for product j,  = the 

distance between location i and k generated based on the Euclidean method (  and  are defined in the same 

way).  Is the distance between collection center l and disposal center,  = demand of customer k for product 

j,  = return of customer k for product j,  = minimum disposal fraction of product j 

 

Variables: 

  = quantity of product j produced by plant i for demand market k,  = quantity of returned product j 

from demand market k to collection center l,  = quantity of returned product j from collection center l to 

plant I,  = quantity of returned product j from collection center l to disposal center,  = 1, if a plant is located 

and set up at potential site i, 0, otherwise,  = 1, if a collection center is located and set up at potential site l, 0, 

otherwise 

 

 

 
s.t. 

(1),    (2), (3) 
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(4),   (5),  (6) 

(7),   (8),  (9) 

 The objective function is minimization of the total cost. The first and second parts show the fixed costs of 

opening plants and collection centers, respectively. The third part represents the production and transportation 

costs of new products. The forth part is related to product recovery and transportation costs of returned products. 

Besides, the fifth part represents the total recovery and transportation costs of returned products from collection 

centers to plants. Besides, the sixth part calculates disposal and transportation costs. The constraint (1) ensures 

that the total number of each manufactured product for each demand market is equal or greater than the demand. 

Constraint (2) is a capacity constraint of plants. Constraint (3) represents that forward flow is greater than 

reverse flow. Constraint (4) enforces a minimum disposal fraction for each product. Constraint (5) is capacity 

constraint of collection centers. Constraint (6) shows that the quantity of returned products from demand market 

is equal to the quantity of returned products to plants and quantity of products in disposal center for each 

collection center and each product. Constraint (7) shows the returned products. Constraint (8) ensures the binary 

nature of decision variables while Constraint (9) preserves the non-negativity restriction on the decision 

variables. 

 

An extension to multi-targets: 

 In the mentioned mathematical model, the total cost is minimized. However, environmental issues also 

should be considered. To this aim, new parameters are defined. is parameter of using environmental friendly 

materials by plant i to produce product j. Recyclable materials is an example of this parameter [18]. Another 

parameter is  which is defined as parameter of using clean technology by collection center l to process 

product j. clean technology consists of renewable and recycling energy such as solar power [11,14,10]. Both of 

two parameters are qualitative and should be determined by decision makers. These two parameters are between 

0 and 1. Some decision making techniques such as analytic hierarchy process (AHP) can be helpful to convert 

qualitative assessments to quantitative results. AHP method has different stages including developing hierarchy 

of problem, constructing pairwise comparison matrix, synthesization, and consistency test. The second objective 

function can be written as equation (10): 

           (10) 

Solution approach: 

 To solve the multi-target problem, two methods are utilized including weighted sums method, and -

constraint method. These methods can transform our problem to a mono-objective optimization problem. 

Weighted sums method is the most popular multi-objective method. However, determining the weights is a 

challenge. To compare the results, we also apply -constraint method. For more information you can refer to  

[3]. 

 

Weighted sums method: 

 In this method, objective functions are combined by assigning appropriate weights. The weights (  and  

in this case) are determined by decision makers. Some methods such as  also can be applied in determining 

the weights of objectives. It is noticeable that ,  and  +  = 1. Eq. (11) shows the formula for our 

problem: 

s.t.Eqs. (1)- (9)                   (11) 

 

-constraint method: 

 In this method, the multi-target optimization problem is transformed to a mono-target optimization problem 

with additional constraints. The objective function with a high priority is considered as objective function. Other 

objectives are written as constraints by using a constraint vector . The transformed problem is written in 

equation (12): 

s.t.                                                                  (12) 

 

Trade-off surfaces: 

 The goal of multi-target programming models is to find efficient solutions. An efficient solution has the 

property that it is impossible to improve any one objective values without sacrificing on at least one other 

objective. The small number of efficient solutions produces the trade-off surface or Pareto front [3,23,2]. In this 

section, the test problem 2 is solved by two mentioned methods and trade-off surfaces are depicted in the Fig. 3. 

To this aim, different weights are assigned and the values of objective functions are calculated. In addition, the 

trade-off surface of the problem is obtained by changing the value of .It is easy to use weighted sums method, 

but it can be applied only to the convex sets. This is a weakness of this method that makes it difficult to identify 
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the trade-off surface of the problem. The e-constraint method can be applied for non-convex problems. 

However, it is very sensitive to the selection of parameter e. A good choice can provide a good spread of 

solutions on the trade-off surface. This issue can be considered as a weakness of this method.It can be seen in 

the Fig.3 that weighted sums method cannot identify some solutions between 17,891,000 and 34,684,000 values 

of the first objective function. However, e-constraint method can obtain more solutions. As a result, for the test 

problem 2, e-constraint method is more efficient rather than weighted sums method. The values of objective 

functions of e-constraint method have been written in the Table 1. The numbers of open facilities (plants and 

collection centers) also have been written. We can see that results of some test problems in Table 1 are different 

from Fig. 3. For example, collection centers 2 and 4 are open in Fig. 3 (single target). However, collection 

centers 2 and 3 are open in some cases in Table 1(multi-target). 

 
Table 1: Results of ε constraint method. 

 
 

,   ,      ,    (13) 

 Assume that there are U scenarios and scenario u can happen with probability . The expected value of  

the objective function can be calculated by equation 14: 

,    , ,      (14) 

 To formulate the closed-loop supply chain network under uncertainty, new sets, parameters, and variables 

should be added to the previous definitions. 

 

 

 
 

Fig. 3: Trade-off surfaces for the test problem 2: (a) weighted sums method, (b) e-constraint method, (c) 

 weighted sums and e-constraint methods. 

 

Sets: 

U = set of scenarios (1 ... u ... U) 

 

Parameters: 

 = demand of customer k for product j for scenario u, = return of customer k for product j for 

scenario u, = probability of scenario u 
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Variables: 

 = quantity of product j produced by plant ifor demand market k in scenario u, = quantity of 

returned product j from demand market k to collection centrel in, scenario u, = quantity of returned product 

j from collection centrel to plant iin scenario u, = quantity of returned product j from collection centrel to 

disposal centre in scenario u 

 The multi-target stochastic model (scenario-based) can be written as: 

 

 
, (15),  ,  

(16), ,  (17), ,   ,  (18), , 

 (19), ,  ,   (20), , ,   (21), , 

, (22), ,  ,  (23),    ,  ,   (24) 

 

Computational results: 

 To consider the effects of uncertainty, scenario analysis is performed. The selected scenarios for analysis 

and discussion are listed in Table 2. Parameters of scenario 5 (base-case) are similar to the test problem 2. Each 

of the scenarios (1-9) represents different scenario reflecting variations in demand and return. Actually, different 

combinations of 10% increase and decrease in demand and return have been considered. In addition, the 

scenarios are compared in terms of changes in the value of objective function with respect to the base-case 

(scenario 5), as illustrated in Table 2. Besides, stochastic model has been solved and change in the value of 

objective function has been written in Table 2. Figure 4 shows the value of objective functions in deterministic 

and stochastic models. Sensitivity analysis of results shows that the optimum closed-loop supply chain network 

is very sensitive to changes in demand and return. As shown in Table 2, planning for a 10% increase in demand 

(scenario 6) would result to a network that has about 6.67% more cost than the base-case, while assuming 10% 

decrease in demand (scenario 7) reduces the cost about 6.49%. Deviations in cost also can be observed for 

return (scenarios 3 and 4). However, it can be seen that the effect of uncertainty in demand is higher than return 

because the demand has more significant contribution than return in the objective function. Such deviations in 

cost reveal that planning under uncertain situation (demand and return) is risky, and forecasts of vague 

parameters can be helpful. Results of the stochastic scenario (scenario 10) show that the stochastic programming 

model can obtain flexible optimum closed-loop supply chain configuration with the objective function near to 

the base-case (0.05% change). This observation shows that the proposed stochastic programming model takes 

into account the risks related to different sources of uncertainty including demand and return. Minimum disposal 

fraction of product j (αj) is an important parameter which is related to reverse supply chain. To show the effect 

of this parameter on the objective function, sensitivity analysis is performed. Figure 5 shows the results for both 

of deterministic (base-case) and stochastic models. 

 

Conclusion: 

 In this paper, a facility location model is proposed for a closed-loop supply chain network. The model is 

designed for multiple plants, demand markets, collection centres, and products. To show the application of the 

mathematical model, two test problems are examined for a copier remanufacturing example. Besides, the model 

is extended to consider environmental objective. Two methods are utilized to solve the multi-target 

programming model including weighted sums and ε-constraint methods. The results of test problem 2 show that 

ε-constraint method can obtain more efficient solutions than weighted sums method. Therefore, ε-constraint 

method is selected for this example. The model also is developed by stochastic programming (scenario-based) to 

examine the effects of uncertain demand and return on the network configuration. The computational results 

demonstrate that the stochastic programming model can gain flexible optimal closed-loop supply chain 

configuration with the objective function near to the base-case. 

 There are some potential future works. One of the weaknesses of scenario-based analysis is the small 

number of scenarios because of computational reasons. It is useful to examine the effects of uncertainty on the 

model by other methods such as robust optimization and compare the results. In this research, two qualitative 

factors (environmental friendly materials and using clean technology) have been considered. 
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Table 2: Scenario analysis. 

 
 

 
 

Fig. 4: Objective values of deterministic scenarios (1-9) and stochastic case (scenario 10). 

 

 
 

Fig. 5: Sensitivity analysis of αj in deterministic (base-case) and stochastic scenarios. 
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