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Nowadays, manufacturers need to satisfy consumer demands in order to compete in the real world. 

This requires the efficient operation of supply chain planning. On the other hand, increasing 

worldwide environmental, lack of food resources and social concerns are motivating 

manufacturers and consumers to implement recycling strategies such as product recovery, waste 

management, or usage of recycled materials. In this study, the closed-loop supply chain network 

has been proposed which consists of four echelons (suppliers, plants, distribution centers, and 

customers) in the forward chain and three echelons (collection centers, inspection centers, and 

disposal centers) in the backward chain. We present a multi-product and multi-period mixed-

integer linear programming problem in this paper. The objective of this study is to maximize the 

profit in the closed-loop supply chain network. The proposed model is applied to an illustrative 

example based on inspiration from the dairy industry in Iran. The solution of the proposed model 

is achieved by using Gams software. The results give important insight for fostering the decision 

making process. 
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1.introduction 
 
Recently, food industry has endured an enormous change. Resources become rare, ecosystems are 

threatened, and the subsequences of climate variation have a major impact on the living environment, 

and in recent years, people have begun to pay attention to environmental and social responsibilities 

and the economic benefits of used products, which make people attach importance to reverse supply 

chain network (Meade et al. [22]). In addition, the recent frauds and swindles that have occurred on 

food safety laws have attracted the attention of consumers and forced politicians to respond to the 

food supply chain and their tracking and monitoring systems. In today's competitive market, every 

product should have two factors in order to succeed. Firstly, it should entice customer satisfaction, 

and secondly, its cost must be reasonable. Factors include the quality of the supplier's performance, 

the quality of the raw materials, the service way of distributers of the product, the performance of 

retailers, and many other external factors affect these two characteristics. 

supply chain is one of the most significant issues in other to increase customer satisfaction and 

decrease cost of whole chain. A supply chain is referred to as a combined system which synchronizes 

a series of related processes in order to: (1) buy raw material and parts, (2) convert these raw materials 

and parts into end products and (3) distribute these products to either retailers or customers (Selim 

and Ozkarahan [32]). However, nowadays, an increasing flow of returned products from customers 
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to the manufacturer is happening for a whole range of enterprises due to government regulations and 

the environmental consciousness of customers (Qin and Ji [30]). In general, in the forward logistic, 

as a conventional logistic, after purchasing from suppliers, raw materials are converted to finished 

products in manufacturing plants, and then these products are transferred to customers via distribution 

centers to satisfy their demands (Baumgarten et al. [6] and Schultmann et al. [29]). 

In the last decade, due to global warming in particular, growing attention has been paid to reverse 

logistics, which refers to activities that are dedicated to the collection, repair, recovery, recycling 

and/or disposal of the returned products within supply chain management. Many companies, such as 

Kodak and Xerox, have concentrated on remanufacturing and recycling activities and achieved 

important successes in this area (Üster et al. [39]). When a forward and reverse logistics network is 

considered simultaneously, a closed-loop supply chain network will be established. 

In this study we present a multi-product, multi-period closed-loop supply chain network design model 

in which the demand and the return rate are certain. The structure of the closed-loop network includes 

three echelons in the forward direction (i.e. echelons constituted by the flow among the entities of 

suppliers, plants, distribution centers and customers) and three echelons in the backward direction 

(i.e. echelons constituted by the flow arcs among the entities of customers, collection centers, 

inspection centers and disposal centers). The rest of the paper is organized as follows. In the next 

section we review the related literature. The concerned problem is defined in Section 3 and the 

proposed mixed-integer linear programming model for closed-loop supply chain network design is 

presented in Section 4. Numerical analysis is reported in Section 5 and finally, concluding remarks 

and some possible future works are given in Section 6. 

 

2. Literature Review 
 

In this section, the researches on the supply chain, reverse supply chain, closed-loop supply chain, 

and then the food supply chain will be reviewed. 

2.1. Supply chain 

Melo et al. [23] presented a general review of supply chain network design models to support the 

development of richer supply chain network design models. They also mention that traditional supply 

chain network design methods typically focus on deterministic and single-objective approach in 

forward logistics. Chan and Chung [8] showed a chain network design in the forward logistic, with 

the objective of minimization of costs, total delivery days and the equity of the capacity utilization 

rate for manufacturers. They proposed a multi-objective genetic approach for the order distribution 

problem in a demand logistic network. Sun et al. [33] presented a multi-objective programming model 

for location of logistic distribution centers by considering benefits of customers and logistics planning 

departments. 

2.2. Reverse supply chain 

Fleischmann et al. [13] presented a comprehensive review on the application of mathematical 

modeling in reverse logistics management. As one of the seminal works in reverse supply chain 

network design, Barros et al. [5] proposed a mixed-integer linear programming model for a sand 

recycling network. A heuristic algorithm is also used to solve the problem. Jayaraman et al. [16] 

developed a mixed-integer linear programming model for reverse logistics network design under a 

pull system based on customer demands for recovered products. The objective of the proposed model 

was to minimize the total costs. Also, Krikke et al. [19] designed a mixed-integer linear programming 

model for a two-stage reverse supply chain network for a copier manufacturer. In this model, both 
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the processing costs of returned products and inventory costs were included in the objective function 

to minimize the total cost. 

Jayaraman et al. [17] extended their prior work to solve the single product two-level hierarchical 

location problem involving the reverse supply chain operations of hazardous products. They also 

developed a heuristic to handle relatively large sized problems. Min et al. [21] proposed a mixed-

integer nonlinear programming model and a genetic algorithm that could solve a multi-period reverse 

logistics network design problem involving both spatial and temporal consolidation of returned 

products. Aras et al. [1] developed a mixed-integer nonlinear programming model for determining 

the locations of collection centers in a simple reverse supply chain network. The important point 

about this work was the capability of presented model in determining the optimal buying price of 

used products with the objective of maximizing profit. They developed a heuristic approach based on 

Tabu search to solve the model. Pati et al. [27] proposed a mixed-integer goal programming model 

for paper recycling logistics network design. The considered goals include: (1) minimizing the 

positive deviation from the planned budget allocated for reverse logistics activities, (2) minimizing 

the positive deviation from the maximum limit of non-relevant wastepaper and (3) minimizing the 

negative deviation from the minimum desired waste collection. 

2.3. Closed-loop supply chain 

The concept of closed-loop supply chain is now widely garnering attention as a result of the 

recognition that both the forward and reverse supply chains need to be managed jointly. The 

configuration of both forward and reverse supply chain networks has a strong influence on the 

performance of each other. Therefore, to avoid the sub-optimality resulting from the separated design, 

the design of the forward and reverse networks should be integrated (Pishvaee et al. [28] and 

Fleischmann et al. [14]). Subramanian et al. [35] presented a single-period, single-product and multi-

echelon closed-loop supply chain and develop a multi-objective integer linear programming using 

simulated annealing algorithms. Soleimani et al. [34] investigated a multi-echelon, multi-product, and 

multi-period mixed-integer linear programming model. The model is solved by CPLEX optimization 

software and a developed GA. Subramanian et al. [36] proposed a multi-period, multi-product closed-

loop supply chain network design with the goal of minimizing the costs and maximize the efficiency. 

Their model is a two-objective mixed integer linear programming model; Operational/Location 

decisions for distributors and production and distribution between each stage. 

Amin et al. [4] proposed a multi-product closed loop supply chain network which focused on a tire 

remanufacturing system. They also optimized multiple products, suppliers, plants, retailers, demand 

markets, and drop-off depots in the model. The goal of the model is to maximize the total profit. Kaya 

and Urek [20] designed a closed-loop supply chain that integrates the collection of the used products 

with the distribution of the new products. The objective model is maximizing the total supply chain 

profit. They also developed a heuristic for the proposed multi-echelon model. Sahebjamnia et al. [37] 

proposed a multi-objective mixed integer linear programming model for designing of tire closed-loop 

supply chain network. Paydar et al. [29] proposed a bi-objective model for closed-loop supply chain 

of used engine oil. Their model maximizing profit and minimizing the risk of closed-loop supply 

chain under different scenarios. 

Jabbarzadeh et al. [18] proposed a Closed-loop Supply Chain Network Design under Disruption 

Risks. The objective model is to minimize the total supply chain cost (including fixed costs of 

establishing facilities, transportation costs, inventory costs and lost sales costs) under each disruption 

scenario. They also develop a Lagrangian relaxation algorithm in order to solve the developed model 

efficiently. Cardoso et al. [11] formulated a mixed-integer linear programming model that integrates 

financial risk measures in a closed loop supply chain. The goal is maximizing expected net present 
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value, while simultaneously minimizing the associated risk in the network. They also used ε-

constraint to solve the model. 

Chen et al. [9] presented a multi-objective, multi-stage closed-loop supply chain design. for this study, 

two objectives including minimization of total cost and carbon emission reduction were used for the 

network. They used a deterministic mixed integer linear programming as the methodology. Özceylan 

et al. [26] presented a multi-period, multi-product, and multi-level linear programming definitive 

model for a closed-loop supply chain in the automotive industry. They applied a deterministic linear 

programming to address their model. Wei et al. [41] presented a closed-loop supply chain with 

symmetric and asymmetric information structures. They also used game theory in their study. Dutta 

et al. [12] suggested a recovery framework for a multi-period closed loop supply chain with the goal 

of improving rate of returned goods by using the buy-back offer. Al-Salem et al. [3] formulated a 

mixed integer non-linear program model to minimize the total cost related to forward and reverse 

logistic networks. They used the piecewise method to linearize the non-linear objective function. 

According to their findings, significant cost saving can be achieved because of integration of the 

forward and reverse flows which leads to a closed loop supply chain. Gholizadeh et al. [15] presented 

a multilayered closed-loop supply chain. The objective of the model is to maximize the value of 

reverse products and direct supply products. Vahdani and Mohammadi [40] proposed a multi-

objective model for a closed-loop supply chain with the goal of minimizing total costs and waiting 

time in the queue. 

2.4. Food supply chain 

In this section we reviewed some study about food industry in all supply chains. Amorim et al. [2] 

present a multi-objective model to minimize the costs, and maximize the remaining shelf life of a 

perishable product. Teimoury et al. [38] presented a perishable fruits and vegetables supply chain. 

They proposed a simulation model using system dynamics approach in order to study the behaviors 

and relationships within the supply chain and to specify the impact of the supply, demand and price 

interactions. Banasik et al [7] presented the consequences of closing loop supply chain in a mushroom 

industry. They proposed a multi-objective mixed integer linear programming model to quantify trade-

offs between economic and environmental indicators and explore quantitatively alternative recycling 

technologies. Meneghetti and Monti [24] proposed a sustainable food supply chain that investigate 

the effect of supply chain decision variables, storage temperature and the incoming-product 

temperature on costs, energy use and carbon dioxide emissions. Mohammed et al. [25] presented a 

multi-objective programming model with the aim of minimizing the total cost of transportation and 

implementation, the amount of CO2 emissions in transportation, and the time of products distribution 

from farms to slaughterhouses and from slaughterhouses to retailers and maximizing the average 

delivery rate in satisfying product quantity as requested by slaughterhouses and retailers. 

 

3. Model definition 
 
In this section, we suggested a multi-product and multi-period closed loop supply chain network 

including supplier, manufacturing center, distribution, customer zone, collecting, inspection, and 

disposal centers with deterministic demand and return rate product. The model includes four layers 

in the forward flow (supplier, manufacturing centers, distribution centers, and customers) and three 

layers in the backward flow (collection centers, inspection centers, and disposal centers). The process 

of producing the product is as follows: the suppliers are accountable for providing raw material to 

manufacturing centers based on their orders in each period. After produce the products, they are 

shipped to the distributor. It is significant to be noted that the products are sent immediately because 

of the short expiration date of some dairy products. At the distribution center, if the product has the 
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standard expiration date, it will be accepted and sent to the customer, otherwise it will be returned. In 

the backward flow, the returned product from customers and outdate product from distributers are 

collected and shipped to collection centers. After collecting and sending products to the inspection 

center, the quality control test is done on them. The returned products are divided into two recoverable 

and disposal group after quality inspection. The recoverable products are shipped to manufacturing 

centers, and disposal ones are sent to disposal centers. The general structure of the proposed closed 

loop supply chain network design is illustrated in Figure 1. 

 

 

Figure. 1  Structure of the closed loop supply chain regarded in this research. 

3.1. Assumptions 

 The Closed-loop supply chain design model is multi-product and multi-period. 

 The inventory holding cost is considered for supplier centers. 

 Demand backlog is not allowed. 

 The position of all sections is fixed. 

 the transfer cost between production center and inspection center is neglected.  

 The demand backlog and the initial inventory are considered zero in the first period. 

 Products are received in distribution section, if they have standard time to distribute, 

otherwise they are sent to collection centers. 

3.2. Model formulation 

Definitions of sets, parameters and variables used in the model formulation are described below: 

The set of indices 

𝑠 Index for suppliers 𝑠 = 1 …  𝑆 

𝑟 Index for raw materials 𝑟 = 1 …  𝑅 
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𝑖 Index for manufacturing plants 𝑖 = 1 … 𝐼 

𝑗 Index for products 𝑗 = 1 … 𝐽 

𝑑 Index for distributors 𝑑 = 1 … 𝐷 

𝑐 Index for customer centers 𝑐 = 1 … 𝐶 

𝑚 Index for collection centers 𝑚 = 1 … 𝑀 

𝑛 Index for inspection centers 𝑛 = 1 … 𝑁 

𝑙 Index for disposal center 𝑙 = 1 … 𝐿 

𝑡 Index for period 𝑡 = 1 … 𝑇 

Parameters 

𝐷𝐸𝑗𝑡 Demand of product 𝑗 in period 𝑡 

𝑃𝑅𝑗𝑡 Unit price of product 𝑗 in period 𝑡 

𝑆𝐶𝑟𝑠𝑡 Buying cost of one unit of raw material 𝑟 from provider 𝑠 in period 𝑡 

𝑆𝐶𝑎𝑝𝑠𝑟𝑡 Capacity of provider 𝑠 for raw material 𝑟 in period 𝑡 

𝑇𝐶𝑆𝑟𝑠𝑖𝑡 Unit production cost of product 𝑟 from supplier 𝑠 at factory 𝑖 in period 𝑡 

𝑝𝑐𝑗𝑖𝑡  Unit production cost of product 𝑗 at factory 𝑖 in period 𝑡 

𝑅𝑃𝑗𝑖𝑡 Unit remanufacturing cost of product 𝑗 at factory 𝑖 in period 𝑡 

𝑃𝑐𝑎𝑝𝑗𝑖𝑡  Capacity of product 𝑗 at factory 𝑖 in period 𝑡 

𝑇𝐶𝑝𝑗𝑖𝑑𝑡 Unit transportation cost of product 𝑗 shipped from factory 𝑖 to distribution center 𝑑 in 

period 𝑡 

𝐻𝐶𝑟𝑖𝑡 Holding cost of raw material 𝑟 at factory 𝑖 in period 𝑡 

𝐷𝑐𝑎𝑝𝑗𝑑𝑡 Capacity of product 𝑗 at distribution center 𝑑 in period 𝑡 

𝑇𝐶𝐷𝑗𝑑𝑐𝑡 Unit transportation cost of product 𝑗 shipped from distribution center 𝑑 to client 𝑐 in 

period 𝑡 

𝑇𝐶𝐶𝑗𝑐𝑚𝑡 Unit transportation cost of returned product 𝑗 shipped from client 𝑐 to collection center 

𝑚 in period 𝑡 
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𝐶𝑐𝑎𝑝𝑗𝑚𝑡 Capacity of product 𝑗 at collection center 𝑚 in period 𝑡 

𝑇𝐶𝑀𝑗𝑚𝑛𝑡 Unit transportation cost of product 𝑗 sent from collection center 𝑚 to inspection center 

𝑛 in period 𝑡 

𝐼𝑛𝑠𝑐𝑗𝑛𝑡 Unit inspection cost of product 𝑗 at inspection center 𝑛 in period 𝑡 

𝐶𝑖𝑛𝑠𝑗𝑛𝑡 Capacity of product 𝑗 at inspection center 𝑛 in period 𝑡 

𝐷𝑖𝑠𝑐𝑗𝑙𝑡 Unit disposal cost of product 𝑗 at disposal center 𝑙 in period 𝑡 

𝐶𝑑𝑖𝑠𝑗𝑙𝑡 Capacity of product 𝑗 at disposal center 𝑙 in period 𝑡 

𝑇𝐶𝑑𝑖𝑠𝑗𝑛𝑙𝑡 Unit transportation cost of product 𝑗 shipped from inspection center 𝑛 to disposal 

center 𝑙 in period 𝑡 

𝜇𝑟𝑗  Amount of raw material 𝑟 needed to produce product 𝑗 in period 𝑡 

𝑟𝑗𝑐𝑡 Return ratio of product 𝑗 in period 𝑡 

𝜑𝑗𝑡  The possibility of product 𝑗 that is reusable after inspection in period 𝑡 

𝑀 A big number 

Decision variables 

𝑄𝑅𝑀𝑟𝑠𝑖𝑡 Quantity of raw materials r shipped from supplier s to plant i in period t 

𝑄𝑃𝐷𝑗𝑖𝑑𝑡 Quantity of product j shipped from plant i to distribution center d in period t 

𝑄𝐷𝐶𝑗𝑑𝑐𝑡 Quantity of product j shipped from distribution center d to customer c in period t 

𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡 Quantity of returned product j  shipped from distribution center d to collection center 

m in period t 

𝑄𝐶𝐶𝑗𝑐𝑚𝑡 Quantity of returned product j shipped from customer c to collection center m in 

period t 

𝑄𝐶𝐼𝑗𝑚𝑛𝑡 Quantity of returned product j shipped from collection center m to inspection center 

n in period t 

𝐴𝑗𝑛𝑖𝑡 Quantity of returned product j that they are reusable at inspection center n in period t 

𝑄𝐼𝐷𝑗𝑛𝑙𝑡 Quantity of product j shipped from inspection center n to disposal center l in period t 

𝐼𝑟𝑖𝑡 Raw material inventory 𝑟 at plant 𝑖 in period 𝑡 
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𝑦𝑗𝑑𝑡 {
1  𝑖𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑗 is 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑖𝑛 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟 𝑑 𝑖𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 𝑡

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

Objective function 

𝑀𝑎𝑥 𝑍 =  ∑ ∑ ∑ ∑  𝑄𝐷𝐶𝑗𝑑𝑐𝑡𝑃𝑅𝑗𝑡
𝑇
𝑡=1

𝐶
𝑐=1  𝐷

𝑑=1
𝐽
𝑗=1 – ∑ ∑ ∑ ∑ 𝑄𝑅𝑀𝑇

𝑡=1 𝑟𝑠𝑖𝑡
𝐼
𝑖=1

𝑆
𝑠=1

𝑅
𝑟=1  𝑆𝐶𝑟𝑠𝑡 

− ∑ ∑ ∑ ∑ 𝑃𝐶𝑇
𝑡=1 𝑗𝑖𝑡

 𝑄𝑃𝐷𝑗𝑖𝑑𝑡
𝐷
𝑑=1

𝐼
𝑖=1

𝐽
𝑗=1 − ∑ ∑ ∑ ∑  𝐴𝑗𝑛𝑖𝑡  𝑇

𝑡=1  𝑅𝑃𝑗𝑖𝑡
𝐼
𝑖=1

𝑁
𝑛=1

𝐽
𝑗=1  

− ∑ ∑ ∑   𝐼𝑟𝑖𝑡  𝐻𝐶𝑟𝑖𝑡
𝑇
𝑡=1  𝐼

𝑖=1
𝑅
𝑟=1 – ∑ ∑ ∑ ∑   𝑄𝐶𝐼𝑗𝑚𝑛𝑡

𝑇
𝑡=1 𝐼𝑛𝑠𝑐𝑗𝑛𝑡

𝑁
𝑛=1  𝑀

𝑚=1
𝐽
𝑗=1  

− ∑ ∑ ∑ ∑   𝑄𝑅𝑀𝑇
𝑡=1 𝑟𝑠𝑖𝑡

 𝑇𝐶𝑆𝑟𝑠𝑖𝑡 −𝐼
𝑖=1

𝑆
𝑠=1

𝑟
𝑟=1 ∑ ∑ ∑ ∑ 𝑄𝑃𝐷𝑗𝑖𝑑𝑡𝑇𝐶𝑝𝑗𝑖𝑑𝑡

𝑇
𝑡=1

𝐷
𝑑=1

𝐼
𝑖=1

𝐽
𝑗=1   

− ∑ ∑ ∑ ∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡 𝑇𝐶𝐷𝑗𝑑𝑐𝑡 −𝑇
𝑡=1

𝐶
𝑐=1

𝐷
𝑑=1

𝐽
𝑗=1 ∑ ∑ ∑ ∑ 𝑄𝐶𝐶𝑗𝑐𝑚𝑡 𝑇𝐶𝐶𝑗𝑐𝑚𝑡

𝑇
𝑡=1

𝑀
𝑚=1

𝐶
𝑐=1

𝐽
𝑗=1   

 

− ∑ ∑ ∑ ∑   𝑄𝐶𝐼𝑗𝑚𝑛𝑡 𝑇𝐶𝑀𝑗𝑚𝑛𝑡 −𝑇
𝑡=1

𝑁
𝑛=1

𝑀
𝑚=1

𝐽
𝑗=1 ∑ ∑  𝑁

𝑛=1
𝐽
𝑗=1 ∑ ∑   𝑄𝐼𝐷𝑗𝑛𝑙𝑡 𝑇𝐶𝑑𝑖𝑠𝑇

𝑡=1
𝐿
𝑙=1

𝑗𝑛𝑙𝑡
 

(1) 

 

The constraints comprised in the present closed loop supply chain design in the dairy industry are 

expressed by equations. (2) -(17). 

𝐼𝑟𝑖𝑡 = 𝐼𝑟𝑖𝑡−1 + ∑ 𝑄𝑅𝑀𝑟𝑠𝑖𝑡
𝑆
𝑠=1 + ∑ 𝐴𝑗𝑛𝑖𝑡

𝐽
𝑗=1 − ∑ 𝜇

𝑟𝑗

𝐽
𝑗=1 ∑ 𝑄𝑃𝐷𝑗𝑖𝑑𝑡

𝐷
𝑑=1                        ∀𝑟. 𝑖. 𝑡 (2) 

∑ 𝑄𝑃𝐷𝑗𝑖𝑑𝑡
𝐼
𝑖=1 = ∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡

𝐶
𝑐=1 + ∑ 𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡

𝑀
𝑚=1                                                     ∀ 𝑑. 𝑗. 𝑡 (3) 

∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡
𝐶
𝑐=1 ≤ 𝑀 𝑦𝑗𝑑𝑡                                                                                                   ∀ 𝑑. 𝑗. 𝑡 (4) 

∑ 𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡
𝑀
𝑚=1 ≤ 𝑀(1 − 𝑦𝑗𝑑𝑡)                                                                                   ∀ 𝑑. 𝑗. 𝑡 (5) 

∑ 𝑄𝐶𝐶𝑗𝑐𝑚𝑡
𝑀
𝑚=1 =  𝑟𝑗𝑐𝑡  ∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡

𝐷
𝑑=1                                                                                                             ∀ 𝑗. 𝑐. 𝑡 (6) 

∑ 𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡
𝐷
𝑑=1 + ∑ 𝑄𝐶𝐶𝑗𝑐𝑚𝑡

𝐶
𝑐=1 = ∑ 𝑄𝐶𝐼𝑗𝑚𝑛𝑡

𝑁
𝑛=1                                                    ∀ 𝑚. 𝑗. 𝑡 (7) 

∑ 𝑄𝐶𝐼𝑗𝑚𝑛𝑡
𝑀
𝑚=1 = ∑ 𝐴𝑗𝑛𝑖𝑡

𝐼
𝑖=1 + ∑   𝑄𝐼𝐷𝑗𝑛𝑙𝑡

𝐿
𝑙=1                                                                          ∀ 𝑛. 𝑗. 𝑡 (8) 

∑ 𝐴𝑗𝑛𝑖𝑡
𝐼
𝑖=1 = ∑ 𝑄𝐶𝐼𝑗𝑚𝑛𝑡

𝑀
𝑚=1 𝜑𝑗𝑡                                                                                    ∀ 𝑛. 𝑗. 𝑡 (9) 

∑ ∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡
𝐶
𝑐=1

𝐷
𝑑=1 ≥ 𝐷𝐸𝑗𝑡                                                                                                        ∀ 𝑗. 𝑡 (10) 
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∑ 𝑄𝑅𝑀𝑟𝑠𝑖𝑡
𝐼
𝑖=1 ≤  𝑆𝐶𝑎𝑝

𝑟𝑠𝑡
                                                                                                          ∀ 𝑠. 𝑟. 𝑡 (11) 

∑ 𝑄𝑃𝐷𝑗𝑖𝑑𝑡 + 𝐼𝑗𝑑𝑡−1
𝐷
𝑑=1 ≤  𝑃𝑐𝑎𝑝𝑗𝑖𝑡                                                                          ∀ 𝑖. 𝑗. 𝑡 > 1 (12) 

∑ 𝑄𝐷𝐶𝑗𝑑𝑐𝑡
𝐶
𝑐=1 ≤ 𝐷𝑐𝑎𝑝𝑑𝑗𝑡                                                                                        ∀ 𝑑. 𝑗. 𝑡 (13) 

∑ 𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡
𝐷
𝑑=1 + ∑ 𝑄𝐶𝐶𝑗𝑐𝑚𝑡

𝐶
𝑐=1 ≤ 𝐶𝑐𝑎𝑝𝑗𝑚𝑡                                                         ∀ 𝑚. 𝑗. 𝑡 (24) 

∑ 𝑄𝐶𝐼𝑗𝑚𝑛𝑡
𝑀
𝑚=1 ≤ 𝐶𝑖𝑛𝑠𝑗𝑛𝑡                                                                                         ∀𝑛. 𝑗. 𝑡 (15) 

∑ 𝑄𝐼𝐷𝑗𝑛𝑙𝑡
𝑁
𝑛=1 ≤ 𝐶𝑑𝑖𝑠𝑗𝑙𝑡                                                                                          ∀ 𝑙. 𝑗. 𝑡 (16) 

𝑄𝑅𝑀𝑟𝑠𝑖𝑡, 𝑄𝑃𝐷𝑗𝑖𝑑𝑡  , 𝑄𝐷𝐶𝑗𝑑𝑐𝑡, 

𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡,𝑄𝐶𝐶𝑗𝑐𝑚𝑡,𝑄𝐶𝐼𝑗𝑚𝑛𝑡,                                                          ∀ 𝑟. 𝑠. 𝑖. 𝑗. 𝑑. 𝑐. 𝑚. 𝑛. 𝑙. 𝑡 

𝐴𝑗𝑛𝑡, 𝑄𝐼𝐷𝑗𝑛𝑙𝑡,𝑄𝑗𝑡,𝐼𝑗𝑑𝑡,𝑄𝐷𝐵𝑗𝑡  ≥ 0 

(17) 

The objective function (1) is aimed to maximize the profit in the dairy closed loop supply chain. This 

objective derives from the subtraction of selling products from the costs of the chain. The total costs 

of the closed loop supply chain are calculated by the sum of the supplier cost, production cost, 

distribution cost, collection cost, inspection cost, disposal cost and transportation costs between the 

centers. Constraint (2) displays inventory level balance for any kind of raw material. Constraint (3) 

shows that the amount of product delivered to the distributor is equal to the amount of product sent 

to the customers plus the amount of product sent to the collection center. Constraints (4) and (5) 

guarantee that only one of the variables 𝑄𝐷𝐶𝑗𝑑𝑐𝑡  and 𝑄𝐷𝐶𝐶𝑗𝑑𝑚𝑡  will be set. In fact, these two 

limitations indicate that in case of the acceptance of each product at each distributor, it is sent to the 

customer. Otherwise, it is sent to the collection center. Constraint (6) shows the amount of returned 

products from each customer C in each period. Constraint (7) states that the amount of products come 

to inspection center from the distributor and collection center. Constraint (8) is connected to the flow 

of the inspection center and indicates that the amount of product delivered from the collection center 

to the inspection center is greater than or equal to the amount of reusable product plus the amount of 

product sent to the disposal center. Constraint (9) states that the amount of reusable product can be 

used as other raw material. Constraint (10) ensures that demands for each product must be fully met. 

Constraint (11) – (16) shows capacity constraint in each supplier, manufacturer, distributer, 

collection, inspection, and disposal centers. Constraint (17) guarantees that the related decision 

variables are non-negative. 

 

4.Case explanation 

 
The Kalleh brand was established with the aim of improving and upgrading the food basket of the 

Iranian people in 1991. The Kalleh brand produces the dairy products like all kinds of milk and its 
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supplements like cheese, butter, dough and yogurt. The Kalleh has 16 production groups and has a 

large volume of Iran dairy market. The Kalleh Dairy Company transforms 2500 tons of raw milk to 

over 160 types of dairy products every day. The Kalleh has 12 subsidiary companies. The size of the 

Kalleh Dairy Factory is 15 acres and it is one of the largest factories in the whole industry of Iran. 

Now, the Kalleh distributes its products from the north to the south using distribution channel and 

more than 44 branches. The Kalleh is profitable in terms of product dimensions, not in the volume of 

supply. The strength of the Kalleh brand in the market is due to the true recognition of the people 

taste, creating a variety of products and entering new products into the market. Currently, there are 

three business units of cheese, pasteurized and Ultra heat treated (UHT) products in the Kalleh 

company. Each of these units produces the highest quality and most diversified products by its 

innovation and supplies them in the high production volume to the market. 

 

5. Illustrative example 

 
In this section a numerical example is presented to illustrate how the proposed model works in a 

multi-product, multi-period closed loop supply chain framework. A data set is prepared reflecting the 

small scale of the real business situation. It is supposed that there are two types of suppliers, two types 

of raw materials, one type of manufacture, two types of products, two types of distributors, four types 

of customers, two types of collecting centers, one type of inspecting center, and one type of disposal 

center. Customers' demands and the return rate products are intended to be equal to 1000 and 0.05 

respectively.  The production costs of the supply chain network are shown in Table 1. Table 2 presents 

the amounts of the transportation cost between each node. Table 3 presents the maximum capacity of 

each center. 

 

Table 1. Production costs 

Values Parameters 

uniform(5000,10000) 𝑃𝑅𝑗𝑡 

uniform(500,1000) 𝑆𝐶𝑟𝑠𝑡 

uniform(1000,1500) 𝑝𝑐𝑗𝑖𝑡 

uniform(100,150) 𝑅𝑃𝑗𝑖𝑡 

uniform(100,200) 𝐻𝐶𝑗𝑑𝑡 

uniform(70,100) 𝐼𝑛𝑠𝑐𝑗𝑛𝑡 

uniform(70,100) 𝐷𝑖𝑠𝑐𝑗𝑙𝑡 

uniform(0.85,0.9) 𝜑𝑗𝑡 
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uniform(0,2) 𝜇𝑟𝑗 

 

Table 2. Transportation cost between each node 

Values Parameters 

uniform(10,20) 𝑇𝐶𝑆𝑟𝑠𝑖𝑡 

uniform(20,25) 𝑇𝐶𝑝𝑗𝑖𝑑𝑡 

uniform(12,19) 𝑇𝐶𝐷𝑗𝑑𝑐𝑡 

uniform(12,19) 𝑇𝐶𝐶𝑗𝑐𝑚𝑡 

uniform(10,15) 𝑇𝐶𝑀𝑗𝑚𝑛𝑡 

uniform(13,18) 𝑇𝐶𝑑𝑖𝑠𝑗𝑛𝑙𝑡 

 

Table 3. Holding capacity in each node 

Values Parameters 

uniform(10000,11000) 𝑆𝐶𝑎𝑝𝑠𝑟𝑡 

 uniform(8000,10000) 𝑃𝑐𝑎𝑝𝑗𝑖𝑡 

 uniform(9000,12000) 𝐷𝑐𝑎𝑝𝑗𝑑𝑡 

uniform(4500,5000) 𝐶𝑐𝑎𝑝𝑗𝑚𝑡 

 uniform(4500,5000) 𝐶𝑖𝑛𝑠𝑗𝑛𝑡 

uniform(4500,5000) 𝐶𝑑𝑖𝑠𝑗𝑙𝑡 

 

To analyze the performance of the proposed model, the model is coded and solved using GAMS 25.0 

optimization software. The amount of objective function is 58118116. Every section of objective 

function is presented in Table 4. 

 

Table 4. The values of each objective function 

Cost Objective value 
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4076926 Material purchasing cost  

1615160 Production cost 

80255 Remanufacturing cost 

411291 Holding cost 

10377 Inspection cost 

1347163 Transportation cost 

 

Table 5 and Figure 2shows the behavior of the objective function with increasing in the supplier 

capacity. As illustrated in Figure 2, the increase in capacity has positive relationship with the increase 

in objective function. Creating extra providers and outsourcing of manufacturing the products can be 

alternatives to solve this problem. 

 

Table 5. Increasing in supplier capacity center 

100 90 80 70 60 50 40 30 20 10 0 

Increase 

in 

capacity 

)%( 

10731

4348 

10307

9869 

98844

636 

94608

439 

90372

502 

85841

643 

79765

705 

73690

368 

72927

396 

64195

081 

58118

116 

Total 

objective 

function 
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Figure 2. The behavior of the objective function in different capacity 

 

Table 6 shows increase in the products return rate. As observed in this table along with figure 3a, 

Figure 3b and Figure 3c, the cost of purchasing the raw materials is decreased with the increase in the 

product return rate and subsequently increase in the objective function. However, the costs of the 

productions maximize again with a higher slope. In other words, the augmentation of the return rate 

is not a profitable solution for increasing the profits because the rate of rework and frequent 

manufacturing in the operation section increases as well. 

 

Table 6. Impact of rising Return rate of product on the model 

Return rate of 

product 

Raw material 

purchasing coat 

Remanufacturing 

costs 

Total objective 

function 

0.05 40769260 80255 58118116 

0.1 40499780 162927 59854666 

0.15 40221840 248123 61644212 

0.2 39935040 335962 63489238 

0.25 39638950 426566 65392384 

0.3 39333110 520069 67356465 
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Figure 3a. The behavior of the objective 

function in different return rate of product 

Figure 3b. The behavior of raw cost in different 

return rate of product 

 

Figure 3c. The behavior of remanufacturing cost in different return rate of product 

 

6.Conclusion 

 
In this research, a deterministic model is proposed for multi-period, multi-product a closed loop 

supply chain. The model includes four layers in the forward flow (suppliers, manufacturing centers, 

distribution centers, and customer zone) and three layers in the reverse flow (collection center, 

inspection center, and disposal centers). The model objective is to maximize the chain profit with 

considering economic characteristics. The model is devised according to the current situation of the 

factory under study. Also the factory's constraints such as methods of accepting the products in the 

distribution center for delivering the products to customers are regarded in this model. In order to 

validate and show the model mathematical application, numerical examples are performed by 

CPLEX. The conclusions show that we can increase the objective functions by increasing the 

capacities. It also shows that a change in the return rate can lead to both augmentations in the chain 

profit and reduction in the costs of purchasing the raw materials. In this research, several opportunities 

are considered for future research: 1. developing exact methods or using customized meta-heuristic 

algorithm for the large size problems due to their high computational time, 2) considering uncertainty 

in the model parameters especially in the demand and return rate of product, and 3) taking into account 
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more objective functions in the model. For example, environmental and customer satisfaction 

objectives such as minimization of demand backlog can be added to the model.  
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