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Abstract. The study of the network design problems related to reverse supply chain 

and reverse logistics is of great interest for both academicians and practitioners due 

to its important role for a sustainable society. However, reverse logistics network 

design is a complex decision-making problem that involves several interactive fac-

tors and faces many uncertainties. Thus, in order to improve the reverse logistics 

network design, this paper proposes a new optimization model under stochastic en-

vironment and an improved solution method for network design of a multi-stage 

multi-product reveres supply chain. The study is presented in a series of two parts. 

Part I presents the relevant literature and formulates a stochastic mixed integer lin-

ear programming (MILP) for improving the decision-making of the reverse logistics 

network design. Part II improves the solution method for the proposed stochastic 

programming and illustrates the application through a numerical experimentation. 

 

Keywords: Reverse logistics, network design, operational research, optimization, 

stochastic programming, MILP, scenario-based solution, risk averse 

1.1 Introduction 

Supply chain management is a well-understood and well-developed concept, and it 

has been extensively focused due to its significant role in determining the success 

of a company. As argued by Chopra and Meindl (2007), in today’s dynamic and 

competitive marketplace, the competition is no longer a company versus company 
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game, but it is a competition between different supply chains. Thus, the design of 

an effective supply chain is of great importance for a company to survive in the 

market and gain profit (Moncayo–Martínez and Mastrocinque, 2016). Traditionally, 

the focus of supply chain management is to manage the material, cash and infor-

mation flow from the raw material suppliers, via manufacturers, distributors and/or 

retailers, towards the end customers in order to generate profits through the fulfil-

ment of customer demands (Chopra and Meindl, 2007, Hugos, 2011). The primary 

objective of such supply chain network design problems becomes therefore profit- 

or cost-focused (Keshavarz Ghorabaee et al., 2017). However, with the increased 

emphasis on circular economy and sustainable development in recent years, the 

management of environmental impact of supply chain activities has been gained 

significant attentions (Beamon, 1999), and new concepts, i.e., green supply chain, 

reverse logistics, etc., have been introduced and widely accepted by the public as 

well as that in the research world. 

 Reverse logistics is one of the most important means for improving the environ-

mental performance of a supply chain through reducing the waste and recovering 

value from used products (Diabat et al., 2013, Yu and Solvang, 2016). During the 

latest two decades, the study of the network design problems related to reverse lo-

gistics and reverse supply chain has been of significant interest for both academi-

cians and practitioners (Shekarian et al., 2016). Critical literature reviews are given 

by different researchers to summarize the current development and suggest new di-

rections for future research (Agrawal et al., 2015, Govindan et al., 2015, Pokharel 

and Mutha, 2009, Mahaboob Sheriff et al., 2012). In this paper, some latest research 

works in reverse logistics network design are reviewed and the comparison is made 

with previous review results. 

Li et al. (2017) develop a hybrid artificial bee colony algorithm for the network 

design problem of reverse logistics system, which minimizes the overall system op-

erating costs. Considering the cost-minimization of an integrated forward/reverse 

logistics system, Tsao et al. (2017) formulate a non-linear mathematical program-

ming incorporating with a continuous approximation method for reverse logistics 

network design. Zandieh and Chensebli (2016) investigate a water flow like algo-

rithm for minimizing the costs related to the establishment and operation of a re-

verse logistics system. Taking into account of the cross-docking option in reverse 

logistics design, Kheirkhah and Rezaei (2016) formulates a mixed integer linear 

programming (MILP) in order to minimize the overall costs.   

Reverse logistics network design usually involves several objectives. Yu and 

Solvang (2016) propose a bi-objective optimization model with a normalized 

weighed sum method for sustainable reverse logistics design, which considers the 

balance of costs and carbon emissions. Yilmaz et al. (2016) develop a bi-objective 

MILP model for optimal route planning problem of a hazardous waste management 

system, and it aims at minimizing both costs and environmental risks. Govindan et 

al. (2016) investigate a fuzzy multi-objective MILP model simultaneously balanc-
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ing the economic, environmental and social sustainability in reverse logistics de-

sign. Yu and Solvang (2017) formulate a multi-objective optimization for sustaina-

ble design of a municipal solid waste (MSW) management system. 

Decision-making under inexact input information is another well-focused topic 

in reverse logistics network design. Keshavarz Ghorabaee et al. (2017) investigate 

a two stage decision-making system for designing an integrated forward/reverse lo-

gistics system under uncertainties. Soleimani and Govindan (2014) develops a sto-

chastic optimization model for reverse logistics network design considering the 

minimization of risk in decision-making. Talaei et al. (2016) propose a robust fuzzy 

optimization model to account both cost and carbon emission of reverse logistics 

design under uncertainties. 

In the real world, decision-making is never done with all necessary information 

available (King and Wallace, 2012). Therefore, it is of significance to develop ad-

vanced tool for decision-making of reverse logistics network design with inexact 

information. This paper investigates a new MILP model under stochastic environ-

ment for reverse logistics network design, and the generation of used products and 

price for recycled products are formulated as stochastic parameters. The study is 

presented in a series of two parts. Part I formulates the mathematical model. Part II 

improves the solution method and illustrates the application through a numerical 

experimentation. 

1.2 Problem and Modeling 

This paper focuses on an open-loop supply chain network structure as presented in 

Yu et al. (2016). Fig.1 illustrates that the reverse logistics system includes four lev-

els of nodes: end customer, collection & dissembling center, reuse/repair center, 

recycling center and waste disposal plant, respectively. As can be seen in the figure, 

the flow of used products in the open-loop reverse logistics system starts from the 

end customers, via intermediate nodes for collection, disassembly, repair and recy-

cling, towards different primary and secondary markets for value recover and land-

fills for proper disposal.  

 

 

Fig. 1.1 The structure of reverse logistics network (Yu et al., 2016). 
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It is a prerequisite that the relevant parameters are known or can be estimated for 

decision-making. Moreover, in order to formulate the problem, the notations of the 

indices, sets, parameters, decision variables are first given in Table 1. 

Table 1.1 Notations of indices, sets parameters and decision variables used in the formulation of 

the mathematical model 

Sets and indices 

S Set of scenarios, 𝑠 ∈ 𝑆 

P Set of products, 𝑝 ∈ 𝑃 

M Set of markets/customers, 𝑚 ∈ 𝑀 

C Set of potential locations for collection centers, 𝑐 ∈ 𝐶 

J Set of potential locations for repair centers, 𝑗 ∈ 𝐽 

K Set of potential locations for recycling centers, 𝑘 ∈ 𝐾 

L Set of disposal centers, 𝑙 ∈ 𝐿 

Parameters 

𝐹𝑐, 𝐹𝑗, 𝐹𝑘 Fixed costs for collection center c, repair center j and recycling center k  

𝑉𝑐𝑝, 𝑉𝑗𝑝, 𝑉𝑘𝑝 Variable costs at collection center c, repair center j and recycling center 

k 

𝑉𝑙𝑝 Treatment costs at established disposal center l 

𝑇𝑚𝑐𝑝 Unit costs for first level transportation of product p between customer m 

and collection center c 

𝑇𝑐𝑗𝑝, 𝑇𝑐𝑘𝑝, 𝑇𝑐𝑙𝑝 Unit costs for second level transportation of product p between collec-

tion center c and repair center j, between collection center c and recy-

cling center k, and between collection center c and disposal center l 

𝑊𝑚𝑝𝑠 Generation of used products p at customer m in scenario s 

𝐶𝑅𝑝𝑗, 𝐶𝑅𝑝𝑘 Reusable and recyclable fractions of product p 

𝐵𝑐𝑝, 𝐵𝑗𝑝, 𝐵𝑘𝑝 Planned capacity of collection center c, repair center j and recycling cen-

ter k for product p 

𝑆𝑃𝑝𝑗𝑠, 𝑆𝐷𝑝𝑗𝑠 Profit and government subsidy for repairing one unit of product p 

𝑆𝑃𝑝𝑘𝑠, 𝑆𝐷𝑝𝑘𝑠 Profit and government subsidy for recycling one unit of product p 

Decision variables 

𝜗𝑐𝑠, 𝜗𝑗𝑠, 𝜗𝑘𝑠 First stage decision variables determining if the potential locations for 

collection center, repair center and recycling center are opened in sce-

nario s 

𝐴𝑀𝑚𝑐𝑝𝑠 Quantity of first level transportation of used products p between cus-

tomer m and collection center c in scenario s 

𝐴𝑀𝑐𝑗𝑝𝑠, 𝐴𝑀𝑐𝑘𝑝𝑠, 

𝐴𝑀𝑐𝑙𝑝𝑠 

Quantity of first level transportation of used products p between collec-

tion center c and repair center j, between collection center c and recy-

cling center k, and between collection center c and disposal center l in 

scenario s 
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1.2.1 Constraints 

The primary function of reverse logistics is to properly reuse, recycle, treat and dis-

pose the used products, so Eq.(1) guarantees the used products from all custom-

ers/markets are collected. 

 

∑ 𝐴𝑀𝑚𝑐𝑝𝑠
𝑐∈𝐶

= 𝑊𝑚𝑝𝑠, ∀𝑚 ∈ 𝑀, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆 (1) 

 

 The equilibrium constraints are formulated in Eqs. (2)-(4). Eq. (2) ensures the 

input amount of used products from all customers equals to the output amounts for 

repair, recycling and disposal. Constraints (3) and (4) are to guarantee the amounts 

of used products sent for reuse and recycling are less than or equal to the respective 

fractions, which means the components distributed to different facilities must be 

complied with the reuse/recycling technologies implemented.  

 

∑ 𝐴𝑀𝑚𝑐𝑝𝑠
𝑚∈𝑀

= ∑ 𝐴𝑀𝑐𝑗𝑝𝑠
𝑗∈𝐽

+ ∑ 𝐴𝑀𝑐𝑘𝑝𝑠
𝑘∈𝐾

+ ∑ 𝐴𝑀𝑐𝑙𝑝𝑠
𝑙∈𝐿

, ∀𝑐

∈ 𝐶, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆 

 

(2) 

𝐶𝑅𝑝𝑗 ∑ 𝐴𝑀𝑚𝑐𝑝𝑠
𝑚∈𝑀

≥ ∑ 𝐴𝑀𝑐𝑗𝑝𝑠
𝑗∈𝐽

, ∀𝑐 ∈ 𝐶, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆  

 

(3) 

𝐶𝑅𝑝𝑘 ∑ 𝐴𝑀𝑚𝑐𝑝𝑠
𝑚∈𝑀

≥ ∑ 𝐴𝑀𝑐𝑘𝑝𝑠
𝑘∈𝐾

, ∀𝑐 ∈ 𝐶, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆  (4) 

Capacity limitation constraints are formulated as follows. Eqs. (5)-(8) guarantee 

the amount of different types of used products treated at repair center, recycling 

center and disposal center are less than or equal to the respective capacities. The 

influence of product type is negligible when they are sent to landfills.  

 

∑ 𝐴𝑀𝑚𝑐𝑝𝑠
𝑚∈𝑀

≤ 𝜗𝑐𝑠𝐵𝑐𝑝, ∀𝑐 ∈ 𝐶, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆 

 

(5) 

∑ 𝐴𝑀𝑐𝑗𝑝𝑠
𝑐∈𝐶

≤ 𝜗𝑗𝑠𝐵𝑗𝑝, ∀𝑗 ∈ 𝐽, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆 

 

(6) 

∑ 𝐴𝑀𝑐𝑘𝑝𝑠
𝑐∈𝐶

≤ 𝜗𝑘𝑠𝐵𝑘𝑝, ∀𝑘 ∈ 𝐾, 𝑝 ∈ 𝑃, 𝑠 ∈ 𝑆 (7) 

∑ ∑ 𝐴𝑀𝑐𝑙𝑝𝑠
𝑝∈𝑃𝑐∈𝐶

≤ 𝐵𝑙 , ∀𝑙 ∈ 𝐿, 𝑠 ∈ 𝑆 (8) 

 

Eqs. (9) and (10) are constraints for binary and non-negative decision variables.  

 

𝜗𝑐𝑠, 𝜗𝑗𝑠, 𝜗𝑘𝑠 ∈ {0,1} , ∀𝑐 ∈ 𝐶, 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾, 𝑠 ∈ 𝑆 (9) 
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𝐴𝑀𝑚𝑐𝑝𝑠, 𝐴𝑀𝑐𝑗𝑝𝑠, 𝐴𝑀𝑐𝑘𝑝𝑠, 𝐴𝑀𝑐𝑙𝑝𝑠, ∀𝑚 ∈ 𝑀, 𝑐 ∈ 𝐶, 𝑗 ∈ 𝐽, 𝑘 ∈ 𝐾, 𝑙 ∈ 𝐿, 𝑝

∈ 𝑃, 𝑠 ∈ 𝑆 

(10) 

1.2.2 Objective function 

The objective of the reverse logistics network design is to maximize the total profits 

generated. In order to improve the enthusiasm of companies to take part in the re-

verse logistics, the influence of government subsidy is taken into consideration in 

this model, so the total revenue of the reverse logistics system is comprised of both 

sales revenue and subsidy. 

 

𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝐶𝑜𝑠𝑡, 𝑠 ∈ 𝑆 

 

(11) 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = ∑ ∑ ∑ (𝑆𝑃𝑝𝑗𝑠 + 𝑆𝐷𝑝𝑗𝑠)𝐴𝑀𝑐𝑗𝑝𝑠
𝑗∈𝐽𝑝∈𝑃𝑐∈𝐶

+ ∑ ∑ ∑ (𝑆𝑃𝑝𝑘𝑠 + 𝑆𝐷𝑝𝑘𝑠)𝐴𝑀𝑐𝑘𝑝𝑠
𝑘∈𝐾𝑝∈𝑃𝑐∈𝐶

, 𝑠 ∈ 𝑆 

 

(12) 

𝐶𝑜𝑠𝑡 =  ∑ 𝐹𝑐𝜗𝑐𝑠
𝑐∈𝐶

+ ∑ 𝐹𝑗𝜗𝑗𝑠
𝑗∈𝐽

+ ∑ 𝐹𝑘𝜗𝑘𝑠
𝑘∈𝐾

+ ∑ ∑ ∑ 𝑉𝑐𝑝𝐴𝑀𝑚𝑐𝑝𝑠

𝑝∈𝑃𝑐∈𝐶𝑚∈𝑀

+ ∑ ∑ ∑ 𝑉𝑗𝑝𝐴𝑀𝑐𝑗𝑝𝑠

𝑝∈𝑃𝑗∈𝐽𝑐∈𝐶

+ ∑ ∑ ∑ 𝑉𝑘𝑝𝐴𝑀𝑐𝑘𝑝𝑠

𝑝∈𝑃𝑘∈𝐾𝑐∈𝐶

+ ∑ ∑ ∑ 𝑉𝑑𝑝𝐴𝑀𝑐𝑙𝑝𝑠

𝑝∈𝑃𝑑∈𝐷𝑐∈𝐶

+ ∑ ∑ ∑ 𝑇𝑚𝑐𝑝𝐴𝑀𝑚𝑐𝑝𝑠

𝑝∈𝑃𝑐∈𝐶𝑚∈𝑀

+ ∑ ∑ ∑ 𝑇𝑐𝑗𝑝𝐴𝑀𝑐𝑗𝑝𝑠

𝑝∈𝑃𝑗∈𝐽𝑐∈𝐶

+ ∑ ∑ ∑ 𝑇𝑐𝑘𝑝𝐴𝑀𝑐𝑘𝑝𝑠

𝑝∈𝑃𝑘∈𝐾𝑐∈𝐶

+ ∑ ∑ ∑ 𝑇𝑐𝑙𝑝𝐴𝑀𝑐𝑙𝑝𝑠

𝑝∈𝑃𝑑∈𝐷𝑐∈𝐶

,  

𝑠 ∈ 𝑆 

(13) 

 

The objective function of the proposed model is given in Eqs. (11)-(13). Eq. (11) 

shows the overall profit of the reverse logistics system equals to the total revenue 

minus total costs. Eq. (12) calculates the total revenue from the product recovery 

and government subsidy. Eq. (13) calculates the total cost for establishing and op-

erating the reverse logistics system including facility opening costs, variable costs 

and transportation costs. The optimal solution to the MILP model under stochastic 

environment is not the optimal solution to a single scenario but the one with the best 

profit expectation through all the scenarios.   
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1.3 Summary 

With the increasing focus on the circular economy and sustainable development 

all over the world, the research on reverse logistics has become a highly focused 

topic. In this paper, relevant research works recently published are first reviewed 

and then a new MILP model under stochastic environment is formulated in order to 

improve the decision-making of reverse logistics network design under inexact in-

put information. In this model, the generation of used products at different mar-

kets/customers and the price for recycled products are considered as stochastic pa-

rameters. This research is presented in a series of two parts. In the second part, the 

proposed MILP model under stochastic environment is resolved by an improved 

multi-criteria scenario-based solution method, and the application of the model is 

illustrated through a numerical experimentation. 
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