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Abstract 

In the past few years, environmental issues have had a critical and an essential role 

in designing a supply chain network and need to be taken into consideration; many 

companies and organizations have started employing environmentally sustainable 

processes in their business and supply networks.  

On the other hand, the trends show that by the year 2050, the global demand of food 

may increase as twice as it is now, as the population of the world may reach 9 billion 

by then. For thousands of years meat has been an important part of human diet as 

it is recognized as an essential part of an equitable diet by the World Health 

Organization. 

Based on what is available in the literature dealing with food supply chain (FSC), 

one could notice that there is a lack of reverse logistics in this area of study, and 

closed-loop supply chain (CLSC) design as an integration of forward and reverse 

logistics has not been paid much attention. 

This study is conducted as an expansion of the work done by Mohammed and Wang 

(2017) dealing with a multi-objective closed-loop Green meat supply chain, and an 

attempt to cover the gap of reverse logistics in their study. To that aim, this work 

has targeted to design an optimal Green supply chain configuration for meat 

production network considering both forward and backward (reverse) flow. 

ɛ-constraint technique, as a classical method for solving multi-objective 

optimization (MOO) problems, is used to solve the model. The designed CLSC 

network is modeled by Mixed-Integer Linear Programming. To validate the 
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developed meat supply chain (MSC) network, a real-life case study is provided. 

Having modeled the case problem, IBM ILOG CPLEX optimization software is 

used to code it based on the procedure of the proposed method. Computational 

results are presented, and a complete discussion and sensitivity analysis are 

performed, which proves that the developed CLSC network is robust enough to be 

applied to practical CLSC problems, and the performance of the optimization 

method is quite acceptable to solve such problems. 

 

Keywords: Closed-Loop Supply Chain Network Design, Supply Chain 

Management, Food Supply Chain, Meat Supply Chain, Green Supply 

Chain Management, ɛ-Constraint Method.  
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CHAPTER 1. Introduction 

This chapter consists of the background of the subject, covering some principals on 

the subject of Closed-loop Supply Chain (CLSC) network design, including the 

terminologies, technical expressions, research objectives, solution methodology as well as 

motivation, contribution and thesis structure.  

1.1 Background 

Less integrated methods in production management which tend to handle the 

production processes in traditional ways will lose their effects in next stages. Hence, 

companies’ top managers have started considering Supply Chain (SC) as an integrated 

method for managing the materials, products, information, and financial costs in an 

appropriate manner (Chen and Lee, 2004). According to APICS Dictionary (a terminology 

reference published by American Production and Inventory Control Society), Supply 

Chain Management is a set of coordinated activities such as designing, planning, executing, 

controlling, and monitoring of supply chain processes, aiming to create net value, and build 

a competting infrastructure, influence universal logistics, synchronize supply with demand, 

and measure performance globally (Hassanzadeh Amin, 2012). The definition of Supply 

Chain goes as follow: a network of different factors affecting the production process from 

supplying the production materials to producting final products/services in order to arrenge 

the appropriate products/services to reach the end-users at the proper time and promised 

location.  
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On the other hand, as it is defined in the literature, supply chain management is a set of 

methods used to effectively integrate suppliers, producers, inventories, and stores. These 

methods are implemented coordinately through a transportation network in order for the 

required products to be produced and supplied in a specific quantity, in a certain time, and 

in a determined location. Consequently, the total costs of the entire chain will be 

minimized; subsequently the customers’ demands will be met with a high quality of service 

(Simchi and Kaminsky, 2000). In addition, the inventory also plays a critical role in the 

success or failure of a supply chain. Therefore, coordinating the level of stock, all over the 

supply chain, is an important issue (Stevenson, 2004). In some companies, in which there 

is a pervasive traditional approach to operational planning for the departments related to 

product’s production and supplement, the units comprising the supply chain network make 

their decisions in line of optimizing their own benefits solely and separately; hence causing 

an increase in supply chain costs, increase in the costs of products, and considerable 

decrease in the competitive ability of such companies (Sadeghi Moghadam et al, 2009).  

Most of the models that have been developed in supply chain management in the literature 

can be categorized as follows: 

 Coordinated Vendee-Vendor Planning Models 

 Coordinated Production-Distribution Planning Models 

 Coordinated Production-Inventory Planning Models 

 Coordinated Procurement-Production-Distribution Planning Model 

 Locating-Allocating Planning Models 
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The trends show that by the year 2050, the demand of food may increase as twice 

as it is now over the world. This promises that the food supply chain is to play a key role 

in world economy (Fritz and Schiefer, 2009; Mattevi and Jones, 2016; Accorsi et al, 2016). 

In this regard, the success of a food supply chain is closely related to designing and 

managing the flow of material, information and costs. Thus, a high quality of 

product/service should be provided so the company can satisfy its customers’ needs further 

to keeping the chain total costs minimized (Smith-Levi et al, 2000).  

In the past few years, the growing importance of green supply chain management 

has caused developing countries to turn to this concept and benefit from the advantages of 

using it; many companies and organizations employ environmentally sustainable processes 

in their business and supply networks. In these countries, the goal of Green Supply Chain 

(GSC) is considered as to minimize environmental contamination. Although this outlook 

must be changed, the goal of using GSCM in factories should be defined as preventing the 

contamination and environmental issues. In other words, the use of this major field of 

management should be addressed by a preventive approach to environmental issues of 

concern to managers and relevant authorities (Khaksar et al, 2014). 

Green supply chain, by definition, is a chain the goal of which is to preserve the 

environment, retain stability, reduce environmental pollutants, as well as the expenses 

caused by environmental issues (Yazdani, 2016). Thus, providing the models which 

consider such goals will be remarkable assistance to the environment preservation.  
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1.1.1 Terminologies and technical expressions 

1.1.1.1 Supply chain 

Supply chain is a network consisting of all the members and activities involved, directly 

and indirectly, in satisfying a customer demand. The members that form a supply chain are 

not limited to only manufacturers and suppliers; they include transporters, warehouses, 

retailers, and customer themselves. All the members involved in a supply chain work to 

fulfill its main objective, which is to maximize the overall value generated (Alzaman, 

2007). 

1.1.1.2 Supply chain management 

As Copacino defines in 1997, Supply Chain Management (SCM) is to lead the flow of 

materials and products to go through a system of entities. This includes the total flow of 

raw materials from suppliers to shipping the final products to end-users, which requires the 

design, coordination, management and improvement of supply chain operations (Alzaman, 

2007). Supply chain management comprises, in other words, the process of integrating the 

activities of the supply network, as well as information flow regarding that network, 

through improving and coordinating the chain of supply, manufacturing, and developing 

the product (Schtedler and Kilgar, 2006). 

1.1.1.3 Closed-loop supply chain 

Closed-loop supply chain is an integration of forward and reverse logistics in Supply Chain 

Management (Guide and Van Wassenhove, 2009). In other words, a supply chain network 

that includes the reverse flow of materials, and the processes of remanufacturing or 
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reprocessing the returned products, as well as the disposing of the wastes is referred to as 

closed-loop supply chain. 

1.1.1.4 Green production 

The production process consists of entering the raw materials, and transforming them into 

the final product through designing, assembling, producing and packaging the final 

product. Green production includes factors such as clean production, designing the product 

with environmental priorities taken into consideration, remanufacturing, as well as lean 

production (Imani and Ahmadi, 2009).  

1.1.1.5 Green Supply Chain  

This terminology pertains to describing a supply chain that addresses the strategy and 

methodology for creating improvements in consistency measurements, cost reduction, 

carbon emission reduction and additional parameters. (Beamon, 1999). 

1.1.2 Statement of problem 

A strong (robust) design of supply chain network is essential for the success and survival 

of an organization in an increasingly competitive market. This includes a strategic decision-

making for the determination of the location and assignation of related facilities, as well as 

a tactical decision about the flow of supplying the products along the supply chain network 

(Mohammed and Wang, 2017).  

As mentioned earlier, this study aims to design a closed-loop supply chain configuration 

for a meat production-distribution network. To handle a CLSC problem, decision makers 

should make two-stage important decisions, design and planning, as such problems are 

more than a short-term project for an organization. Strategic decisions are attempted on the 
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major characteristics of the network entities, such as coordination, capacities, structure, 

and basically network configuration. Then at the planning level, the important decisions 

regarding the flow of materials between suppliers and manufacturers, and the flow of 

products throughout the whole supply chain network should be undertaken (Chopra, 2007; 

Soleimani and Kannan, 2015). 

On the other hand, environmental issues have a critical and an essential role in designing a 

supply chain network and need to be taken into consideration. Furthermore, in today’s 

competitive market, many parameters such as expenses and potential demands of the 

market must be taken into account when designing a supply chain network (Fattahi et al, 

2015; Davis, 1993).  

Nowadays, Green Manufacturing is considered as an important parameter of industrial 

processes. Achieving the brand Green by manufacturers will lead up to competitive ability 

amongst credible international organizations. Upon the increase of awareness about 

preservation of environment, organizations are now obliged to provide and apply certain 

environmental procedures with the goal of conserving the environment in order to produce 

green products in their companies.  

Therefore, this study seeks to expand the research study by Mohammed and Wang (2017) 

by considering the flow of the returned products and solid waste from a meat supply 

network, also known as reverse flow. In the following chapters, we develop/design a supply 

chain network configuration that can optimize the input-output of the network to make a 

balance between supply-demand and connect the suppliers, distributors, customers and the 

other members of the meat supply network. This will be done by setting an optimum 

quantity of livestock going through the network and optimal flow of processed meat to the 



 

7 

 

other parts of the chain. In this study, a multi-objective optimization model will be 

developed in order to solve a distribution problem for a meat supply chain network. ɛ-

constraint method will be utilized to minimize the total cost of the network, while it 

manages to minimize the CO2 emission due to transportation. 

1.2 Research questions 

The questions on which this research is formed are as follows: 

 What is the optimal design for a closed-loop meat supply chain configuration, 

considering the minimum cost of transportation and implementation of the 

network?  

 What are the optimum tactical and strategic alternatives in terms of location and 

allocation (flow of the material/product) throughout the developed model? 

 What is the minimum amount of CO2 emission in transportation for the meat supply 

chain while the delivery rate can balance the supply-demand? 

1.3 Research Objective 

The objective of this research is to design a closed-loop supply chain network for meat 

production and to optimize the developed closed-loop configuration by employing 

mathematical programming so that the model can provide the decision maker with the 

strategic and tactical alternatives. The model is supposed to consider the impacts of the 

following issues on the closed-loop supply chain configuration: 
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Multi-objectives: Multi-objective is referred to as multiple objective functions to be 

optimized in a closed-loop network configuration. In CLSC configurations, minimization 

of the total cost including supply, operation, holding, and transportation costs or 

maximization of the profit of the network is one of the multiple objective functions. CLSC 

optimization models manage to optimize other factors as well; such factors include but not 

limited to products recycling and wastes management because of environmental concerns. 

Furthermore, to select amongst the members of the supply chain network, such as suppliers, 

manufacturers and distributors, the decision maker should consider various criteria. 

Therefore, multi-objective models should come in play and cover the different aspects of 

a closed-loop supply chain models and the proposed models should be optimized by means 

of appropriate solution approaches (Hassanzadeh Amin, 2012). 

Environmental impacts: Environmental impacts of a supply chain network have had a 

major role in the past few decades, as several scholars have dedicated many studies to this 

subject. The environmental impacts, also known as greenhouse gases, which are counted 

as CO2 equivalent, are produced by various activities done in a supply chain such as 

supplying the material, manufacturing/producing the final products and transportation 

throughout the network. This work considers the carbon dioxide emission from the meat 

production supply network, due to shipping the products through the transportation 

network. This is done by adding an objective function to the traditional objective function 

of supply chain problems, which is minimization of the total cost of the network or 

maximization of total profit produced by the supply network. 
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1.4 Solution methodology 

This research is a theoretical study as it aims to design a supply chain configuration based 

on a meat production network considering the reverse flow of the products. In the next 

stage, it tries to optimize the proposed configuration utilizing the following approaches. 

1.4.1 Mixed-integer linear programming 

Mixed-integer linear programming is a certain type of mathematical programming that 

manages to minimize or maximize a linear function while satisfying linear constraints. 

Mixed-integer linear programming deals with two types of variables, namely non-negative 

variables and integer variables. Another group of variables that are used in this method is 

binary variables, which are special case of integer variables, and can only take 0 or 1 

(Hassanzadeh Amin, 2012). 

1.4.2 Multi-objective programming 

By multi-objective optimization, the model will be allowed to have a degree of freedom. 

This degree of freedom is not given in mono-objective programming. This flexibility 

effects the optimization model, as there will not be a unique solution for a given multi-

objective problem. Instead, the optimization method provides the decision maker with a 

set of solutions called Pareto optimal solutions or Pareto front. By applying the 

optimization method, the search process will end up with a set of solutions called trade-off 

solutions (Collette and Siarry, 2003). A bi-objective optimization programming is utilized 

in this study, which is a special type of multi-objective optimization programming. 
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1.4.3 ɛ-Constraint 

The ε-constraint method is one of the Classical techniques to solve multi-objective 

optimization problems and most probably the best-known technique in this category. The 

procedure of this method doesn’t aggregate the objectives of the problem, but instead, it 

aims to minimize or maximize one objective function, based on the decision maker 

preference, while it transforms the other objective functions to constraints. First, Haimes 

et al (1971) introduced this technique and then Chankong and Haimes (1983) published an 

extensive discussion on this subject. In this work, this method is used to solve the proposed 

mathematical model of the suggested case study. 

1.5 Beneficiaries 

The results of this research can be used for large-scale meat production network as well as 

optimizing the distribution plans for green supply chain in other agricultural products. 

Also, this research may be extended for a multi-product multi-period Food Supply Chain. 

Furthermore, it may also be an interesting research direction to formulate the maximization 

of meat quality as an objective function. In conclusion, industries such as automotive 

industry, chemical industry, energy-related industries, as well as mining and petroleum 

industries, which have the major share in Saskatchewan Gross Domestic Product, may find 

the results of this research beneficial. 



 

11 

 

1.6 Motivation, contribution and thesis organization 

1.6.1 Motivation and importance of the research 

The reports from United Nations show that the population of the world may reach 9 billion 

by the year 2050. This implies an increasing demand for food over the world. For thousands 

of years meat has been an important part of human diet as it is recognized as an essential 

part of an equitable diet by the World Health Organization. To illustrate the importance of 

this concept, Canada as an instance has been considered in this section. Canada's meat 

industry has the capacity to export products to more than 150 countries around the globe 

while satisfying its national needs (www.cmc-cvc.com).  

Many countries in the world agreed to the “United Nations Framework Convention on 

Climate Change” in 2015, one of which was Canada. Based on this framework, the 

following gases will be measured country wide: Sulphur hexafluoride (SF6), methane 

(CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and 

carbon dioxide (CO2). Main sources of greenhouse gases are categorized into six main 

groups: Energy, Industry, product use, Agriculture, Land use, Forestry (www.cmc-

cvc.com).  

Introducing carbon tax is expected to promote creative solutions to create low-carbon 

options for consumers and businesses. Government of Canada has obliged all the provinces 

to not only provide their carbon pricing program but also meet Canada's 2030 greenhouse 

gas emission reduction goal which is 30 percent (www.canada.ca). 
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According to a study done by the “Food and Agriculture Organization of the United 

Nations” entitled “Livestock’s Long Shadow, Environmental Issues and Options”, 18% of 

GHG emission measured in CO2 equivalent is caused by livestock sector around the world. 

On the topic of Green House Gas Emissions, Environment Canada in its report in 

November 2008 states that out total of 721 metric tonnes of carbon dioxide produced in 

the country, 42.2 metric tonnes of CO2 was produced by Canada’s animal production 

industry. This number for the transport sector is 159 metric tonnes. This proves Canada's 

meat industry needs to find innovative ways to aggrandize its capacity without increasing 

its environmental footprint (www.cmc-cvc.com). 

Some farmers in Canada have already made great progress saving energy on the farm by 

using innovative and new technologies. Some of these energy saving methods are as 

follows: 

 High efficiency fluorescent lighting in barns. 

 New barn design with wide airways built into the walls that provides energy free 

ventilation. 

 Computer-controlled farm equipment with advanced fuel-efficient engines control 

unites and tires (www.cmc-cvc.com). 

Considering the importance of the food industry and its demanding future, and meat 

production industry in particular, along with the critical impact of humans’ activities on 

the environment as well as the advantages of Green supply chain management in 

organizations, this research focuses on providing and optimizing an environmentally 

sustainable supply chain network design for meat production, considering reverse logistics. 
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1.6.2 Contribution and novel aspect of the research 

This study is inspired by the article entitled “The fuzzy multi-objective distribution planner 

for a green meat supply chain” by Mohammed and Wang (2017).  It tries to expand their 

proposed model of three-echelon meat production network consisting of farms, abattoirs, 

and retailers, to a closed-loop supply chain network. This means that the model also 

considers the reverse flow of the products. Similarly, this study considers the 

environmental impacts of the transportation of products and wastes of the network as an 

objective function that has to be optimized along with the total cost function. In general, 

there does not exist many research studies and articles in the literature that address all 

aspects of this research study in meat industry. In conclusion, one can say that this research 

study contributes to the field of food supply chain management (FSCM) in the following 

aspects:  

 Designing an optimal supply chain configuration for meat production network 

considering both forward and backward (reverse) flow. 

 Creating a multi-objective optimization code that is capable of optimizing the meat 

supply chain, considering environmental impacts counted as CO2 equivalent, along 

with traditional objective of total cost of the supply chain. 

 Creating a mixed-integer linear programming optimization model for green meat 

supply network that is solved using ɛ-constraint method. 

1.6.3 Organization of the thesis 

The rest of the thesis is structured as follows:  
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Chapter 2 discusses the principles and theoretical fundamentals of the subject, 

including in-depth definition of supply chain management and various technical 

expressions, as well as advantages and disadvantages of Green supply chain management.  

Chapter 3 is a review of the literature and previous studies on the subject of Closed-

loop supply chain management; Food supply chain; Green supply chain, and multi-

objective optimization problems. 

Chapter 4 includes the Problem Definition. It describes the problem of the research 

and analyzes its various aspects. Then a supply chain network is designed to solve the 

defined problem. The proposed closed-loop meat supply chain configuration is modeled 

using Mixed-Integer Linear Programming technique; a real-life case problem in this area 

is defined afterwards.  

The solution method to solve the developed model is proposed in Chapter 5. ɛ-

Constraint technique is described theoretically in this chapter, as well as its application to 

solve the real-life case study.  

Chapter 6 is dedicated to solve the suggested case study and presenting the 

computational results of the optimizer; at the end of the chapter, discussion on the results 

of the solution is provided in detail; sensitivity analysis is done as well.  

Finally, Chapter 7 concludes the whole research study and discusses the possible 

future works related to this research topic. The schematic model of the thesis organization 

is shown in Figure 1.1. 
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Figure 0.1 Schematic model of the thesis organization 
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2. CHAPTER 2. Fundamental concepts of the subject 

 

2.1 Introduction 

In this chapter, theoretical foundations utilized in the thesis subject and in-depth definitions 

of the concepts such as supply chain, supply chain management, supply chain processes, 

closed-loop supply chain, supply chain network design, green supply chain management 

and its advantages and disadvantages, green supply chain models, as well as the concept of 

multi-objective optimization problems, mathematical programming and Mixed-Integer 

Linear Programming, and ɛ-Constraint optimization method are covered. 

2.2 Fundamental concepts 

2.2.1 Definition of Supply Chain 

In this current global landscape, it is a challenge for companies and organizations alike to 

simultaneously expand their global market standing for survival and growth as well as 

protecting their domestic market share from international competitors.  According to 

Handfield et al (2002), a strategic positioning of inventories is essential so that products 

are conveniently accessible for customers. Supply chain must be potentially efficient to 

minimize consumption of resources by measuring its delivery performance, product 

quality, backorders and inventory level as well as measuring its effectivity with its service 

quality and service needs (Klemencic, 2006). It is a constant challenge for supply chain 
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network companies to design a more effective and efficient supply chain than the 

competitors’ equilibrium optimization to remain competitive in terms of satisfying 

customer preferences of service, cost quality and flexibility. Following figure illustrates 

this concept. 

 

 

Figure 2.1 Competitive framework in Supply Chain (Klemencic, 2006) 

 

A requirement to optimize this equilibrium is a systematic management and design of 

supply chain which considers strategic decisions and coordinated activities.  To be able to 

design and assemble assets, organizations, skills and competences which incorporates 

team, partners, products and processes is a constant challenge for designing and managing 

a supply chain.  Hence, the design of supply chain represents how companies innovate, 

differentiate and create value (Klemencic, 2006). 
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Based on the comprehensive research study by Mentzer et. al. (2001) their definition states 

that “A supply chain is a set of three or more entities e.g. organizations or individuals, 

directly involved in both upstream and downstream flows of products, services, finances 

and/or information from a source to a customer.” 

Supply chains are essentially a series of linked suppliers and customers until products reach 

the ultimate customer (Handfield, 2009).  It may include internal divisions of the company 

as well as external suppliers that has second tier suppliers that provide input.  Figure 2.2 

exhibits a supply chain of a company that has upstream supplier network and downstream 

distribution channel.  

This is how Mentzer et al (2001), have defined three types of supply chains: 

1.  Direct supply chain, which consists of a company, a supplier, and customer.  

2. Extended supply chain, which includes suppliers of the immediate supplier, as well 

as customers of the immediate customer. 

3. Ultimate supply chain, which includes all the organizations involved in all the 

upstream and downstream flows. 
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Figure 2.2 Supply Chain or Supply Chain Network (Handfiled, 2002) 

 

2.2.2 Supply chain processes 

In general, supply chain management has three main processes, which include: (Miyan 

Abadi and Abbasali, 2010): 

2.2.2.1 Information management 

Today, the key role of information is obvious to everyone. Proper circulation and proper 

transfer of information will make the processes more efficient and effective and will 

facilitate management. Coordination in activities in the supply chain is of great importance. 

Coordinated and appropriate information management among partners will increase the 

impact of decision making and speed, accuracy, quality and other aspects. 
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2.2.2.2 Logistics Management 

Logistics management involves all physical activities from the procurement process to the 

final product, such as transportation, warehousing and scheduling activities. 

2.2.2.3 Relationship Management 

Relationship management is one of the key issues in the supply chain and has a significant 

impact on all fields in the supply chain and its performance level. Many of the initial 

failures in the supply chain are due to the poor transfer of expectations that have occurred 

between the parties involved in the supply chain. To develop an integrated supply chain, 

increasing trust among partners and reliability plans are important elements for them to 

succeed. 

2.2.3 Definition of Supply Chain Management 

The various definitions of supply chain management presented in literature make its 

meaning and clarity inconsistent.  Despite the extensive investigation by the industry and 

academia, there is still no consistent definition of the concept. 

The following are some of the definitions of the concept of SCM.  According to Bolumole 

(2000), based on a marketing perspective, supply chain management proposes an integrated 

philosophy for managing an organizations’ purchasing and distribution method. In another 

study done by Persson (1997), the author stated that a supply management is a homogenous 

management concept.  Its general objective is to improve a company’s bottom line and 

profitability.  Other objective relates to the reduction of the inventory level and increasing 

the revenues through the improvement of customer service through coordination and 

integration by material flow, win-win relationships and focus on customers.   
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The supply chain not only includes the manufacturer and suppliers, but also transporters, 

warehouses, retailers and customers. All functions involved include new product 

development, marketing operations, and distribution in order to meet customer’s demands. 

To maximize total profitability, supply chain management includes the management flows 

between and within stages in a supply chain (Chopra, 2001)  

According to Handfield (2002), supply chain management is defined as the integration and 

management of supply organizations and activities by the collaboration of organizational 

relationships, effective business methods and a high level of information sharing to 

generate exceptional performance of values system which contributes to a sustainable 

competitive advantage of organizations. 

2.2.4 Supply Chain Network Design 

Supply Chain Network Design (SCND) is a process of coordinating and identifying the 

optimum combination of suppliers, producers, distribution centers, and customers which 

maximizes the profit of the network. As for a strategic decision, SCND plays the main role 

to regulate the performance of a supply chain network. Supply Chain Network Design 

determines the locations of network members, as well as their numbers and capacities; the 

flow of materials and products throughout the network is another important factor that is 

regulated by SCND. The configuration of a supply chain network is a long-term decision 

to make as small changes in the configuration can impose huge expenses on organizations 

and take long time to implement. The crucial importance of SCND relates to its role in 

constraining the decisions of the network in both strategic and operational matters (Devika, 

2014). The role of Supply Chain Network Design in linking a supply chain facilities 
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seamlessly which determines the ultimate success of a network is another aspect of 

importance of SCND (Min and Zhou, 2002). 

2.2.5 Closed-loop Supply Chain 

By considering both forward and reverse (backward) processes of a supply chain 

simultaneously, Closed-loop Supply Chain would be achieved (Soleimani and Kannan, 

2015). In other words, CLSC is an integration of forward and reverse logistics in Supply 

Chain Management (Guide and van Wassenhove, 2009). Figure 2.3 illustrates a simple 

CLSC configuration as Beamon (1999) defines it, in which solid lines represent forward 

processes and dashed lines demonstrate backward flows, and W illustrates Disposal centers 

(Soleimani and Kannan, 2015). 

 

 

Figure 2.3 Simple CLSC configuration (Beamon, 1999) 
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2.2.5.1 Forward flow 

The forward supply chain (FSC) is defined as a group of integrated activities leading to 

transforming raw materials into ultimate products. Managing the demand, balancing the 

procurement, and satisfying the customers are the area that Supply Chain Managers try to 

improve (Cooper et al, 1997). 

2.2.5.2 Reverse flow 

Reverse supply chain (RSC) is referred to as a set of activities including the process of 

collecting and recycling the returned products in supply chain network (Melo et al, 2009). 

Stock (1992) comments on this concept as follow “….the term often used to the role of 

logistics in recycling, waste disposal and management of hazardous materials; a broader 

perspective includes all issues relating to logistics activities carried out in source reduction, 

recycling, substitution, reuse of materials and disposal”. 

2.2.6 Green Supply Chain Management 

The supply chain refers to a network of distribution facilities and options that provide the 

materials, turn them into intermediate and final products, and distribute end products to 

customers. The Green Supply Chain Management was first introduced in 1996 by 

Michigan State University Industrial Research, which is in fact the new management model 

for environmental protection (Nicknejad, 2011). Supply chain management is a strategy 

through which these various functions can be integrated (Rouhani et al, 2014). 

Making the supply chain Green means taking into account the environmental criteria of the 

entire supply chain. Green Supply Chain Management integrates supply chain management 

with environmental requirements at all stages of product design, selection and supply of 
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raw materials, production, distribution and transfer, delivery to the customer and after 

consumption, management of recycling and reuse to maximize utilization of energy and 

resources in addition to improving the performance of the entire supply chain. When 

examining the environmental impacts of supply chain activities, the impact of products on 

the environment is analyzed through a general approach (including analysis of the life cycle 

of the product from its beginning to the end of its life). In this approach, all ecological 

effects, such as the habit of life and the way they live, and their interaction with the 

environment of each activity in various stages of product life, such as the concept of 

product, design, procurement of raw materials, manufacturing and assembly, assembling, 

maintenance, packaging, transportation and reuse of the product are measured and are 

considered in product design (Olfat et al, 2011). Srivastava (2007) defined the green supply 

chain as follows: Considering environmental issues in supply chain management, including 

product design, material selection, manufacturing and production process, final product 

delivery to the customer, and subsequent product management after its effective life is 

called the green supply chain. 

2.2.6.1 Green supply chain models 

 Model of Zhu et al. 

In 2008, Zhu et al. provided a model to study the effect of organizational learning and 

management support on Green Supply Chain Management (GSC), and return on 

investment and external activities were selected through green design actions. In the model 

of Zhu et al. 6 variables including organizational size, legal pressure, industry level, market 

pressure, cost squeeze and supplier pressure were considered as control variables. The 
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results of the analysis indicated that there is a strong link between the support of managers 

and organizational learning by implementing green supply chain measures with the control 

of the six variables presented. 

 Model of Yang et al.  

Yang et al (2013) evaluated the relationship between domestic measures, external actions, 

green performance, and company competition in the study of Taiwan's container shipping 

companies. In this study, using the structural equation model, it was revealed that internal 

and external actions have a positive effect on green performance and green performance 

increases the company's competitiveness. Internal measures include green marketing, 

green transportation, and green policies. External actions include green collaboration with 

supply chain partners, green partnerships with suppliers, and green collaboration with 

customers. Reducing pollution and reducing green costs represent green action, and the 

company's competition variables include increased productivity, increased profits and 

improved service quality. (Khaksar et al, 2014). 

2.2.6.2 Advantages of GSCM 

Based on the various roles of the supply chain, the benefits of managing the green supply 

chain for the environment and society are grouped into different groups: nonmaterial 

benefits, material benefits and emotional benefits. From the material perspective, green 

supply chain management helps less environmentally, reduces costs for suppliers and 

manufacturers, reduces cost to customer ownership, and low resource consumption for the 

community. Managing a green supply chain from a humane point of view to overcoming 

prejudice and pessimism for the environment, reducing supplier rejection, facilitating 
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manufacturing for the manufacturer, making the product more entertaining for the 

customer, and better adapting to the community. Green supply chain management 

contributes in terms of emotional benefits to increasing stakeholder motivation for the 

environment, providing a better image for supplier and producer, better quality of life for 

customers, and building industry in the right direction of the community. 

The reasons why companies adopt a green approach and adapt to green supply chain 

management include: 

 Marketing goals 

 Sustainability of resources 

 Reduce costs and increase productivity 

 Gaining competitive advantage 

 Ethical Needs (Niknejad, 2011) 

2.2.6.3 Disadvantages of GSCM 

Despite the untapped benefits that green supply chain management for companies, there 

are some issues and concerns associated with this concept: 

 Disagreement at different levels of governments 

 Inconsistency between athorities 

 Lack of specialists in logistics in some countries 

 Disconnection between the facilities of the chain 

 Lack of mutual trust in the system 

 Resistance to changes from some organizations 
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 A poor understanding of the economy of the market (Rouhani et al, 2014). 

2.2.7 Multi-Objective Optimization 

Optimization is a critical process in many areas such as engineering, management, and 

business applications. Multiple objectives and usually contradictory objectives have to be 

fulfilled. To solve such problems one should optimize the problem by transforming the 

multiple objectives into a mono objective while satisfying the constraints of the problem; 

this systematic and simultaneous process of optimization is defined as Multi-objective 

Optimization (MOO), which is originated from three areas namely pure mathematics, game 

theory, and economic equilibrium and welfare theories. Solving Multi-objective 

optimization (MOO) problems is relatively more difficult compared to mono-objective 

problems, as no unique solution answers can be found for such problems. Instead, there 

will be a set of solutions; this set of acceptable optimum solutions is referred to as Pareto 

front (Ngatchou et al, 2005; Marler and Arora, 2004). The general form of a multi-objective 

optimization problem is depicted as follow: 

 

where, F(x) represents the objective functions that can be as many as 1 to k, gj (x)s show 

the inequality constraints, and hl (x)s are equality constraints (Marler and Arora, 2004). 
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2.2.8 Mixed-Integer Linear Programming 

Mixed-integer linear programming is a certain type of mathematical programming that 

manages to minimize or maximize a linear function while satisfying linear constraints. 

Mixed-integer linear programming deals with two types of variables, namely non-negative 

variables and integer variables. Another group of variables that are used in this method is 

binary variables, which are special case of integer variables, and can only take 0 or 1 

(Hassanzadeh Amin, 2012). We can write a mixed-integer linear program in a general form 

as follow:  

 

Let A and B represent two column vectors which are formed by their components, ai 

i = 1 to n and bj = 1 to o respectively. C1 and C2 are two matrices with the order (m,n) 

for C1 and (m,o) for C2. Then the problem will be defined as: 

Problem M  

 min Z = C1A + C2B 

Subject to:  

 C1A + C2B = D 

 αj ≤ bj ≤ βj 

 bj  integer             and          j = 1 to o 

 0 ≤ ai                 and          i = 1 to n 
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The ai defined as the continuous variables, while the bj defined as the integer variables. 

The boundaries of the bj has to be finite, but can take either negative or positive (Bénichou, 

1971). 
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3. CHAPTER 3. An Overview of the Literature 

 

3.1 Introduction 

In this chapter, to grasp a deep understanding of the concepts under study and build a 

relationship between the scientific results achieved by the scholars in the scope of this 

research, as well as being able to define the research objectives, we discuss a number of 

existing research studies and publications in the literature. The relevant articles presented 

in this chapter are classified in four categories: the studies that focused on food supply 

chain management; closed-loop supply chain network design; multi-objective optimization 

programming; and those accentuating environmentally sustainable/Green supply chain 

management. The publications in this section are categorized based on the most important 

aspect of each study, although they might have addressed some common concepts.  

3.2 Food Supply Chain Management 

Mohammed and Wang (2017) developed a three-echelon distribution planner for a green 

supply chain for meat production network. They took some factors, such as equipment and 

rate of product transported in supply network, into consideration. To this aim, they 

developed a fuzzy multi-objective supply network, considering the forward flow of 

material/products, and included the following objectives in the model: 

 Minimizing the implementation cost and cost of delivery; 
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 Minimizing the amount of carbon dioxide emission due to transportation of 

products; 

 Minimizing the distribution time of products from the farms to abattoirs and from 

abattoirs to retailers; 

 And maximizing the average rate of delivering the satisfactory products to the 

customers by the abattoirs and retailers. 

In order to optimize the four objective functions simultaneously, three different solutions 

were being considered and employed. The methods being utilized are LP-Metrics, ε-

constraint, and goal programming method. Lastly, the authors compared the solutions 

resulted from Pareto optimum and concluded ε-constraint technique as the best solution 

method employing Max-Min method. 

Paksoy et al. (2012) in a study entitled "Application of fuzzy optimization to a supply chain 

network design: case study of an edible vegetable oils manufacturer" presented a multi-

objective fuzzy linear programming model for expressing a distribution-production 

optimization problem for a network of edible vegetable oil producers. The goal of the study 

is to try to minimize the total cost of transport at the same time. The first part of the total 

cost includes all shipping costs between suppliers and silos. And the rest of the cost 

function is shipping costs between the manufacturers and the warehouses. The approach 

includes all operational factors and the actual flow of patterns used in the 

production/distribution network, referring to the demands of the warehouses and the 
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capacity of the packaging lines. Finally, they applied the proposed fuzzy model to a real 

case and discussed the out coming results. 

Rong et al. (2011) in a study entitled "An Optimization Approach for Managing Fresh Food 

Quality throughout the Supply Chain" have presented a multi-objective fuzzy linear 

programming model for indicating a distribution-production optimization problem for a 

network of edible vegetable oil manufacturers. In this study, food quality has been used in 

defining the objective functions and decision-making process in a food supply chain. They 

proposed a method for modeling food quality degradation, so that the model can be 

combined with a mixed-integer linear programming model to develop a production-

distribution plan. The authors alleged that the resulting model, by utilizing both food 

quality and cost criteria, has the potential of applying for designing and operating food 

distribution systems. 

Asghari et al. (2016), in a study entitled "The Mathematical Model of Green Closed-loop 

Supply Chain, Considering the Reliability of Meat," acknowledged that by considering 

both the green and closed-loop supply chain network in an integrated way, we can reduce 

the environmental impact while increasing economic profit. In this study, a mono-objective 

mixed-integer mathematical programming model for a closed-loop supply chain network 

has been developed considering the level of environmental sustainability and the reliability 

of components and products. This network includes three levels of direct flow and three 

levels in reverse flow. The developed model was solved by GAMS optimization software 

using the CPLEX solver and the results were discussed, evaluated and concluded. 
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Zamanizadeh et al (2013), in a paper entitled "Reviewing the Requirements for 

Implementing Green Supply Chain Management in Behnoosh Gachsaran Beverage 

Company", reviewed the requirements for implementation of green supply chain 

management (barriers, executive actions and results) in the beverage industry at the 

Behnoosh Gachsaran Company. In this paper, firstly, identification of the requirements for 

the implementation of green supply chain management has been addressed in the company 

under study, and then, in order to prioritize and identify the executive measures, using 

researcher made questionnaires available to the experts gathered the necessary information 

and finally identified the prioritization of the executive activities, such as deciding on what 

processes, initiatives and training programs, etc. are to be used, with the fuzzy TOPSIS 

method. 

In “Robust supply chain network design with service level against disruptions and demand 

uncertainties: A real-life case” a study performed by Baghalian et al. in 2013, they designed 

a network of multi-product supply chains which comprised of several capacitated 

production facilities, distribution centres and retailers in markets under uncertainty by 

developing a stochastic mathematical formulation. They stated that the model can 

simultaneously consider demand-side and supply-side uncertainties. They also investigated 

the impact of strategic facility location decisions on the operational inventory and shipment 

decisions by considering a discrete set as potential location of distribution.  To assist them 

in considering supply-side uncertainties which could disrupt manufacturers, distribution 

centres and their connecting links, they used a path-based formulation. They have created 

a transformation based on the piecewise linearization method for the model to gain global 

optimality.  To conclude their study, through a real-life case study on an agri-food industry, 
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they demonstrated the model outputs as well as discussing the results by using numerical 

examples. 

By comparing the application of a multi-criteria selection methods in a fuzzy environment 

as well as incorporation the fuzzy set theory into TOPSIS, VIKOR and GRA methods, 

Banaeian et al. in 2018 applied the methods to an actual agri-food industry company to 

achieve a green supplier evaluation and selection study.  Through a comparative analysis 

by the authors in their study entitled “Green supplier selection using fuzzy group decision 

making methods: A case study from the agri-food industry”, the three fuzzy methods 

resulted a uniform supplier ranking, although the fuzzy GRA involved less computational 

complexity to arrive at the same results.  For each method, further analyses of the numerical 

results in terms of normalization functions, distance metrics, and aggregation functions 

were completed. 

3.3 Closed-loop Supply Chain Network Design 

In designing an actual closed-loop supply chain, real data was used by Jabbarzadeh et al. 

in 2018 to examine the proposed optimization model and to efficiently solve the model, a 

Lagrangian relaxation algorithm was developed.  To cope with operational and disruption 

risks, in this research, they presented a stochastic robust optimization model which was 

employed to minimize different disruptive supply chain cost so that the supply chain 

benefit from lateral transshipment strategy. According to the case study, the strategy of 

lateral transshipment can considerably reduce total supply chain cost as well as 
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significantly save cost.  Although the proposed approach provided vital insight, it was 

regulated thus a multi-criteria decision-making technique may be encouraged. 

Jeihoonian et al. in 2016 proposed a mixed-integer programming model which foundation 

was a non-specific disassembly diagram wherein the quantity of the individual sub-

assembly was determined by the conditional value of the return stream in which the 

coordinating of forward and reverse flows determined the diverse types of facilities in a 

reverse network.   Ion this perspective, a closed-loop supply chain was explored through a 

generic modular configuration of durable products. 

By integrating the decision maker’s approach to risk taking, a new parametric method that 

represented a fuzzy interval which is based on α-cut was proposed in 2015 by Adil 

Baykasoglu and Kemal Subulan, in a paper under the topic of “An analysis of fully fuzzy 

linear programming with fuzzy decision variables through logistics network design 

problem” to illustrate the validity and practicality of the applied method to a generic reverse 

logistics network design model which included fuzzy decision variables. After the 

comparison of the provided solutions both by the proposed method to the available 

methodologies of solutions in terms of computational efficiency, solution quality and ease 

of use, the proposed method had shown more reliable and precise solutions. Hence, 

decision makers with different levels of uncertainty and risk attitudes were encouraged by 

fuzzy efficient solutions. 

Soleimani and Govindan (2015) in their study, entitled “A hybrid particle swarm 

optimization and genetic algorithm for closed-loop supply chain network design in large-

scale networks”, recommend a novel and efficient arrangement system to be able to adapt 



 

36 

 

to challenges. Alternatively, by exhibiting a fitting strategy to understand different 

dimensions of contingencies, this investigation considers enhancing closed-loop supply 

chain network through managing numerical programming methods; building up a 

deterministic multi-item, multi-echelon, multi-period model. These two strategies, outline 

and arranging choice factors, are considered in the proposed system.  In addition, 

considering the end goal to have a dependable execution assessment process, extensive 

scale occasions are respected in computational investigation. Two prevalent meta-heuristic 

calculations are considered to build up another lifted mixture calculation: the hereditary 

calculation (GA) and molecule swarm streamlining (PSO). Breaking down the previously 

mentioned calculations' qualities and shortcomings have motivated this study to endeavor 

the enhancement of the GA and utilizing a few parts of PSO. In this way, another half breed 

calculation is proposed, and a total approval process is attempted utilizing CPLEX and 

MATLAB programming. In conclusion, a contextual analysis including an Iranian hospital 

equipment fabricator is utilized to assess the proposed arrangement methodology. 

 “Closed-loop supply chain network design under a fuzzy environment” a study conducted 

by Ramezani et al (2014) address the utilization of fuzzy sets to outline a multi-item, multi-

period, closed-loop supply chain network. The exhibited store network incorporates three 

target capacities: amplification of benefit, minimization of conveyance time, and expansion 

of value. With regards to fuzzy numerical programming, the paper together thinks about 

fuzzy/adaptable imperatives for fuzziness, fuzzy coefficients for absence of learning, and 

fuzzy objective of choice maker(s). As indicated by fuzzy segments considered, a fuzzy 

streamlining approach is embraced to change over the proposed fuzzy multi-objective 
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blended whole number straight program into an equal assistant fresh model to get the 

significant arrangements. 

The article “Designing a sustainable closed-loop supply chain network based on triple 

bottom line approach: A comparison of metaheuristics hybridization techniques” by 

Devika et al (2014) claim that this concept is discussed concurrently by the three mainstays 

of supportability in the system outline issue while there is an existing discrepancy in the 

statistical display of social effects alongside ecological and fiscal effects. A mixed integer 

programming model is produced for this multi-objective closed-loop inventory network 

arrange problem. Recognizing the end goal to take care of this NP-hard problem, three new 

assimilated metaheuristic strategies are produced which depend on adjusted imperialist 

focused calculations and variable territory exploration. To test the proficiency and 

adequacy of these calculations, they are contrasted and each different as well as with other 

solid calculations which resulted to a more improved approach of resolution.  To determine 

the efficacy of the approach, a glass industry case study is employed. 

In the research “A multi-objective facility location model for closed-loop supply chain 

network under uncertain demand and return” by Amin and Zhang (2013) a CLSC 

organization is explored which incorporates numerous plants, collection centres, request 

markets, and commodities. To this point, a mixed-integer linear programming model is 

suggested that limits the aggregate cost. The model is stretched out to consider natural 

factors by measured aggregates and ɛ-constraint techniques. Furthermore, the effect of 

interest and profit vulnerabilities for the system arrangement by stochastic programming 
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(situation based) is analyzed and studied. Computational outcomes demonstrate that the 

model can deal with request and return vulnerabilities, at the same time. 

In addition to the conventional restricted issue that every point in the chain supply network, 

in the article, “Design of sustainable supply chains under the emission trading scheme”, 

Chaabane et al. (2012) presented a mixed-integer linear programming-based structure for 

viable inventory network plan that considers lifecycle evaluation (LCA) standards. In fact, 

the structure recognizes solid and liquid wastes, and also vaporous discharges because of 

different generation procedures and transportation frameworks. The structure is utilized to 

assess the arrangement which involves varied expenses and ecological targets under 

different cost and working methodologies in the aluminum business. The outcomes 

propose that existing enactment and Emission Trading Schemes (ETS) must be reinforced 

and orchestrated at the worldwide level with a specific end goal to drive a significant 

ecological procedure. In addition, the model shows that proficient carbon administration 

techniques will aide administrators to accomplish cost effective sustainability. 

Using a linear programming formulation as a problem prototype, which captures the 

transactions of various costs that includes emissions and transporting commodities within 

the closed-loop transportation supply chain (Paksoy et al, 2011). The research, entitled 

“Operational and environmental performance measures in a multi-product closed-loop 

supply Chain”, examines the operational and environmental functionality methods. 

In the paper “Logistics network design for product recovery in fuzzy environment” by Qin 

and Ji in 2010, a fuzzy programming tool that designed the product recovery network was 

utilized to deal with uncertainty.  They designed a hybrid intelligent algorithm with the 
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assimilation of fuzzy simulation and genetic algorithm to solve the proposed three types of 

optimization models. To demonstrate the efficacy of proposed models and algorithm, 

several numerical examples were presented. 

A proposal of a generalized model where the uncertainty is expressed through a fuzzy 

number were done by Wang and Hsu in 2010. By the defined means and mean square 

imprecision index obtained from the integrated information of all the level cuts of fuzzy 

numbers, an interval programming model was proposed and was based from the resolution 

on the decision maker’s preference. Although there was a higher risk of violence of the 

resource constraints, the solution generated useful information that the more optimistic the 

DM is, the better.  In addition, a solution procedure with numerical illustrations was 

developed to identify probable risk which presented a trade-off mechanism between 

logistic cost and the rick to a DM. 

Üster et al. (2007) in their article, “Benders Decomposition with Alternative Multiple Cuts 

for a Multi-Product Closed-Loop Supply Chain Network Design Model”, consider a multi-

item closed-loop production network arrange outline issue where they find gathering 

focuses and remanufacturing offices while planning the forward and invert streams in the 

system in order to limit the handling, transportation, and settled area costs. The subject 

matter is persuaded by the act of a unique gear producer in the car business that gives 

benefit parts to vehicle support and repair. We give a powerful issue definition that is 

amiable to proficient Benders reformulation and a correct arrangement approach We show 

computational outcomes which outline the unrivaled execution of the proposed 
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arrangement philosophy with different Benders slices in contrast with the branch-and-cut 

approach and in addition the customary Benders deterioration approach with a solitary cut. 

Since the majority of the proposed models for the design of a reverse distribution network 

were lacking of universality, a comprehensive model was proposed by Salema et al. in 

2007 to overcome any restrictions. The designed generic reverse logistics network model 

considered the limits of amount, multi-product management and the ambiguity demands 

and returns on the products. By using a standard B&B technique to resolve a developed 

mixed integer formulation, the model was then employed to a demonstrative paradigm. 

3.4 Green Supply Chain Management 

A robust fuzzy optimization model was developed by Talaei et al. in 2016 in a research 

named “A fuzzy optimization model for carbon-efficient closed-loop supply chain network 

design problem: a numerical illustration in electronics industry”. The authors have been 

trying to investigate a facility location/allocation model, which may be applied for the 

multi-product closed-loop green supply chain network, such as collection/inspection and 

manufacturing/remanufacturing centers as well as markets and disposal center. In this 

study, a mixed-integer linear programming model has been proposed in order for 

minimizing the total cost of the network. Considering the environmental objectives, such 

as minimizing the rate of carbon dioxide emission in the environment, the model has been 

developed throughout the network under investigation. Further, the model was developed 

by utilizing a robust fuzzy programming method to determine the effects of uncertainty in 

variable costs and the demand rate, when designing the network. The ε-constraint approach 
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has been utilized in order to solve the bi-objective model; and lastly, a case study in Copier 

Industry has been employed to check the robustness of the proposed model. 

Alhaja et al (2016) addressed the issue of joint location-inventory and they developed it to 

the matter of reducing carbon emissions in a supply chain. The model problem which the 

authors worked on consisted of one factory, multiple distributors, and multiple retailers, 

and finally proposed a carbon credit plan. A survey which was conducted to analyze the 

relationship between green education and the green supply chain of Brazilian companies 

with ISO-14001 certification showed that green education has a positive correlation with 

supply chain practices in green purchasing and cooperation with customers and achieving 

external environmental developments (including through having a green supplier 

certificate). 

Ostani (2015) states that today one of the most important decision-making issues is the 

supplier's choice issue. Efforts to reduce pollution and pay attention to environmental 

conditions have led to the emergence of a green supply chain issue. In this research, in 

order to evaluate suppliers in the green supply chain in Mazandaran province's 

manufacturing industries, in addition to classical criteria such as price and quality, criteria 

such as the use of green materials and green technology were also considered. Because of 

the complex nature of the decisions, a fuzzy inference system has been implemented with 

the help of linguistic variables and finally a model for evaluating suppliers in the green 

supply chain has been presented. 

Ghayeblou and Tarkh (2014) point out in a study entitled "Integrated Direct and 

Convertible Environment Integrated Circuit Network Design" whose goal is to design a 
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closed-loop supply chain network to combine environmental considerations with the 

design of a traditional supply chain network through Consider recycling, disassembly, and 

reuse activities. In a closed-loop supply chain network, the use of environmentally friendly 

materials and increased reuse of products by designing a network for recycling, 

disassembling, and refurbishing appropriate products can increase environmental 

considerations in network design. In this process, design should be considered as an 

exchange between the goals of maximizing the interests and green values. In this research, 

an integer 0 and 1-duplex programming model for a direct and reverse integrated logistics 

network consists of three levels in the direct flow (suppliers, assembly centers, customer 

areas) and two levels in reverse (to Names of centers for demagnetization and disposal) 

were developed and resolved. A set of Pareto's optimal answers was provided to illustrate 

the exchange between the goals of the profit-oriented functions and the greenness of the 

network. Also, several useful managerial insights have been developed from a variety of 

numerical examples. 

Safdari and Rastmazadeh (2016), in a study entitled "The Impact of Green Supply Chain 

Management on Organizational Agility (Case Study: IKCO Tabriz)", investigated the 

effect of green supply chain management on organizational agility in IKCO. For this 

purpose, the dimensions of the green supply chain (green design, green purchases, green 

production, green warehousing, green transportation and green recycling) were considered. 

Then, the impact of each dimension of green supply chain management on the agility of 

the organization was examined. The statistical population of this research is mostly 

managers and decision makers of IKCO Tabriz Company, which comprises 49 people, 

including: managers and vice-presidents of this company. In order to determine the 
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required sample size, due to the limited number of population, and to increase the accuracy 

of the research, the whole method was used. The data gathering tool was a researcher-made 

questionnaire. To analyze the data from the questionnaire, Smart PLS software was used. 

The results of hypothesis analysis using t-value test in the study show that all dimensions 

of green supply chain on organizational agility in this company have a positive and 

significant effect. 

In designing the multi-echelon, multi-period and multi-objective model for a sustainable 

reverse logistics network, Govindan et al in 2016, in an article entitled “A fuzzy multi-

objective optimization model for sustainable reverse logistics network design” attempted 

to employ the fuzzy mathematical programming in order to exhibit the entire features of 

sustainability which includes the minimizing of present value costs, the impact on the 

environment as well as optimize social responsibility.  In solving uncertain parameters, the 

fuzzy mathematical programming was utilized, moreover a customized multi-objective 

particle swarm optimization (MOPSO) algorithm was applied to find solutions on Pareto 

front.  To determine the validity of the proposed solution, test problems of varied sizes 

were analyzed using the four-comparison metrics and computational time.  As to exhibit 

the both practicality of the model and the applicability of the proposed solution, a medical 

syringe recycling system adapted the model which clearly demonstrated that in comparison 

to ɛ-constraint method, the MOPSO algorithm surpassed in terms of quality and efficiency 

of determining solutions and time computation.  Therefore, the proposed process with 

respect to proper application and consideration to social and environmental aspects, had 

the ability to be beneficial to corporations/companies which consider an excellent and 

efficient recycling management. 
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In designing a sustainable supply chain network under uncertain conditions, a multi-

objective mathematical programming model was used by Tsao et al in 2018. The purpose 

of the model is to maximize social benefits while economic costs and environmental 

impacts are minimized.  The concern for the selection of production technologies, the 

materials determining the number and locations of production and the distribution centers 

and the quantity of product to be transported between facilities will be decided with ease. 

To achieve a solution related to uncertainty problems, a two-phased stochastic 

programming and fuzzy probabilistic multi-objective programming were utilized.  

Furthermore, stochastic variables were used to deal with customer demand while fuzzy 

numbers were employed to solve overall costs, carbon emissions, job opportunities and 

detrimental effects.  The efficacy and efficiency of the proposed model were achieved 

through numerical analysis.  

Nayeri et al. (2017) in a study entitled "A Model on Green Production Planning in 

Automobile Industry (Case of IKCO)", after explaining the model to decide and select the 

appropriate strategy. Green production for selected products of Iran Khodro Co. In this 

model, all dimensions of green production, including reduction of energy consumption, 

environmental pollutants and pollution caused by product exploitation, are integrated into 

an idealized planning model. The results of the implementation of the model in the 5-year 

planning horizon have resulted in the production of greener products such as Peugeot 206 

and Pars with the maximum capacity and the production of other products with less 

volume. 
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3.5 Multi-Objective Optimization Programming 

Che in 2016 in a study under the topic “A multi-objective optimization algorithm for 

solving the supplier selection problem with assembly sequence planning and assembly line 

balancing” has developed a scheduling model for assembly line in order to investigate the 

special issues related to choosing the alternatives in formulating a multi-objective 

optimization model. In the proposed model, the concept of assembly sequence planning 

and assembly line balancing have been taken into consideration. Furthermore, a new 

combinatorial algorithm consisting of the guided search algorithm and multi -objective 

particle swarm optimization (MPSO) algorithm, as well as a metric multi-objective particle 

swarm optimization (MMPSO) algorithm. Che presented that his proposed algorithm 

achieved high ratios of Pareto-optimal solution. Moreover, the results of the analysis have 

shown that the algorithm clarifies more non-dominated solutions. 

Pourazarri and Shakari (2015), in a study entitled "Multi-objective Optimization of Cost 

and Time in Designing a Green Supply Chain Network", a two-objective model for multi-

objective optimization of cost and time and carbon dioxide emissions in design. The Green 

Supply Chain Network has proposed carbon dioxide emissions from the displacement of 

products in accordance with the type of machine, fixed and variable costs of using the 

facility for the relocation of products, as well as the time when the products reach the 

customer. Is. To solve the multi-objective model, four multi-objective decision-making 

methods including maximum-minimum method, Lp-metric method, idealization method 

and ideal programming have been used. Several experimental issues in different sizes were 

solved by each method. The results show that the different methods have different 
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competitive outcomes and can not be compared directly to each other. To compare the 

methods of solving several different indexes, we used the simple sum method to determine 

the best method, and the results show that the LP metric method and ideal planning, in 

comparison with other methods, yield better answers in less time. 

In the research entitled “A multi-objective robust optimization model for multi-product 

multi-site aggregate production planning in a supply chain under uncertainty” done by 

Mirzapour et al. (2011), while considering a supply chain including multiple suppliers, 

multiple manufacturers and multiple customers, addressing a multi-site, multi-period, 

multi-product aggregate production planning (APP) problem, as well as the cost parameters 

and demand fluctuations under uncertainty, they proposed a new robust multi-objective 

mixed integer nonlinear programming model to deal with APP with two conflicting 

objectives, and the uncertain nature of the supply chain.  Then, they transformed the 

problem into a multi-objective linear one.  The first objective was to minimize total losses 

of supply chain which include production cost, hiring, firing and training cost, raw material 

and end product inventory holding cost, transportation and shortage cost. The second 

objective considered customer satisfaction by minimizing the sum of the maximum amount 

of shortages. Also considered were the working levels, workers productivity, overtime, 

subcontracting, storage capacity and lead time. In conclusion, by applying the LP-metrics 

method the proposed model was solved as a single-objective mixed integer programming 

model which yielded an indication of an efficient production planning in a supply chain. 

To address a comprehensive multi-site, multi-period and multi-product aggregate 

production planning (APP) problem under uncertainty, a supply chain model which 



 

47 

 

contained multiple suppliers, multiple manufactures and multiple customers was 

formulated as a fuzzy multi-objective mixed-integer nonlinear programming 

(FMOMINLP) by Gholamian et al. (2015).  In this model which was presented in a research 

entitled “Comprehensive fuzzy multi-objective multi-product multi-site aggregate 

production planning decisions in a supply chain under uncertainty”, four conflicting 

objectives were considered at the same time, these were: (i) to minimize the total cost of 

the SC (ii) to improve customer satisfaction (iii) to minimize the fluctuations in the rate of 

changes of workforce (iv) to maximize the total value of purchasing in order to consider 

qualitative performance criteria.  Three steps were performed to convert the model to multi-

objective mixed-integer linear programming (MOMILP) subsequently was solved by two 

different methods.  Results from these two methods were analyzed and their efficiency 

were investigated through a real SC case study. 

In a paper done by Fattahi et al. (2015) under the topic of “Dynamic supply chain network 

design with capacity planning and multi-period pricing”, which cited difficulty in 

designing and planning a multi-echelon and multi-product supply chain network over a 

multi-period horizon in which customer zones have price sensitive demands, a generic 

method was presented and a mixed-integer linear programming model was developed to 

achieve price levels for products with basis on price-demand relationships.  A simulated 

annealing algorithm with developed linear relaxation-based heuristics for capacity 

planning and pricing was exhibited in order to deal with the problem of intractability hence 

demonstrating the significance and efficiency of the model.   
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In a study authored by Govindan et al. (2017) entitled “Fuzzy multi-objective approach for 

optimal selection of suppliers and transportation decisions in an eco-efficient closed loop 

supply chain network”, they proposed that to extend an existing supply chain of an Indian 

inkjet printers assemblers firm, they designed an eco-efficient CLSC which was configured 

as a multi-objective model and mathematically formulated as mixed integer programming 

problem with fuzzy objectives. The firm’s economic and environmental stance based its 

decision-making process by integrating the fuzzy multi-objective model. They stated that 

to aid the manufacturer in making crucial strategic, tactical and operational decisions, the 

proposed fuzzy CLSC optimization model will provide an integrated decision-making 

framework. In addition, the model concurrently can minimize the overall cost of activities, 

as well as maximize the performance of the component suppliers while minimizing the 

carbon emissions transportation. Further, to arrive to a compromised solution for the CLSC 

configuration problem, a weighted fuzzy mathematical programming approach was 

employed for producing a fuzzy efficient solution. 

The study by Balaman et al. (2018) presented a novel bi-level support system (DDS) to 

assist in modelling and optimization of multi technology, multi product supply chains and 

co-modal transportation networks for biomass-based production combining two multi-

objective mathematical models. In this research named “Integrated optimization of 

sustainable supply chains and transportation networks for multi technology bio-based 

production: A decision support system based on fuzzy ε-constraint method”, they proposed 

a hybrid solution methodology with integrated fuzzy set theory and ε-constraint method 

with respect to the supply chain configuration optimized by the first level of the DDS and 



 

49 

 

the design of the transportation network with specification to transportation mode and 

related transportation option under limited availability of transfer station. By obtaining 

trade-offs between conflicting objectives, the methodology managed system uncertainties 

of economic and environmental sustainability aspects. Using the entire West Midlands 

region of UK as a testing field, a regional supply chain and transportation network was 

designed for in-depth study of the proposed models and solution methodology.  To prove 

further insights into the design and optimization of the biomass-based supply chains, 

additional scenario and sensitivity analyses were supplemented. 

To approach a multi-criterion for a multi-echelon supply chain network with uncertain 

market demands and product prices, the paper authored by Chen and Lee in 2004 

propositioned a multi-product, multi-stage, multi-period scheduling model. To describe the 

sellers’ and buyers’ incompatible preference on product prices, the fuzzy sets were used, 

while the uncertain market demands were modeled as discrete circumstances with known 

probabilities. In this study entitled “Multi-objective optimization of multi-echelon supply 

chain networks with uncertain product demands and prices” they used a mixed-integer 

nonlinear programming problem to solve a number of conflicting objectives of fair profit 

distributions, safe inventory levels, maximum customer service levels and robustness of 

decision to uncertain product demands while considering compromised preference of 

buyers and sellers on product prices.  They also included the robustness measure to 

significantly diminish objective variability to uncertainties on product demand. They 

presented a two-phase fuzzy decision-making method, by applying it into a numerical 
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example that had effectively provided solution in an uncertain multi-echelon supply chain 

network. 

Having reviewed the literature, a lack of a study that addresses all components of Multi-

Objective Optimization, Closed-loop supply chain configuration, and Environmental 

considerations for a Meat distribution network, at the same time, is noticeable. Therefore, 

this study is conducted to develop a closed-loop Green meat supply chain planner 

considering two conflicting objectives, so as minimization of network total cost, and 

minimization of carbon dioxide emission due to transportation.  
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4. CHAPTER 4. Developing the Closed-loop Supply Chain Network 

 

4.1 Introduction 

Having gone through some principles and fundamental definitions, as well as reviewed the 

literature on the subject “closed-loop supply chain network design”, in this chapter we 

attempt to design a CLSC configuration for a meat supply chain, considering the 

environmental impact. This Chapter covers the model description and discusses the 

assumption on which the proposed model is based. The configuration of the model is 

designed and the proposed CLSC network is modeled by Mixed-Integer Linear 

Programming. 

4.2 Model description  

The model that this research study aims to develop is a multi-objective multi-echelon Green 

supply network which includes both the forward and reverse flow of materials and 

products, which are livestock and fresh meat, respectively (see Fig. 4-1). In forward 

direction, the model consists of farms which are responsible for supplying the livestock as 

raw material for the chain by delivering them to the next echelon, abattoirs as distribution 

centers the task of which is to process the livestock into fresh meat as the final product and 

distribute them through the chain; the primary customers, which are retailers, are the third 

echelon in this direction. On the other direction, reverse logistic, there are collection centers 

which are responsible for the following tasks: 1- collecting the unusable meat from 
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retailers, and 2- reprocessing the returned products and distributing them to either 

secondary customers, if they pass the minimum quality to be used in secondary customers, 

or disposal centers which from the last echelon of the CLSC configuration. It is worth 

mentioning that the secondary customers can be zoos or any centers that keep animals, 

such as animals’ shelters where reprocessed meat can be used to feed the animals.  

The model has enough capabilities to handle real-world problems by integrating activities 

of supplying the livestock, processing and distributing the meat, as well as reprocessing, 

redistributing and disposing the returned products, which makes the network more complex 

than both forward and reverse logistics. 

The model comprises of two objectives. The first one aims to minimize the total cost of the 

network, including the supplying cost, processing and reprocessing cost, and transportation 

cost; the cost objective function is usual for many SCND problems. The second one 

attempts to minimize the environmental impacts of the chain due to transportation 

throughout the network by minimizing the CO2 (Carbon Dioxide) equivalent emission. 

In the problem definition, we use the general expressions for our proposed supply chain 

entities as we consider our configuration a general network structure since it is applicable 

to different industries, such as petroleum and chemical industries and health care 

equipment. 

 

 



 

53 

 

 

 

 

 

 

 

 

Figure 4.1 Conceptual structure of the proposed CLSC network 
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By optimizing the proposed model, the following items would be determined: 

 The topography of the supply chain, which means knowing how many abattoirs, 

collection centers and disposal centers should be open and which of them. 

 The number of livestock to be sent out through the supply chain. 

 The assignment of farms to abattoirs and primary customers to abattoirs and 

collection centers, as well as collection center to secondary customers and disposal 

centers.  

 and the flow of meat throughout the network. 

Therefore, location and allocation variables are the main decision variables. 
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4.2.1 Assumptions 

The following common assumptions from the literature (Wang & Hsu, 2010; Syarif et al, 

2002; Hsu & Wang, 2009) are made to the configuration of proposed model. 

 The model is developed for a single-period, single-product and multi-echelon 

network. 

 The locations of farms, customer zone, including primary and secondary customers 

are fixed. 

 The potential locations, capacities of all entities, as well as cost parameters are 

known in advance.  

 Satisfying the demand of primary customers is guaranteed.  

 The network is not responsible for satisfying the demand of secondary customers.  

 The number of entities and their potential locations in each echelon are confined by 

predetermined values. 

 The entities of the same echelon are not connected, and no flow is transported 

between them. 

 All returned products from customer zone are collected by collection centers. 

 The returned ratio of products from the primary customers (rate of unused meat 

returned by the retailers to the input fresh meat) is a fraction of the customers’ 

demands. 

The data should be given for the problem in study are as follows. 

 The set of potential locations of the entities in each echelon for locating purposes. 
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 The primary customers’ demands. 

 The fixed cost of working with variable entities. 

 The variable cost of transportation 

 The carbon dioxide emission of transportation per unit. 

 The ratio of return of products from primary customers. 

 The ratio of usable product from collection centers. 

 The capacity of farms. 

 The operational capacity of distribution and collection centers. 

4.2.2 Notations and indices 

The proposed CLSC network is described by the following indices, parameters and 

variables. 

4.2.2.1 Parameters and variables 

I Set of Suppliers i = 1, ..., I 

J Set of Distribution centers j = 1, ..., J 

M Set of Primary Customers m = 1, ..., M 

N Set of Secondary Customers n = 1, ..., N 

R Set of Collection/Reprocess centers r = 1, ..., R 

S Set of Disposal Centers s = 1, …, S 
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4.2.2.2 Parameters 

𝑑𝑚 Demand of customer m for processed meat 

𝐹𝐶𝐷𝑗 Fixed cost of opening distributor j 

𝐹𝐶𝑅𝑟 Fixed cost of opening collection/reprocess center r 

𝑇𝐶𝑖𝑗 Unit delivery Cost for shipping the livestock from supplier i to 

distributor j  

𝑇𝐶𝑗𝑚 Unit delivery Cost for shipping the processed meat from distributor 

j to customer m 

𝑇𝐶𝑚𝑟 Unit delivery Cost for shipping the returned product from customer 

m to collection/reprocess center r 

𝑇𝐶𝑟𝑛 Unit delivery Cost for shipping the returned product from 

collection/reprocess center r to secondary customer n 

𝑇𝐶𝑟𝑠 Unit delivery Cost for shipping the returned product from 

collection/reprocess center r to disposal center s 

𝑆𝑂𝐶𝑖 Unit supply cost at supplier i 

𝐷𝑂𝐶𝑗 Unit processing cost at distributor j 

𝑅𝑂𝐶𝑟 Unit reprocessing cost at collection/reprocessing center r 
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𝑆𝐶𝑎𝑝𝑖 Maximum capacity of supplier i 

𝐷𝐶𝑎𝑝𝑗 Maximum capacity of distributor j 

𝑅𝐶𝑎𝑝𝑟 Maximum capacity of collection center  r 

𝑃𝐶𝑎𝑝𝑠 Maximum capacity of disposal s 

𝐶𝑂2𝑖𝑗
 CO2 emission in gram per unit of livestock for each trip from 

supplier i to distributor j 

𝐶𝑂2𝑗𝑚
 CO2 emission in gram per unit of product for each trip from 

distributor j to customer m  

𝐶𝑂2𝑚𝑟
 CO2 emission in gram per unit of product for each trip from 

primary customer m to collection/reprocess center r 

𝐶𝑂2𝑟𝑛
 CO2 emission in gram per unit of product for each trip from 

collection/reprocess center r to secondary customer n 

𝐶𝑂2𝑟𝑠
 CO2 emission in gram per unit of product for each trip from 

collection/reprocess center r to disposal center s 

𝛼 Return ratio of processed meat at primary customers 

𝛽 Reuse ratio of the meat returned from primary customers 
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4.2.2.3 Decision variables 

𝜒𝑖𝑗 Quantity of livestock from supplier i to distribution center  j 

𝜒𝑗𝑚 Quantity of processed meat from distribution center  j to primary customer m 

𝜒𝑚𝑟 Quantity of processed meat from primary customer m to collection center r 

𝜒𝑟𝑛 

Quantity of reprocessed meat from collection/reprocess center r to 

secondary customer n 

𝜒𝑟𝑠 

Quantity of disposable meat from collection/reprocess center r to disposal 

center s 

 

4.2.2.4 Binary decision variables 

𝑍𝑆𝑖 {
1: 𝑖𝑓 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑟 𝑖 𝑖𝑠 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑
0: 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                           

 

𝑍𝐷𝑗  {
1: 𝑖𝑓 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑜𝑟 𝑗 𝑖𝑠 𝑜𝑝𝑒𝑛𝑒𝑑  
0: 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                 

 

𝑍𝑅𝑟 {
1: 𝑖𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑒𝑛𝑡𝑒𝑟 𝑟 𝑖𝑠 𝑜𝑝𝑒𝑛𝑒𝑑  
0: 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                             

 

𝑍𝑆𝑠 {
1: 𝑖𝑓 𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑐𝑒𝑛𝑡𝑒𝑟 𝑠 𝑖𝑠 𝑜𝑝𝑒𝑛𝑒𝑑  
0: 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                          

 

 

 

 



 

60 

 

4.2.3 Mathematical formulation 

In terms of notations and indices, the proposed CLSC network configuration is formulated 

as follows. 

4.2.3.1 Objective functions 

Minimization of the Cost Function F1 consisting Fixed Cost + Transportation Cost + 

Processing Cost + Supply/Material Cost + Collection and Reprocessing Cost 

 

Min F1   =     ∑ 𝑭𝑪𝑫𝒋 𝒁𝑫𝒋

𝒋

+  ∑ 𝑭𝑪𝑹𝒓

𝒓

 𝒁𝑹𝒓 

+ ∑ ∑ 𝑻𝑪𝒊𝒋

𝒋

𝝌𝒊𝒋

𝒊

+ ∑ ∑ 𝑻𝑪𝒋𝒎

𝒎𝒋

𝝌𝒋𝒎 +  ∑ ∑ 𝑻𝑪𝒎𝒓

𝒓𝒎

𝝌𝒎𝒓 

+ ∑ ∑ 𝑻𝑪𝒓𝒏

𝒏𝒓

 𝝌𝒓𝒏 + ∑ ∑ 𝑻𝑪𝒓𝒔

𝒔𝒓

 𝝌𝒓𝒔 

+ ∑ ∑ 𝑺𝑶𝑪𝒊

𝒋𝒊

 𝝌𝒊𝒋 + ∑ ∑ 𝑫𝑶𝑪𝒋

𝒎𝒋

 𝝌𝒋𝒎 +  ∑ ∑ 𝑹𝑶𝑪𝒓

𝒔𝒓

 𝝌𝒓𝒔 

(4-1) 

Min F2   = ∑ ∑ 𝐶𝑂2𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝐶𝑂2𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝐶𝑂2𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟 

+ ∑ ∑ 𝐶𝑂2𝑟𝑛

𝑛

𝜒𝑟𝑛

𝑟

+ ∑ ∑ 𝐶𝑂2𝑟𝑠

𝑠𝑟

𝜒𝑟𝑠 

(4-2) 
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4.2.3.2 Constraints 

Balanced Constraints   

 ∑ 𝜒𝑖𝑗

𝑖

=   ∑ 𝜒𝑗𝑚

𝑚

  j  J (4-3) 

 ∑ 𝜒𝑚𝑟

𝑟

=   ∑ 𝜒𝑗𝑚

𝑗

 ×  𝛼   m  M (4-4) 

 ∑ 𝜒𝑟𝑛

𝑛

=   ∑ 𝜒𝑚𝑟

𝑚

 ×  𝛽   r  R (4-5) 

 ∑ 𝜒𝑟𝑠

𝑠

=   ∑ 𝜒𝑚𝑟

𝑚

 ×  (1 − 𝛽)   r  R (4-6) 

Capacity Constraints: 

 
  

 ∑ 𝜒𝑖𝑗

𝑗

≤   𝑆𝐶𝑎𝑝𝑖 𝑍𝑆𝑖  i  I (4-7) 

 ∑ 𝜒𝑗𝑚

𝑚

≤   𝐷𝐶𝑎𝑝𝑗 𝑍𝐷𝑗   j  J (4-8) 

 ∑ 𝜒𝑚𝑟

𝑚

≤   𝑅𝐶𝑎𝑝𝑟 𝑍𝑅𝑟  r  R (4-9) 

 ∑ 𝜒𝑟𝑠

𝑟

≤   𝑃𝐶𝑎𝑝𝑠 𝑍𝑃𝑠  s  S (4-10) 
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Satisfactory Constraint: 

 ∑ 𝝌𝒋𝒎

𝒋

=   𝒅𝒎  m  M (4-11) 

Allowable Constraint: 

 ∑ 𝒁𝑺𝒊

𝒊

≤   𝑰 (4-12) 

 ∑ 𝑍𝐷𝑗

𝑗

≤   𝐽 (4-13) 

 ∑ 𝑍𝑅𝑟

𝑟

≤   𝑅 (4-14) 

 ∑ 𝑍𝑃𝑠

𝑠

≤   𝑆 (4-15) 

 𝑍𝑆𝑖 , 𝑍𝐷𝑗  , 𝑍𝑅𝑟 , 𝑍𝑃𝑠  ∈   {0 , 1} (4-16) 

 

∀ 𝑖 ∈ 𝐼 , 𝑗 ∈ 𝐽 , 𝑚 ∈ 𝑀 , 𝑛 ∈ 𝑁 , 𝑟 ∈ 𝑅 , 𝑠 ∈ 𝑆 

𝜒𝑖𝑗  , 𝜒𝑗𝑚 , 𝜒𝑚𝑟 , 𝜒𝑟𝑛 , 𝜒𝑟𝑠  ≥ 0 
(4-17) 
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4.2.4 Description of the mathematical model 

Below the details of the job and effect of each component of the mathematical model 

including the objective functions as well as the constraints are discussed.  

4.2.4.1 Objective functions  

The objective function (4-1) represents the minimization of aggregate cost of the supply 

network comprising of fixed cost of establishing the distribution centers as well as 

collection centers. Plus, the cost of transporting livestock from suppliers to distribution 

centers, and transportation of processed meat from distribution centers to primary 

customers,  and transporting unused meat from primary customers to collection centers, 

and from collection centers to secondary customers and disposal centers. The third 

component of this objective function is the operational cost of supplying the livestock per 

unit for suppliers, and cost of processing the meat per unit for distribution centers, as well 

as the cost of reprocessing unused meat from primary customers at collection centers. 

Objective function (4-2) minimizes the Carbon Dioxide equivalent emissions associated 

with transportation of livestock from suppliers to distribution centers and meat distribution 

and transportation throughout the network. 

4.2.4.2 Constraints  

Constraints (4-3) to (4-7) are the balance constraints showing that the flow of livestock 

from suppliers must be equal to output flow of processed meat from distribution centers to 

primary customers (4-3). 
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Output flow of processed meat from distribution centers must be equal to demand of 

primary customers, constraint (4-4). 

Constraint (4-5) determines that the flow of unused meat from primary customers to 

collection centers is equal to the amount of meat transported from distribution centers times 

the return rate of processed meat.  

Constraint (4-6) ensures that the amount of reusable meat delivered from collection centers 

to secondary customers is equal to the flow of unused meat from primary customers, times 

the reused ratio of returned meat.  

Constraint (4-7) represents the flow of disposable meat transported from collection centers 

is equal to the flow of unused meat from primary customers, times the disposal rate of 

unused meat. 

Constraints (4-8) to (4-11) are capacity constraints.  

Constraint (4-8) illustrates that the flow of livestock delivered from supplier i to 

distribution centers should be less than or equal to the total capacity of supplier i.  

Constraint (4-9) limits the amount of processed meat transported from distribution center j 

just equal to the capacity of distribution center j. 

Constraint (4-10) shows that the flow of unused meat from primary customers to collection 

center r must be less than or equal to the capacity of collection center r. 

Constraint (4-11) ensures that the amount of disposable meat from collection centers to 

disposal center s is less than or equal to the capacity of disposal center s. 
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Constraints (4-12) to (4-15) are allowable constraints, which determine the quantity of 

different facilities of the network. 

Constraint (4-12) ensures that quantity of all suppliers of the network are as many as C1 or 

less. 

Constraint (4-13) guarantees that the number of distribution centers working in the network 

doesn’t exceed C2. 

Number of collection/reprocessing centers in the network is limited to C3 by implementing 

Constraint (4-14). 

Constraint (4-15) demonstrates that the allowable number of disposal centers active in the 

network is equal to or less than C4. 

Constraint (4-16) indicates that the binary decision variables that determine the selection 

of suppliers and establishment of distribution, collection and disposal centers belong to the 

set of 0 and 1. 

Constraint (4-17) illustrates the non-negativity condition for decision variables. 

 

4.3 A real case study  

In this section, a real-life case study is provided, to appraise the robustness and 

performance of the proposed model. The case is Kimiya Co., a local meat production-

distribution chain in Iran, which is planning to expand its supply chain network and to 

reconfigure to a closed-loop network. The service area of Kimiya Co. has expanded across 

the province Tehran where its potential plants are located in the suburbs on East, South, 



 

66 

 

and South-West of the province. The distribution units are to be in the city, in districts 4 

and 17. The primary customers are scattered across the city covering the demands of the 

end users from districts 3, 4, 5, 6, and 11. Collection centers are supposed to provide 

services from districts 4 and 8 collecting the returned meat from retailers and sending them 

to either secondary customers located in districts 4 and 6, or disposal centers which are 

located out of the city. The pertaining data illustrating the distances between the facilities 

are presented in Tables 4.22 to 4.26. Kimiya Co. which produces red meat has decided to 

obtain the brand Green by implementing some initiatives in environmental sustainability. 

One of these initiatives is to minimize the CO2 equivalent emission from its 

delivery/transportation system which is also considered in this study problem.  

In this case study, the number and location of primary customers, also known as retailers, 

as well as secondary customers are fixed. Yet, the company is not obliged to satisfy the 

demand of the secondary customers. There are three potential suppliers producing meat to 

provide the two active abattoirs which process and distribute the meat through the network. 

The model should determine the assignment of abattoirs to farms and retailers, as well as 

the flow of fresh meat from each abattoir to existing retailers. In addition, in the reverse 

direction, there are collection centers responsible for collecting the expired or unusable 

meat from retailers, as well as reprocessing and transporting it to secondary customers, 

which are predefined and fixed. The collection centers separate the bones and the rotten 

meat that are not usable for the animal feeding purposes and ship them to disposal centers.  

The potential facilities of this CLSC network are as follows; three farms, two distribution 

centers (abattoirs), five retailers as primary customers, two collection centers, a zoo and an 
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animal shelter as secondary customers, and two disposal centers. The location of all 

facilities of the network are fixed and predefined, while the selection and assignment of the 

facilities should be determined. Furthermore, the model is supposed to determine the flow 

of the livestock from each farm and the flow of meat sent out to primary customers, as well 

as the flow of the waste material at the reverse logistic. Below are the given items for the 

case problem:  

 The time frame for each period of distribution/demand is one day. 

 The demand of the secondary customers is not to be satisfied by the network, but it 

is assumed unlimited as it has not been considered a constraint in the model.  

 There is only one type of transportation in the network, however different facilities 

(trucks, pickups, etc.) are being used for delivery purposes.  

 The transportation cost is different for each type of lorry that has been used which 

is given by Rials per Kilometer. Therefore, the cost of delivery for each trip is 

calculated based on the type of the lorry and the distance that is driven between 

each pair of facilities.  

 The distance between each pair of entities is derived using Google Maps, based on 

the shortest possible route, by 1 Kilometer accuracy. 

 Accordingly, the CO2 equivalent emission is computed with a coefficient of 

distances. The unit that is used is Grams per Kilometer. 

 The ratio of returned meat is considered fixed for all primary customers, as well as 

the rate of disposable products at the collection centers.  

 Iranian Rial is considered as the currency for the cost calculations in this case study.  
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It is worth mentioning that according to Natural Resources Canada (NRC), the fuel 

consumption and CO2 emission fact sheet, approximately 2.3 kg of CO2 is produced as a 

result of burning 1 liter of gasoline (nrcan.gc.ca). In our case problem, the lorries used for 

transportation produce 193 to 210 grams per each kilometer driven, depending upon their 

fuel consumption. Besides, the Carbon Dioxide emission from activities done by the 

facilities of the network is considered zero. 

4.3.1 Data of the case study 

The data of each echelon required to solve the model are presented in this section. Tables 

4.1 presents a summary of the parameters’ values. The detailed data regarding each 

parameter’s value separately in Tables 4.2 to 4.26. 

Table 4.1 Summary of the parameters’ values. 

Parameter Value Parameter Value 

dm (1300-1700) SCapi (3500-4000) 

FCDj (15,000-20,000) DCapj (5000-6000) 

FCRr (5,000-7,000) RCapr (1000-1500) 

TCij (650-850) PCaps (800-1100) 

TCjm (400-500) CO2ij (2.38-5.74) 

TCmr (50-75) CO2jm (2.60-5.00) 

TCrn (50-75) CO2mr (0.48-1.74) 

TCrs (35-50) CO2rn (0.58-1.35) 

SOCi (14000-15000) CO2rs (1.06-3.67) 

DOCj (250-300) α 0.1 

ROCr (150-170) β 0.75 
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Table 4.2 Demand of each primary customer. 

Primary customer Demand (Kg) 

d1 1,700 

d2 1,400 

d3 1,300 

d4 1,500 

d5 1,300 

 

 

Table 4.3 Capacity of each supplier / farm. 

Supplier / Farm Capacity 

SCap1 3,000 

SCap2 2,500 

SCap3 2,700 

 

Table 4.4 Capacity of each distributer / abattoir. 

Distributer / abattoir Capacity 

DCap1 3,500 

DCap2 4,000 

 

Table 4.5 Capacity of each collector. 

Collector Capacity 

RCap1 350 

RCap2 200 
 

 

Table 4.6 Capacity of each disposal center. 

Disposal center Capacity 

PCap1 60 

PCap2 90 
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Table 4.7 Fixed cost of opening each Distributor/Abattoir. 

Abattoir Cost (Thousand IRR) 

FCD1 15,000 

FCD2 20,000 

 

 

Table 4.8 Fixed cost of opening each Collection center. 

Collection center Cost (Thousand IRR) 

FCR1 5,000 

FCR2 7,000 

 

 

Table 4.9 Transportation cost (IRR) of livestock between farms and abattoirs. 

 Abattoirs 

F
a
rm

s 

 1 2 

1 767 833 

2 733 667 

3 733 700 

 

 

Table 4.10 Transportation cost (IRR) of processed meat between abattoirs and retailers. 

  Primary customers / Retailer 

A
b
a
tt

o
ir

s  1 2 3 4 5 

1 470 480 500 490 420 

2 490 470 420 400 500 
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Table 4.11 Transportation cost (IRR) of returned meat between retailers and collection centers. 

  Collection centers 

R
et

a
il

er
s 

 1 2 

1 65 55 

2 55 60 

3 75 70 

4 50 65 

5 60 50 

 

 

Table 4.12 Transportation cost (IRR) of reprocessed meat between collection centers and Secondary 

customers. 

  Secondary customers 

C
o
ll

ec
to

rs
  1 2 

1 65 70 

2 75 50 

 

 

Table 4.13 Transportation cost (IRR) of disposable meat between collection centers and disposal 

centers. 

  Disposal centers 

C
o
ll

ec
to

rs
  1 2 

1 35 45 

2 40 50 
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Table 4.14 Cost of livestock at each supplier/farm. 

Farm 
Cost of livestock 

(IRR) 

SOC1 15,000 

SOC2 16,000 

SOC3 14,000 

 

 

Table 4.15 Processing cost at each distributor/abattoir. 

Abattoir 
Processing cost 

(IRR) 

DOC1 250 

DOC2 300 

 

 

Table 4.16 Reprocessing cost at each collection center. 

Collector 
Reprocessing cost 

(IRR) 

ROC1 171 

ROC2 157 

 

 

Table 4.17 CO2 emission (g/Km) due to transportation of livestock between farms and abattoirs. 

  Abattoirs 

F
a
rm

s 

 1 2 

1 4.34 0.74 

2 3.50 2.38 

3 3.50 2.80 
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Table 4.18 CO2 emission (g/Km) due to transportation of processed meat between abattoirs and 

retailers. 

  Primary customers / Retailers 

A
b
a
tt

o
ir

s 

 1 2 3 4 5 

1 3.60 4.00 5.00 4.40 3.00 

2 4.60 3.80 3.00 2.60 5.00 

 
 

 

Table 4.19 CO2 emission (g/Km) due to transportation of returned meat between retailers and 

collection centers. 

  Collectors 

R
et

a
il

er
s 

 1 2 

1 1.16 0.77 

2 0.77 1.06 

3 1.74 1.45 

4 0.58 1.25 

5 0.97 0.48 
 

 

 

Table 4.20 CO2 emission (g/Km) due to transportation of reusable meat between collection centers 

and Secondary customers. 

  Secondary customers 

C
o
ll

ec
to

rs
  1 2 

1 0.97 1.16 

2 1.35 0.58 
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Table 4.21 CO2 emission (g/Km) due to transportation of disposable meat between collection centers 

and Disposal centers. 

  Disposal centers 

C
o
ll

ec
to

rs
  1 2 

1 1.06 2.99 

2 1.83 3.67 

 

 

Table 4.22 Distance between farms and abattoirs (Km). 

 Abattoirs 

F
a
rm

s 

 1 2 

1 62 82 

2 50 34 

3 50 40 

 

 

 

Table 4.23 Distance between abattoirs and retailers (Km). 

  Primary customers / Retailer 

A
b
a
tt

o
ir

s  1 2 3 4 5 

1 18 20 25 22 15 

2 23 19 15 13 25 
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Table 4.24 Distance between retailers and collection centers (Km). 

  Collection centers 

R
et

a
il

er
s 

 1 2 

1 12 8 

2 8 11 

3 18 15 

4 6 13 

5 10 5 

 

 

 

Table 4.25 Distance between collection centers and Secondary customers (Km). 

  Secondary customers 

C
o
ll

ec
to

rs
  1 2 

1 10 12 

2 14 6 

 

 

 

Table 4.26 Distance between collection centers and disposal centers (Km). 

  Disposal centers 

C
o
ll

ec
to

rs
  1 2 

1 11 31 

2 19 38 

 

The locations of the potential facilities of the network as well as those of the 

retailers and secondary customers are as follows using Google Maps. 
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Figure 4.2 Location of the network’s facilities using Google Maps. 

 

4.4 Summary 

This chapter defined the problem on which this research study is based, and discussed the 

assumptions and characteristics of the problem. Then the described problem was model 

using Mixed-Integer Linear Programming, and the mathematical model along with the sets, 

parameters, and variables were presented. The section after that, provided a real-life case 

study of a meat supply chain which is seeking to expand its network. The management of 

this company has decided to develop a close-loop MSC in order to increase its profit and 

accomplish its mission which is to run an environmentally sustainable supply chain and to 

contribute to the nation-wide project called “The blue sky, clean Earth”. The assumptions 

of the case problem were discussed, and data were provided. 
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5. CHAPTER 5. Methodology 

 

5.1 Introduction 

Basically, supply chain network design is a task that is followed by optimization process. 

By applying optimization process, the decision maker will be provided with the optimal 

solutions to make either strategic or tactical decisions or both.  

As Krarup and Pruzan (1983) and Schrijver (2003) proved, CLSC design and planning is 

a NP-hard (“Non-deterministic Polynomial time hard”) problem. Several researches have 

been done in finding the executable solution algorithms and methodologies to solve 

optimization problems, in an effective way and in other words in a polynomial time (Sule, 

1997). Such problems can be dealt with by well-mannered methodologies to achieve 

admissible solutions in a reasonable time (Soleimani and Kannan, 2015).  

This chapter attempts to discuss the methodology that we use to optimize the proposed 

supply chain network in this research study. The organization of this chapter goes as 

follows. We review the background of multi-objective optimization, including some 

fundamental definitions, as well as the classification of different techniques and 

approaches; then ɛ-Constraint technique, as the proposed solution method, will be 

discussed; a simple example is provided to illustrate the application of the solution method 

on a practical problem. 
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5.2 Background  

As Burke and Kendall (2005) define, optimization is a process of modeling a problem and 

employing a search algorithm to find the best solution between all the possible ones. 

Optimization is a critical technique in Operations Research that has been utilized by the 

experts for various applications, such as engineering, management, and business. It 

attempts to solve a problem by minimizing or maximizing the objective function, which 

can be thought of as a profit function to be maximized or an environmental impacts 

function to be minimized (Pike-Burke, 2008). 

Sometimes the problem deals with more than one objective function, which means multiple 

objectives and usually contradictory objectives have to be fulfilled. To solve such 

problems, one should optimize the problem by transforming the multiple objectives into a 

single objective while satisfying the constraints of the problem; this systematic and 

simultaneous process of optimization is defined as Multi-objective Optimization (MOO), 

which has originated from three areas namely pure mathematics, game theory, and 

economic equilibrium and welfare theories (Pike-Burke, 2008; Ngatchou et al, 2005; 

Marler and Arora, 2004).  

The general form of a multi-objective optimization problem is depicted as follow: 
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where, F(x) represents the objective functions that can be as many as 1 to k, gj (x)s show 

the inequality constraints, and hl (x)s are equality constraints (Marler and Arora, 2004). 

The output of a multi-objective optimization is a vector of decision variables; these 

variables meet all the conditions to the problem and optimize the objective functions. In 

MOO problems, the components of an optimal solution are not usually clear to the 

designer. A solution might optimize one function while it is suboptimal for the other one.  

Thus, by optimizing a multi-objective optimization problem, we find a set of solutions 

which gives the designer acceptable values of all objective functions and satisfies the 

constraints (Pike-Burke, 2008; Coello, 1999).  
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There exist two approaches to multi-objective optimization.  

 Preference-Based Procedure: They aggregate the objective functions based on the 

decision maker’s preference and the data given i.e. weighted sum method. The 

techniques of this approach are practical when the designer has a relative 

preference factor available in advance (Narzisi, 2008). 

 

 

Figure 5.1 Illustration of Preference-based Method (Narzisi, 2008). 
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 Ideal Procedure: The idea is to find a set of optimal solutions that can cover a 

spectrum of values for the objectives. Higher-level of information come into play 

to select one amongst trade-off solutions (Narzisi, 2008). 

 

 

Figure 5.2 Illustration of Preference-based Method (Narzisi, 2008). 
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5.2.1 Fundamental definitions 

5.2.1.1 Local and Global Optimum 

 An optimal solution in the search region is called a local optimum when all the 

adjacent solutions are not as satisfactory.  

 A global optimum is an optimal solution in the criterion region that is better than 

all other points in the whole feasible area (Burke and Kendall, 2005). Figure 5.3 

shows four local optimum and a global optimum in a search space. 

 

Figure 5.3 Illustration of a global optimum solution and local optima (Burke and Kendall, 2005). 

 

5.2.1.2 Pareto optimality 

In multi-objective optimization, the designer is not dealing with only a single global 

solution but rather a set of points that conforms some optimum values which are referred 
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to as “non-inferior” or “non-dominated” solutions; these solutions are called Pareto 

optimum. Pareto optimality can be defined as follows: 

We obtain a Pareto optimal solution if there is no other feasible solution in the criterion 

region that could improve other objective functions without worsening at least another 

objective function, at the same time (Coello, 1999).  

5.2.1.3 Pareto front 

Solving Multi-objective optimization (MOO) problems is relatively more difficult 

compared to single-objective problems, as no unique solution answers can be found for 

such problems. Instead, there will be a set of solutions; this set of acceptable optimum 

solutions is referred to as Pareto front (Ngatchou et al, 2005; Marler and Arora, 2004). 

In the Pareto sense, the optimum values in a minimization MOO problem, would be on the 

lower boundary of the feasible space, this region of points is called Pareto front. The Figure 

5.4 illustrates the Pareto front for a bi-objective problem. The bold line on the boundary of 

the design region represents the Pareto front (Coello, 1999). 

 

Figure 5.4 Example of a bi-objective problem; Pareto front is depicted by bold line (Coello, 1999). 
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5.2.1.4 Preferences.  

As Marler and Arora (2004) define, a decision maker’s viewpoints pertaining the 

optimality and selecting non-inferior or non-dominated points across the criterion region 

are referred to as Preferences. In some methods called a posteriori articulation of 

preferences, the decision maker’s preferences are utilized to the obtained Pareto optimal 

solutions so that the final solutions would be the desired results, effected by decision 

maker’s preferences. On the other hand, with another type of methods, called a priori 

articulation of preferences, the decision maker’s opinions should be collected before 

assessing the anticipated points in the solution region. One can conclude that the phrase 

Preference reflects the ordering importance of each objective function from the decision 

maker’s standpoint about the potential optimal solutions in the search space (Marler and 

Arora, 2004). 

5.2.1.5 Non-convex Problems  

The shape of the feasible solution space is the reason of naming this type of problems. As 

it is illustrated in Figure 5.5, the feasible area has non-convexity, which limits the designer 

to the solution methods that can optimize the problems with non-convex feasible region, 

such as bounded objective function method (Pike-Burke, 2008). 
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Figure 5.5 Example of Non-convex problems (Pike-Burke, 2008). 

 

5.2.2 Classification of Multi-Objective Optimization Methods 

MOOP techniques spread from linear objective function aggregation to Pareto-based 

methods in general (Veldhuizen and Lamont, 2014). They are classified in a few different 

senses. The main categorization that separates the multi-objective optimization methods 

from the base is to categorize them by Classical or Primary methods, and Evolutionary 

methods. 

Digging the classical MOO approaches, one of the most prevailing categorizations, 

classifies the multi-objective classical methods to “vector optimization methods” and 

“scalarization methods”.  

 Scalarization methods: As we learned earlier, multi-objective optimization 

problems comprise of a vector of objective functions which consists of a set of 

components. Scalarization methods refer to the methods that simply combine all 
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the elements of the objective vector to conform a mono-scalar-objective function. 

Therefore, the term scalarization originates from their common solution procedure. 

 Vector optimization methods: It might seem irrelevant that a number of authors 

have named these type of methods “vector optimization”, since the common 

solution procedure of the methods in this category is to optimize the objective 

functions of the problem independently as oppose to treat them as a whole. These 

methods to optimize a MOO problem, solve a sequence of problems iteratively. 

Having compared these two classes of multi-objective optimization approaches, Vector 

methods tend to take more time to implement the solution procedure, such as lexicographic 

method (Marler and Arora, 2004). 

Another approach to categorize the MOO classical methods is to classify them in terms of 

the articulation of decision maker’s preference. In this sense, they are categorized in four 

classes: 

 A priori articulation of preferences: refers to the methods that the decision maker 

announces the ordering importance of the desired goals or the objective functions, 

before the designer implements the optimization algorithm. These methods rely on 

the information about the decision maker’s preferences of each objective function 

and tend to find a set of Pareto optimal solutions iteratively.  

 A posteriori articulation of preferences: These methods require more information 

about the decision maker’s preference and result in generating a single preferred 

solution amongst the other equivalent optimal solutions. 

 Interactive methods: These algorithms rely on articulation of preferences 

progressively during the optimization process. This means that the designer uses 
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the decision maker’s preference information continually while the optimization 

algorithm is running. 

 Non-preference methods: The algorithms that do not apply any preference 

information from the decision maker, but rather using a heuristic to generate a 

single-optimum solution. these methods do not result in multiple Pareto optimal 

solutions (Marler and Arora, 2004; Narzisi, 2008) 

Figure 5.6 presents a schematic classification of multi-objective optimization approaches. 
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Figure 5.6 Schematic classification of multi-objective optimization approaches (Marler and Arora, 

2004). 
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5.2.2.1 Choosing an appropriate solution methodology 

A deeper study of the literature suggests that the proposed models with the same scope, 

size and assumptions as our study, have been solved by employing the classical methods 

of MOO to reach satisfactory optimal solution sets. Besides, this research study is the 

extended model of the article entitled “The fuzzy multi-objective distribution planner for a 

green meat supply chain” by Mohammed and Wang (2017). Considering the same features 

and characteristics that both models share, for the most part, the solution methodology they 

have used to solve their model can also be applicable to the model of this study.  In this 

section, we summarize the solution methodology of Mohammed and Wang’s work and 

discuss the selected method in detail in the following section. 

The major difference between the model of this study and that of Mohammed and Wang’s 

that can affect the solution methodology is the fuzzy approach of their work. Therefore, 

after implementing the two-step procedure that transforms the fuzziness of their model to 

a deterministic problem, the two MOO problems would be leveled in the sense of solution 

methodology. From this point forward, their proposed solution method would apply to both 

models.  

As Figure 5.7 illustrates, they eliminated the fuzziness by applying an approach to 

transform the MOPM to a crisp model and then calculating the membership functions for 

each objective function. Afterwards, they applied three classical methods, such as LP-

metrics, Goal Programming, and ɛ-Constraint, to convert the MOP to a mono-objective 

optimization problem and solve and generate the Pareto-optimal solutions. At the final 

stage, they used Max-Min decision making method to compare the solution methods and 

figure out the most effective one. In summary, they concluded that ɛ-Constraint method 
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outperformed the other two techniques, as results showed that a set of solutions obtained 

through ɛ-Constraint method had the closest value to ideal solution (best trade-off value). 

In the following section, an in-depth discussion about ɛ-Constraint method, as the proposed 

optimization method for this study, has been presented, digging into its procedure and 

algorithm, as well as its advantages and disadvantages. 

 

Figure 5.7 Procedure of optimizing the FMOPM using three solution methods (Mohammed and 

Wang, 2017) 
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5.3 ɛ-Constraint method 

As it was discussed earlier in this chapter, ɛ-Constraint (e-constraint or trade-off approach 

as some papers refer to) is categorized as a primary (basic) optimization technique that is 

referred to as classical method as opposed to Evolutionary methods. This technique 

manages to convert the multi-objective optimization problem into a single-objective 

problem through a certain procedure instead of aggregating the objective functions 

(Narzisi, 2008). It aims to minimize or maximize one (primary) objective function, based 

on the decision maker’s preference, while it transforms the other objective functions to 

constraints. In terms of decision maker’s preference, ɛ-Constraint method falls into a Priori 

of Articulations of Preference category. As Pike-Burke (2008) describes it as an easy 

method to implement, ɛ-Constraint technique belongs to Vector Objective methods class, 

another classification, and most definitely the best-known technique in this category. First, 

Haimes et al (1971) introduced this technique and then Chankong and Haimes (1983) 

published an extensive discussion on this subject. The general mathematical pose of ɛ-

Constraint method modified problem, defined by Narzisi (2008), is illustrated as follows 

(Marler and Arora, 2004; Ehrgott, 2005).  
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Problem M  

 min Zi (x) 

Subject to:  

 [ Z1 (x), Z2 (x), …, Zi-1 (x), Zi+1 (x), …, ZM (x) ]  ≤  𝓔 

 P (x) = [P1 (x), P2 (x), …, PJ (x) ]   ≥  0 

 Q (x) = [Q1 (x), Q 2 (x), …, Q K (x) ]  =  0 

 Xl 
(L) ≤  Xl  ≤  Xl 

(U)      ,     i = 1, 2, …, N 

 

5.3.1 Solution process 

This method’s solution process does not aggregate the objectives of the problem as the 

evolutionary methods do, but instead, the general idea is to minimize or maximize the main 

objective function, based on the decision maker preference, while it restricts the other 

objective functions within some decision maker-specified values, defined as ɛ (Ehrgott, 

2005; Narzisi, 2008). Marler and Arora (2004) also proved that a unique solution to the ɛ-

Constraint method is efficient. The algorithm of ɛ-Constraint method can be defined as 

follow.  
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Figure 5.8 General algorithm of ɛ-Constraint method for a bi-objective problem (Laumanns et al., 

2005) 

 

5.3.2 Advantages and Disadvantages 

 
 Advantages 

 Different  values for the constraint objective function, can lead us to various Pareto 

optimal solutions hence, with a good choice of e values we get a varied set of 

optimal solutions on the trade-off surface (Amin and Zhang, 2013; Narzisi, 2008). 

 Consistent variation in vector  as a set of method parameters theoretically can lead 

the designer and the decision maker to the complete set of Pareto optimal set 

(Marler and Arora, 2004; Stadler and Dauer, 1993) 

 -Constraint method is an easy to implement technique that can be applied to 

various optimization problems. This strength makes -Constraint a popular method 

among the optimization practitioners (Coello, 1999). 

 The method not only is used for convex multi-criteria optimization problems but 

can also cover non-convex MOO problems (Narzisi, 2008).  
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 Disadvantages 

 The primary issue with this technique is being a time-consuming method, especially 

if too many objective functions have to be coded (Coello, 1999). 

 The solution to the problem is very sensitive to the choosing the ɛ vector (Narzisi, 

2008).  

 With higher number of objectives, more information should be provided by the DM 

(Pike-Burke, 2008). 

 

 

 

 

 

 

 

Figure 5.9 Illustration of optimal solutions for a ɛ-Constraint problem (Ehrgott, 2005) 

 

5.4 The Max-Min method 

 The Max-Min decision making method is a straight forward method to find the best 

trade-off (BT) amongst the Pareto optimal solutions. This method finds the BT based on 

the following formulation.        

 

 

𝐵𝑇 = ∑
𝐹𝑡

𝐹𝑡
∗

2

𝑡=1

 (5-1) 



 

95 

 

5.5 Solution strategy 

In this work, in order to obtain an optimal closed-loop meat supply chain design, ɛ-

Constraint method is utilized to solve the model and form the Pareto sets. Having obtained 

Pareto optimal solutions, Max-Min decision making method is used to select the best trade-

off solution for an optimal CLSC design for Green meat production-distribution network. 

Figure 5.10. depicts the flow chart of the solution strategy. 

 

Figure 5.10 Schematic model of the ɛ-Constraint method algorithm 
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5.6 A simple example 

In this section, a bi-objective optimization problem as a basic mathematical example has 

been developed to illustrate the solution procedure and give the readers a clear idea of the 

practical application of the proposed optimization methodology (ɛ-Constraint). 

Below the sample problem is presented: 

Problem S  

 

min Z1 (x) = 6 x1 + x2 

max Z2 (x) = 3 x1 + 9 x2 

Subject to:  

 x2  ≤  7 

 2 x1 + 3/2 x2   ≥  6 

 4 x1 + 1/2 x2   ≥  4 

 2 x1 + 2 x2     ≤  16 

 2 x1 - 3 x2       ≥  18 

 x1 ≥ 0 , x2 ≥ 0     ,     x1 , x2 : Int. 
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Figure 5.11 Feasible region of X for the sample problem. 

Now we apply the solution procedure step by step to solve the problem. 

Step 1: Optimizing each objective function individually and finding the maximum and 

minimum values of each objective function, as these values are required for setting the ɛ-

points as well as applying the Max-Min method. The Upper and lower boundaries are 

obtained using conventional LP optimizers; here, Excel Solver is used to solve this 

problem. 

Table 5.1 Upper and lower boundary (Max-Min) of objective functions. 

Objective function Max Min 

Z1 38 12 

Z2 36 9 
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Step 2: Transforming the problem to a single-objective optimization problem by choosing 

the objective function Z2 as the ɛ-based constraint and taking it to the constraint section.  

Step 3: Segmenting the range of function Z2 to find the epsilon points. Table 5.2. presents 

the assignment of ɛ-values. 

Table 5.2 Assignment of ɛ-values. 

# 𝓔k 

1 10 

2 14 

3 18 

4 21 

5 25 

6 29 

7 33 

 

Below is the illustration of epsilon segmentation on the feasible region which ultimately 

gives us the optimum results for bi-objective optimization problem. 
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Figure 5.12 Illustration of the ɛ-Constraint segmentation. 

Step 4: having put the Z2 in the constraint section, the problem must be solved as a single-

objective optimization problem, to minimize the objective function Z1, for each assigned 

value of ɛ as a constraint. The modified problem would be as follows. 

Problem S  

 min Z1 (x) = 6 x1 + x2 

Subject to:  

 Z2 (x) = 3 x1 + 9 x2  ≥   𝓔k    ,      K = 1, 2, …, 7 

 including the original constraints of the problem as well. 
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The Pareto-optimal solutions as well as the optimal values of variable x1 and x2 are 

presented in Table 5.3. 

Table 5.3 Computational results regarding Z1 and Z2. 

# 

Objective function solutions Decision Variables 

Min Z1 Max Z2 
Optimum value 

of x1 

Optimum value 

of x2 

1 16 12 4 0 

2 20 15 5 0 

3 24 18 6 0 

4 27 24 5 1 

5 31 27 6 1 

6 35 30 7 1 

7 38 36 6 2 

 

 

Step 5: Using Max-Min method to find the best trade-off amongst the obtained Pareto 

optimal solutions. According to this method, solution number 2 with the BT = 2.08 can be 

considered the best trade-off solution, as it has the least difference with the ideal objective 

value. 

𝐵𝑇 = ∑
𝐹𝑡

𝐹𝑡
∗

2

𝑡=1

 =  
20

12
 +   

15

36
 =   2.08 
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5.7 Summary 

In this chapter, we discussed the solution methodology providing some fundamental 

definitions as well as the background of multi-objective problems. The classification of 

MOO methods was provided too. Amongst the classical multi-objective optimization 

methodologies, ɛ-Constraint method was chosen based on the nature of the problem and 

the results of Mohammed and Wang’s study. An in-depth description of the proposed 

method was presented followed by a step by step solution of a bi-objective optimization 

problem which was developed as a simple example to illustrate the solution procedure.  
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6. CHAPTER 6. Results and Discussion 

 

6.1 Introduction 

In this chapter, the proposed model for the closed-loop Green meat supply chain 

network will be applied to the case study described earlier in chapter 4, to examine its 

robustness and capability of presenting an optimal meat supply chain network design. 

Then, the modeled case study is optimized utilizing the proposed solution method to obtain 

Pareto optimal set. To this aim, the real-life case problem has been coded in CPLEX 

optimization software which uses exact algorithms to optimize the optimization models.  

6.1.1 Application of the solution strategy to solve the case problem 

This section discusses the process of applying the solution method to the case problem 

provided in previous chapter. 

Step 1: Determining a lower bound and upper bound for the objective functions by 

minimizing and maximizing them, independently, regardless of the impact of the other 

objective function. 

 

 

 

For the lower bound solution, we have: 
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Min F1 = ∑ 𝐹𝐶𝐷𝑗  𝑍𝐷𝑗

𝑗

+  ∑ 𝐹𝐶𝑅𝑟

𝑟

 𝑍𝑅𝑟 

+ ∑ ∑ 𝑇𝐶𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝑇𝐶𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝑇𝐶𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟  

+ ∑ ∑ 𝑇𝐶𝑟𝑛

𝑛𝑟

 𝜒𝑟𝑛 +  ∑ ∑ 𝑇𝐶𝑟𝑠

𝑠𝑟

 𝜒𝑟𝑠 

+ ∑ ∑ 𝑆𝑂𝐶𝑖

𝑗𝑖

 𝜒𝑖𝑗 +  ∑ ∑ 𝐷𝑂𝐶𝑗

𝑚𝑗

 𝜒𝑗𝑚 +  ∑ ∑ 𝑅𝑂𝐶𝑟

𝑠𝑟

 𝜒𝑟𝑠 

 

 

 

 

 

(6-1) 

Min F2 = ∑ ∑ 𝐶𝑂2𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝐶𝑂2𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝐶𝑂2𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟 

+ ∑ ∑ 𝐶𝑂2𝑟𝑛

𝑛

𝜒𝑟𝑛

𝑟

+  ∑ ∑ 𝐶𝑂2𝑟𝑠

𝑠𝑟

𝜒𝑟𝑠 (6-2) 

 

For the upper bound solution, we have: 

Max F1 = ∑ 𝐹𝐶𝐷𝑗  𝑍𝐷𝑗

𝑗

+  ∑ 𝐹𝐶𝑅𝑟

𝑟

 𝑍𝑅𝑟 

+ ∑ ∑ 𝑇𝐶𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝑇𝐶𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝑇𝐶𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟 

+ ∑ ∑ 𝑇𝐶𝑟𝑛

𝑛𝑟

 𝜒𝑟𝑛 +  ∑ ∑ 𝑇𝐶𝑟𝑠

𝑠𝑟

 𝜒𝑟𝑠 

+ ∑ ∑ 𝑆𝑂𝐶𝑖

𝑗𝑖

 𝜒𝑖𝑗 +  ∑ ∑ 𝐷𝑂𝐶𝑗

𝑚𝑗

 𝜒𝑗𝑚 +  ∑ ∑ 𝑅𝑂𝐶𝑟

𝑠𝑟

 𝜒𝑟𝑠 

 

 

 

 

 

 

(6-3) 
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Max F2 = ∑ ∑ 𝐶𝑂2𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝐶𝑂2𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝐶𝑂2𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟 

+ ∑ ∑ 𝐶𝑂2𝑟𝑛

𝑛

𝜒𝑟𝑛

𝑟

+  ∑ ∑ 𝐶𝑂2𝑟𝑠

𝑠𝑟

𝜒𝑟𝑠 
(6-4) 

 

Step 2: transforming the model into a single-criteria optimization problem by keeping the 

most critical objective function in place, according to the decision maker’s preference, 

and taking the other one to the constraint part (Ehrgott, 2005).  

As for our case study, F1, the Cost objective function is the most important objective to 

be optimized therefore; we consider the other objective function, F2, minimization the 

environmental impact of the supply chain network, as the ɛ-based constraint. Thus, the 

modified model would be as follows. 

 

Min F   =  Min F1  (6-5) 

Subject to: 

 

F2  ≤   ℰ𝑘 (6-6) 

[F2]
min  ≤   ℰ𝑘  ≤  [F2]

max   (6-7) 

And the equations (4-3) to (4-17)  

Step 3: Segmenting the range between the minimum and maximum values of F2, to obtain 

the values for the 𝓔 boundaries. In our case study, the range of F2 values has been divided 
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into 10 segments, and ε values were assigned to the grid points. The values of ɛ-points are 

presented in Table 6.2. The formulation to compute the ɛ-based constraint objective would 

be as follows. 

  F2 = ∑ ∑ 𝐶𝑂2𝑖𝑗

𝑗

𝜒𝑖𝑗

𝑖

+  ∑ ∑ 𝐶𝑂2𝑗𝑚

𝑚𝑗

𝜒𝑗𝑚 +  ∑ ∑ 𝐶𝑂2𝑚𝑟

𝑟𝑚

𝜒𝑚𝑟  

+ ∑ ∑ 𝐶𝑂2𝑟𝑛

𝑛

𝜒𝑟𝑛

𝑟

+  ∑ ∑ 𝐶𝑂2𝑟𝑠

𝑠𝑟

𝜒𝑟𝑠     ≤     ℰ𝑘 
(6-8) 

Step 4: Solving the model for 𝓔k   (k= 1, … , 10). 

Step 5: Repeating Step 4 until the modified problem is solved for all values of 𝓔k, to 

obtain the optimal solutions and form the Pareto optima set. 

Step 6: Applying the Max-Min decision making method to find the best trade-off 

amongst the Pareto optimum alternatives. 

6.2 Optimization tool 

Amongst the studies which have dealt with closed-loop supply chain design, the 

majority have considered various aspects of network design problems and concentrated on 

modeling characteristics. These studies have applied exact algorithms or general exact 

solvers, such as branch and bound, to solve the problem (Soleimani and Kannan, 2015). 

CPLEX optimization software (or CPLEX Solver in GAMS Optimization Environment) is 

an optimization tool which utilizes such algorithms, namely branch and bound, to solve the 

CLSC design and planning problems. Soleimani and Kannan (2015) summarized the 
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papers which have utilized the exact approaches and the optimization tools; Figure 6.1 

shows the results.  

In this work, we exploit IBM ILOG CPLEX 12.2 optimization software to solve the 

proposed model with the values of the real-life case problem. Below a quick introduction 

to CPLEX optimization software has been presented. 

 

Figure 6.1 Review of literature of CLSC design and planning (Soleimani and Kannan, 2015). 
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6.2.1 CPLEX Optimization Software 

CPLEX is a software package that includes a set of mathematical modeling 

programs. It was developed initially by Robert E. Bixby and in 1997, was purchased by 

ILOG. CPLEX is in fact a solver engine that can connect to most programming 

environments and to optimize mathematical models (Salmasi, 2007). 

Although ILOG has created a simple environment to edit and develop models, most 

professional users prefer to take advantage from its connectivity capabilities. With the 

capabilities that ILOG has included in this packet, such as the Concern package, users can 

transfer the computational results from the common programming languages to CPLEX, 

and then return the original programming environment after solving the optimization 

problems (en.wikipedia.org). 

One of the important capabilities of this system is the ability to work both on Site and on 

Stand Alone versions, which utilizing the first type increases its performance in industrial 

and academic environments. 

The most prominent specification of CPLEX is its high speed in solving the complex 

models with a high number of variables and constraints. This feature is so great that it 

distinguishes this optimizer from other similar programs developed by other companies. 

ILOG was among the first companies which launched its Solver software for 64-bit 

processors. 

The following features can be enumerated for CPLEX software, as a powerful software to 

obtain the global optimal solution to SC optimization problems: 

 Creates a high-level language for compact display of large and complex models 
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 Possibility of easy and reliable change in model specifications 

 Ability to express explicit algebraic relationships 

 Ability to describe the model independent of its solving algorithm 

This software has the ability to solve various types of models. For example, it can handle 

linear programming models, mixed integer programming models, quadratically constraint 

programming models, and mixed integer quadratically constraint programs. Figure 6.2 

shows the overview of some feature of CPLEX optimization software (www.ibm.com). 

 

Figure 6.2 Specifications of CPLEX Solver/optimization software (GAMS option page). 
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It should be noted that the developed code in CPLEX is executed on a personal laptop with 

2.67 GHz, Intel ® Core i7 processor, on a 4.00 GB of physical memory, run by Windows 

7 Ultimate (Service Pack 1) 64-bit Operating System. 

6.3 Computational results 

After implementation of the solution method to the case study, in this section, the 

computation results of the objective functions as well as the optimum values of decision 

variables are presented.  

Having applied the Max-Min decision making method, solution number 2 yielded 

closest value to ideal objective value, as its respond to the formula is as follow. 

𝐵𝑒𝑠𝑡 𝑇𝑟𝑎𝑑𝑒 𝑜𝑓𝑓 = ∑  [
157146364.3

154,513,057.1
+  

46,003.9

45,178.2
 ] =  2.035319171 
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Table 6.1 Min and Max values responding to F1 and F2, respectively. 

Objective Functions Min Max 

F1  (IRR) 154,513,057 169,789,521 

F2  (Kg) 45,178 69,123 

 

 

 

Table 6.2 Assigned values to 𝓔k 

# k 

1 45,178 

2 46,004 

3 46,830 

4 47,655 

5 48,481 

6 49,307 

7 50,132 

8 50,958 

9 51,784 

10 52,610 
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Table 6.3 Computational results for F1 and F2 by ɛ-Constraint method 

# 
Objective function Values 

Facilities Open Run time (s) 
Min F1 (IRR) Min F2 (Kg) 

1 165,089,071 45,178 
2 Farms; 2 Distributors; 2 Collector; 

1 Disposal Center 
0.78 

2 157,146,364 46,004 
3 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.89 

3 156,534,953 46,830 
3 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.87 

4 155,923,542 47,655 
3 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.84 

5 155,312,131 48481 
3 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.85 

6 154,704,322 49,307 
3 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.82 

7 154,518,303 49,880 
2 Farms; 2 Distributors; 1 Collector; 

1 Disposal Center 
0.84 

8 154,513,057 50,807 
2 Farms; 2 Distributors; 1 Collector; 

2 Disposal Center 
0.87 

9 154,513,057 50,807 
2 Farms; 2 Distributors; 1 Collector; 

2 Disposal Center 
0.87 

10 154,513,057 50,807 
2 Farms; 2 Distributors; 1 Collector; 

2 Disposal Center 
0.87 

 

The following graphs depict the computational results in respond to two objective 

functions. 
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Figure 6.3 Graph of the results obtained by ɛ-Constraint method 
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6.4 Discussion 

The results presented in the Table 6.3 shows that decreasing the value of Cost function 

leads to higher values of unfavorable CO2 emission function. By comparing the resulted 

solution sets, the decision maker may choose solution number 2 as the optimal practical 

solution as the Max-Min method indicates less deviation from ideal objective value. Yet a 

decision maker might take different considerations into account to make the final decision 

on strategic and/or tactical plans. In this study, Max-Min decision making is strictly the 

selection method upon which solution number 2 is chosen as the optimal solution. This 

optimal solution set imposes 157,146,364 IRR daily cost on the network as well as 46,004 

Kg of carbon dioxide due to transportation and delivering the livestock, processed fresh 

meat, and reprocessed and disposable meat between the facilities. This requires employing 

three farms, two abattoirs, one collection center and one disposal center.  

At the first glance, we notice that based on the assigned epsilon values to the constraint 

objective F2, by increasing the values of ɛ-points, the optimal values of F1 (total cost 

objective function) do not improve after solution number 8. This implies two points; first, 

there is no Pareto optimal solutions after this point, as the total cost objective has reached 

its minimum value while the value of unfavorable carbon dioxide function still keeps 

increasing. This indicates that these sets of solutions are taking the model away from the 

optimal trade-off. It also explains the fact that forcing the model to produce less amount of 

CO2 emission, imposes more cost on the network as well as more investment to open new 

facilities and expand the network. On the other hand, increasing the values of ɛ-points, 

gives the network a freedom to produce more carbon dioxide in a trade-off with less total 
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cost. Yet the cost function which is considered the main objective function of the model, 

stops decreasing after a certain point (its minimum value), meaning that the model does 

not improve even by the increase of CO2 emission. The other point signifies the main issue 

of ɛ-constraint method. As it was discussed earlier in chapter 5, the main detriment of ɛ-

constraint technique is handling the assignment of ɛ-values, in that this method is so 

dependent on the selection of epsilon points. This is noticeable in the following scenario 

where other ɛ-points are adopted and lead to different Pareto optimal solution sets. The 

new ɛ-points are adopted according to the new range of epsilons. The range spreads from 

minimum value of F2 to the point that F1 did not respond to the increase of ɛ-points in the 

original scenario. Tables 6.4 and 6.5 present the results. 

Table 6.4 Assigned new values to 𝓔k 

# k # k 

1 45,178 11 48,220 

2 45,482 12 48,524 

3 45,787 13 48,829 

4 46,090 14 49,133 

5 46,395 15 49,437 

6 46,699 16 49,741 

7 47,003 17 50,045 

8 47,308 18 50,350 

9 47,612 19 50,654 

10 47,916 20 50,958 
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Table 6.5 Computational results for F1 and F2 from new adopted ɛ-points. 

# 
Objective function Values # Objective function Values 

Min F1 (IRR) Min F2 (Kg) 
 

Min F1 (IRR) Min F2 (Kg) 

1 165,089,071 45,178 11 155,505,202 48,220 

2 157,660,619 45,482 12 155,279,950 48,524 

3 157,307,262 45,787 13 155,054,689 48,829 

4 157,082,002 46,091 14 154,829,429 49,133 

5 156,856,749 46,395 15 154,647,583 49,437 

6 156,631,489 46,699 16 154,521,345 49,741 

7 156,406,229 47,003 17 154,518,979 50,045 

8 156,180,976 47,308 18 154,516,613 50,350 

9 155,955,716 47,612 19 154,514,247 50,654 

10 155,730,463 47,916 20 154,513,057 50,958 

 

Having compared the results of two sets of ɛ-points, the original and the new one, we notice 

that the best trade-off of new scenario shows a slight improvement in CO2 function by 

1.13%, yet a slender unfavorable increase in total cost value by 0.33%. This proves that 

different ɛ-values can generate better Pareto optimum in some functions but worse results 

in others. 
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6.4.1 Scenario-based analysis 

To further assess the reliability and robustness of the model as well as the performance of 

the solution methodology, a scenario-based analysis is undertaken and presented in this 

section. Different scenarios are considered in terms of customers’ demand, and product 

return ratio, to determine the capacity and capability of the whole designed CLSC network 

in handling the objective functions. Scenario’s description and obtained outcomes are as 

follows: 

1) Demand increase: Increasing the demand of the primary customers by 10 per cent, 

causes an increase in the optimal solutions. By comparing the best trade-off solution 

sets of both scenarios, the cost objective function shows an increase by 6.83% as 

well as an increase in the amount of carbon dioxide emission by 14.84% while the 

same facilities are being employed. 

Increasing the demand by another 10% resulted in no optimal solution for the 

model, which can be interpreted that this level of demand is beyond the capacity of 

the MSC network and it cannot satisfy the customers demand. 

2) Return ratio increase: Increasing the average rate of returned meat is another 

possible scenario that is considered, and results are as follows. Increasing the return 

ratio (RR) by 50%, which makes the return ratio 15% in total, caused slightly higher 

values of objective functions, by 1.27% and 1.39% in cost and CO2 emission 

functions, respectively. These numbers are obtained by comparing the best trade-

offs of original and increased scenarios. At this point, same number of collection 
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center are being used but different collection center, which delivers the reprocessed 

meat to secondary customer number 2.  

Also, we increased the RR by 20%; as it was expected, it resulted in even more 

increase in the objective values, by 1.33% and 2.78%. In this scenario, both 

collection centers are utilized which serve both secondary customers, yet still one 

disposal center is being used. This suggests that increase in return ratio has more 

effect on the amount of CO2 emission of the network. In other words, the network 

is more sensitive to return ratio in terms of produced carbon dioxide emission. 

Pertaining graphs illustrating the comparative results of the scenarios are presented as 

follows.  
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Figure 6.4 Comparative results of the original scenario and increased demand by 10%. 
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Figure 6.5 Comparative results of the original scenario and return ratio of 15%. 
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Figure 6.6 Comparative results of the original scenario and return ratio of 20%. 
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As we notice, the main idea of multi-objective optimization is that there exists no single 

optimal solution, but rather a trade-off between optimal solutions, depending on the 

decision maker’s preferences. As this case study also shows, with a set of Pareto solutions, 

decision maker faces a number of optimal solutions which represent different approaches 

to designing a meat supply chain. Each approach can cover certain aspects of a supply 

chain network; some consider the profitability and cost efficiency of the network, some 

deem different forms of sustainability whereas the others that concentrate on productivity 

of the MSC network.  

Figure 6.3 presents the schematic model of the proposed closed-loop Green meat supply 

chain design for the case study. This model depicts the details on solution number 2 as the 

chosen optimal solution including material/product flow as well as the assignment of farms, 

abattoirs, customers and disposal centers; it also shows the opened facilities. 

As it is shown in the figure, the network requires 3 farms to produce livestock to meet the 

customers’ demand. Livestock is sent through the network where 2 abattoirs are being used 

to process and distribute the fresh meat to 5 customers. Considering both objective 

functions of the problem, only collection center 1 is required to be employed, as using both 

collection centers would impose more cost and/or carbon dioxide on the network. The same 

case is valid for the disposal centers as well. As for the secondary customers, since the 

problem assumes that meeting their demand is not necessary for the network, the model 

sends the reprocessed meat only to secondary customer 1.  

The optimum values related to each decision variable are as follows. 
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Table 6.6 Quantity of livestock from suppliers/farms to distribution centers/abattoirs (Kg). 

 Abattoirs 

F
a
rm

s 

 1 2 

1 388 0 

2 0 2,812 

3 2,612 1,388 

 

 

Table 6.7 Quantity of processed meat from distribution centers/abattoirs to Primary 

customers/retailers (Kg). 

  Primary customers / Retailer 

A
b
a
tt

o
ir

s  1 2 3 4 5 

1 1,700 0 0 0 1,300 

2 0 1,400 1,300 1,500 0 

 

 

Table 6.8 Quantity of returned meat from suppliers/farms to collection centers (Kg). 

  Collection centers 

R
et

a
il

er
s 

 1 2 

1 170 0 

2 140 0 

3 130 0 

4 150 0 

5 130 0 
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Table 6.9 Quantity of reusable meat from collection centers to secondary customers (Kg). 

  Secondary customers 

C
o
ll

ec
to

rs
  1 2 

1 540 0 

2 0 0 

 

 

Table 6.10 Quantity of disposable meat from collection centers to disposal centers (Kg). 

  Disposal centers 

C
o
ll

ec
to

rs
  1 2 

1 180 0 

2 0 0 
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Figure 6.7 Schematic model of closed-loop Green meat supply chain network designed for study problem, presenting the opened facilities and material 

flow. 
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6.5 Summary 

In this chapter, after describing the procedure of the proposed solution method to 

solve the provided case study, IBM ILOG CPLEX 12.2 as the optimization tool which 

utilizes the exact algorithms such as branch and bound to solve optimization problems was 

introduced. Its features were also characterized. Having used the input values of the case 

study, presented in chapter 4, the solution method was applied to the case problem Based 

on ɛ-values different sets of Pareto optimal solutions to the problem were obtained from 

which one set of optimal solution with objective values of 157,146,364 IRR as the optimum 

total cost of the network and 46,004 Kg carbon dioxide for the CO2 emission objective was 

chosen according to the result of Min-Max decision making. Various aspects of the given 

results were analyzed and a thorough discussion as well as a scenario-based sensitivity 

analysis are provided. Also, the schematic model of the designed MSC illustrating the open 

facilities as well as the material/product flow between the facilities were shown. 
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7. CHAPTER 7. Conclusion and Recommendations  

7.1 Conclusion 

In response to the importance and necessity of food supply chain as well as the 

environmental issues pertaining the CO2 emission due to production and transportation in 

Food Supply Chain, this research was conducted to develop a multi-objective closed-loop 

supply chain for a meat distribution network that aims to 1) minimize the cost of the supply 

chain as the primary objective function, and 2) minimize the environmental impacts of the 

MSC as another objective. The proposed SCN also attempted to consider the reverse 

logistic, as there was a gap in the literature on this topic consisting of two levels of decision 

alternatives: strategic and tactical.  

The research study was commenced with covering the fundamental concepts of the subject 

and technical expressions, followed by the literature review. Having developed the 

mathematical model of the problem through Mixed-Integer Linear Programming, a real-

life case study was solved based on ɛ-Constraint technique along with Max-Min decision 

making method as the solution strategy. 

The solution method was applied to the case problem and the model was coded in IBM 

ILOG CPLEX 12.2 optimization software which uses the exact methods such as branch 

and bound to achieve the global optimum. Having put the data values of the case study, the 

computational results were achieved showing the number and locations of the facilities for 

each echelon. With respect to ɛ-values and Min-Max decision making, different sets of 

Pareto optimal solutions to the problem were obtained from which one set of optimal 
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solution with objective values of 157,146,364 IRR (optimum total cost of the network) and 

46,004 Kg (optimal amount of produced carbon dioxide) was chosen. This leaves us with 

the values of decision variables requiring 3 farms, 2 abattoirs, 1 collection center and 1 

disposal center to meet the customers’ demand.  

A thorough computational analysis was undertaken with respect to different scenarios that 

led to the following findings. Increasing the customers’ demand by 10%, would result in 

6.83% increase in the cost objective as well as 14.84% in the amount of carbon dioxide 

emission comparing the best trade-off solutions. The CLSC would not be applicable to the 

network with any further increase in customers’ demand. In the other scenario that was 

considered where the average return ratio was manipulated, increasing the average rate of 

returned meat by 50%, resulted in slightly higher values of objective functions, by 1.27% 

and 1.39% in cost and CO2 emission functions, respectively. Increasing the RR by 20% in 

total, resulted in even more increase in the objective values, by 1.33% and 2.78%. This 

suggests that increase in return ratio has more effect on the amount of CO2 emission of the 

network. In other words, the network is more sensitive to return ratio in terms of produced 

carbon dioxide emission. 

The research findings show that 1) the answers to the research questions are achieved: a) 

optimum configuration of the CLSC was obtained; b) location/allocation decision options 

were prepared; c) the minimum amount of CO2 emission was determined. 2) the developed 

closed-loop Green meat supply chain network can be utilized to MSC networks, since it 

has covered the needs of a meat supply chain with a total of six echelons in forward and 

reverse logistics, and by solving the real-life case problem minimum total cost of the 

network in a trade-off with minimum carbon dioxide emission has been obtained. 
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Therefore, it can determine the number, location and assignment of the opened facilities, 

and also optimize the flow of livestock as well as the volume of processed meat delivered 

to each retailer; 3) the performance of the proposed solution method is quite acceptable 

showing that it can be applied to small and/or mid-size SC networks, as the model provides 

the decision maker(s) with a reasonable trade-off among the optimal solutions in a 

reasonable time. The schematic model of the designed closed-loop supply chain network 

was also provided. 

7.2 Recommendations for future work 

The developed CLSC network is a general model that can be utilized in various 

industries such as healthcare equipment production, chemical industry, as well as mining 

and petroleum industries. Also, this research may be extended for a multi-product multi-

period Food Supply Chain. Furthermore, some scholars might also consider it an 

interesting avenue to extend this study by including the maximization of meat quality as 

an extra objective function. Inclusion of more parameters in the model, such as different 

types of processed meat with different cost, and transportation routing practices which may 

decrease the total cost of the network as well as the unused capacity of lorries by using the 

same vehicle between the abattoirs, retailers, collection centers and secondary customers 

in forward and backward flow can also make it more real-life practical CLSC network 

design.  

The recommendations for future work are presented in two groups: 
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7.2.1 Recommendations on problem structure 

 Considering diverse uncertainties in some parameters such as demand, return ratio, 

material cost and so on; 

 Expanding the research to multi-period, multi-product supply chain network; 

7.2.2 Recommendations on algorithm and solving method 

 Using metaheuristic methods such as NSGA-II, MOPSO, Tabu Search, Scatter 

Search, PSO that might outperform the classical methods for large-size problems 

in a reasonable time. 

 Combining metaheuristic algorithms with classical methods and use their 

concurrent advantages in designing effective and efficient algorithms. 
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Appendix A 

As it was mentioned earlier in the text, the mathematical formulation which simulated the 

model of the case study is coded in IBM ILOG CPLEX 12.2. The code is presented in this 

section. 

Model 

 

//parameters 

int supplier=...;  //number of suppliers 

int distributor=...;  //number of Distributors 

int Customer =...;  //number of customer centers 

int Collection =...;  //number of Collection and Inspection centers 

int disposal =...;  //number of Disposal centers 

int second =...;  //number of second customer centers 

 

range ii=1..supplier; 

range jj=1..distributor; 

range mm=1..Customer; 

range rr=1..Collection; 

range ss=1..disposal; 

range nn=1..second; 

 

float dm[mm]=...; 

 

float fcj[jj]=...; 

float fcr[rr]=...; 

 

float tcij[ii][jj]=...; 

float tcim[jj][mm]=...; 

float tcmr[mm][rr]=...; 

float tcrn[rr][nn]=...; 

float tcrs[rr][ss]=...; 
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float soc[ii]=...; 

float doc[jj]=...; 

float roc[rr]=...; 

 

float cai[ii]=...; 

float caj[jj]=...; 

float car[rr]=...; 

float cas[ss]=...; 

 

float coij[ii][jj]=...; 

float cojm[jj][mm]=...; 

float comr[mm][rr]=...; 

float corn[rr][nn]=...; 

float cors[rr][ss]=...; 

 

float aa=...; 

float bb=...; 

 

 //variables 

dvar float+ Xij[ii][jj]; 

dvar float+ Xjm[jj][mm]; 

dvar float+ Xmr[mm][rr]; 

dvar float+ Xrn[rr][nn]; 

dvar float+ Xrs[rr][ss]; 

 

dvar boolean zi[ii]; 

dvar boolean zj[jj]; 

dvar boolean zr[rr]; 

dvar boolean zs[ss]; 

 

 

 

  

//Objective function 
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First objective 

 

minimize sum (j in jj) fcj[j]*zj[j]+ sum (r in rr) fcr[r]*zr[r]+ sum (i in ii, 

j in jj) tcij[i][j]*Xij[i][j]+ sum (j in jj, m in mm) tcjm[j][m]*Xjm[j][m]+ 

sum (m in mm, r in rr) tcmr[m][r]*Xmr[m][r]+ sum (r in rr, n in nn) 

tcrn[r][n]*Xrn[r][n]+ sum (r in rr, s in ss) tcrs[r][s]*Xrs[r][s]+ sum (i in 

ii, j in jj) soc[i]*Xij[i][j]+ sum (j in jj, m in mm) doc[j]*Xjm[j][m]+ sum (r 

in rr, s in ss) roc[r]*Xrs[r][s]; 

 

 

 

Second Objective 

 

minimize sum (i in ii, j in jj) coij[i][j]*Xij[i][j]+ sum (j in jj, m in mm) 

cojm[j][m]*Xjm[j][m]+ sum (m in mm, r in rr) comr[m][r]*Xmr[m][r]+ sum (r in 

rr, n in nn) corn[r][n]*Xrn[r][n]+ sum (r in rr, s in ss) 

cors[r][s]*Xrs[r][s]; 

 

 

 

  subject to { 

  

forall (i in ii)  

   sum (j in jj) Xij[i][j] <= cai[i]*zi[i]; 

 

forall (j in jj)  

   sum (m in mm) Xjm[j][m] <= caj[j]*zj[j]; 

 

forall (r in rr)  

   sum (m in mm) Xmr[m][r] <= car[r]*zr[r]; 

 

 

forall (s in ss)  

   sum (r in rr) Xrs[r][s] <= cas[s]*zs[s]; 
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forall (j in jj)  

   sum (i in ii) Xij[i][j] == sum (m in mm) Xjm[j][m]; 

 

 

forall (m in mm)  

   sum (r in rr) Xmr[m][r] == sum (j in jj) Xjm[j][m] * aa; 

 

 

forall (r in rr)  

   sum (n in nn) Xrn[r][n] == sum (m in mm) Xmr[m][r] * bb; 

 

 

forall (r in rr)  

   sum (s in ss) Xrs[r][s] == sum (m in mm) Xmr[m][r] * (1-bb); 

 

 

 

 

 

forall (m in mm)  

   sum (j in jj) Xjm[j][m] == dm[m]; 

 

 

} 

 

Data 

supplier=3; 
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distributor=2; 

Customer=5; 

Collection=2; 

disposal=2; 

second=2; 

 

SheetConnection my_sheet ("Data30-06-2018.xlsx"); 

dm from SheetRead (my_sheet, "dm"); 

fcj from SheetRead (my_sheet, "fcj"); 

fcr from SheetRead (my_sheet, "fcr"); 

tcij from SheetRead (my_sheet, "tcij"); 

tcjm from SheetRead (my_sheet, "tcjm"); 

tcmr from SheetRead (my_sheet, "tcmr"); 

tcrn from SheetRead (my_sheet, "tcrn"); 

tcrs from SheetRead (my_sheet, "tcrs"); 

soc from SheetRead (my_sheet, "soc"); 

doc from SheetRead (my_sheet, "doc"); 

roc from SheetRead (my_sheet, "roc"); 

coij from SheetRead (my_sheet, "coij"); 

cojm from SheetRead (my_sheet, "cojm"); 

comr from SheetRead (my_sheet, "comr"); 

corn from SheetRead (my_sheet, "corn"); 

cors from SheetRead (my_sheet, "cors"); 

cai from SheetRead (my_sheet, "cai"); 

caj from SheetRead (my_sheet, "caj"); 

car from SheetRead (my_sheet, "car"); 

cas from SheetRead (my_sheet, "cas"); 


