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Abstract 

Supply chain network (SCN) design and planning is a complex process, mainly because 

uncertainty in demand. Traditionally, SCN optimization was performed considering economic 

benefits. However, due to government pressures and the increased consumer’s awareness, it 

became important to also examine the social and environmental impacts. Finally, the design 

and planning is even more challenging in the food industry, concerning product perishability 

and short shelf lives. 

The literature review shows that many authors proposed mathematical models considering a 

range of factors addressing the SCN design and planning problem. However, there is still a 

gap in the development of an integrated model in the food industry, concerning environmental 

impacts, under uncertainty. 

This master dissertation presents a literature review regarding the SCN design and planning, 

uncertainties within this decision process, the environmental impacts and the relevant 

characteristics of the food industry. Finally, a mixed integer linear programming model is 

developed for the design and planning of a food SCN, considering environmental impacts and 

demand uncertainty, using a two-stage model. The model maximizes the annual profit, 

minimizes the environmental impacts and minimizes the SCN lead-time, leading to a multi-

objective formulation. The results provide the location and size capacity of the SCN entities, 

integrating transportation mode selection. The proposed model is called Food Stochastic 

Sustainable Supply Chain Design and Planning model. Two examples show the methodology 

application. 

This study contributes for relevant literature in the way that proposes an innovative model, 

which integrates several trends of business environment and allow an efficient decision-

making process. 

 

Keywords: Food Supply Chain; Design Planning; Multimodal; Environmental impacts; Shelf 

life. 
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Resumo 

O design e planeamento da cadeia de abastecimento é um processo complexo, sobretudo 

devido à incerteza na procura. Tradicionalmente, esta otimização considera apenas aspectos 

económicos. No entanto, devido a pressões governamentais e aumento da consciência dos 

consumidores, tornou-se importante examinar também os impactos sociais e ambientais. Por 

fim, esta optimização é ainda mais desafiante na indústria dos perecíveis, devido à 

perecibilidade dos produtos e respetivos prazos de validade. 

Muitos autores têm vindo a propor modelos matemáticos para esta temática, no entanto, 

ainda existe uma lacuna no desenvolvimento de um modelo integrado na indústria dos 

perecíveis, que considere aspetos económicos, ambientais e incerteza na procura. 

Esta dissertação apresenta a revisão bibliográfica sobre o design e planeamento de cadeias 

de abastecimento, fatores de incerteza neste processo, impactes ambientais e 

características da indústria dos perecíveis. Por fim, é desenvolvido um modelo de 

programação linear inteira mista para o design e planeamento da cadeia de abastecimento, 

integrando impactes ambientais e incerteza na procura, através da formulação de 

programação linear estocástica com dois estágios. O modelo maximiza o lucro anual, 

minimiza os impactes ambientais e minimiza o lead time da cadeia de abastecimento; 

tornando-o numa formulação multi objetiva. Os resultados fornecem a localização e 

capacidade das entidades da cadeia e a seleção dos meios de transporte. O modelo 

proposto é denominado Food Stochastic Sustainable Supply Chain Design and Planning. 

Este estudo contribui de forma relevante para a literatura, já que desenvolve um modelo 

inovador que integra tendências atuais e permite um processo de decisão eficiente. 

 

Palavras-chave: Cadeia de abastecimento de perecíveis; Planeamento e Design; 

Multimodal; Impactos ambientais; Validade. 
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1. Introduction 
1.1. Contextualization and problem statement 

Supply Chain Management is defined as the coordination of the physical, logical and financial 

flows management between the supply chain networks (SCN) (Brandenburg et al., 2014), 

which ultimate goal is to deliver the right product, in the right amount, at the right time, for the 

right customer, meaning to efficiently respond to customer demand (Wang et al., 2004). The 

SCN design and planning is a complex process (Nickel et al., 2012), although it is evidenced 

that an efficient SCN design and resource allocation over the network is crucial for a good 

performance of the SCN (Papageorgiou, 2009). In addition, since business environment is 

constantly changing (Gupta and Maranas, 2003), account for uncertainty within the SCN 

design and planning is very important (Papageorgiou, 2009; Klibi and Martel, 2010). 

Traditionally, SCN design and planning optimization has been based on economic benefits 

(Guillen-Gosalbez and Grossmann, 2009; Brandenburg et al., 2014). However, due to 

increased competitive, government pressures (Sundarakani et al., 2010; Hassini et al., 2012), 

and consumer awareness, many companies have to take into account the environmental 

impacts (Guillen-Gosalbez and Grossmann, 2009; Sundarakani et al., 2010). Thus, in the 90s 

the concept of sustainability in the management literature has emerged. Also began to appear 

concepts such as green supply chains (Ramudhin et al., 2008; Bojarski et al., 2009; Wang et 

al., 2011); sustainable supply chain management (Hassini et al., 2012; Chaabane et al., 

2012; Brandenburg et al., 2014); and, triple bottom line (The economist, 2009). In the 

literature, there is evidence that there are few authors proposing quantitative models for 

green and sustainable supply chains (Seuring, 2013). Moreover, it is stated that models that 

include the sustainability of the supply chains should also include uncertainties (Bojarski et 

al., 2009; Wang et al., 2011) and different transportation modes (Wang et al., 2011). 

Managing a SCN is a complex process, however manage a food supply chain is even more 

challenging due to: limited and short shelf lives (Akkerman et al., 2010; Ahumada and 

Villalobos, 2011), temperature and humidity requirements, restrictions regarding time 

windows for product deliveries, high customer expectations, low profit margins (Akkerman et 

al., 2010), perishability, long supply lead times, supply and demand uncertainties, need of 

great investments in technology, facilities and labor (Ahumada and Villalobos, 2011), maintain 

product quality (Rong et al., 2011) and safety (Aung and Chang, 2014). Thus, few 

researchers have analyzed the management of those SCN (Rong et al., 2011). Finally, the 

environmental impacts are also a concern in food supply chain management (Van der Vorst 

et al., 2009; Shukla and Jharkharia, 2013; Aung and Chang, 2014), and there is evidence that 

improve the operational activities, such as transportation and contributes to reduce the post-

harvest wastage (Shukla and Jharkharia, 2013). 

There is still a lack regarding the development of a mathematical model addressing food SCN 

design and planning problem, integrating uncertainty and environmental issues. This gap 

stems primarily from the fact that the relative complexity of each of these themes, which is 



	  

	  
	  

3	  

increased by the difficulty of integrating them effectively. Thus, this master dissertation arises 

to fill the gap by developing an innovative and integrated mathematical model. 

 

1.2. Purpose and goals of the master dissertation 
The main purpose of this master dissertation is to develop a mathematical model addressing 

the SCN design and planning, that integrates environmental issues that allow a certain level 

of sustainability, food industry characteristics and uncertainty in market demand. The 

following intermediate goals should be accomplish in order to achieve the main purpose: 

a) A literature review concerning the SCN design and planning fundamentals as well as 

the influence of uncertainty scenarios in this process. SCN design and planning 

models under uncertainty are analyzed. 

b) A literature review including concepts regarding sustainability and environmental 

issues. More specifically, it should include the definition of concepts such as green 

supply chains and sustainable supply chain management; and, the analysis of 

mathematical models including this theme. 

c) A literature review on food supply chains, including the description of concepts 

related, which should be taken into account during the SCN design and planning 

phase, and, consequently should be integrated in the model. 

d) Clear understanding and definition of the problem in study. 

e) Mathematical model formulation and implementation 

In conclusion, this work presents the theoretical concepts regarding uncertainties and 

environmental issues influencing the SCN design and planning. This work also describes the 

main characteristics of food supply chains. Finally, this dissertation comes up with a 

mathematical model that integrates the aspects described above, which is then applied to a 

food SCN.  

 

1.3. Master dissertation structure 
This master dissertation is divided into seven chapters. The first chapter made a brief 

contextualization and description of the problem, which will be studied in this master 

dissertation. It also defines the purposes and goals of this work. Finally, some concepts and 

definitions are presented, which are the basis of the presented work. 

Chapter 2 presents the literature review. This chapter is divided into four sections. Section 2.1 

presents a literature review regarding the uncertainty factors that influence the optimization of 

the SCN design and planning. Then, it is described the evolution of mathematical models 

proposed in the literature, addressing the previous issue. The review of the sustainability in 

supply chains, the evolution of the concept, its importance and the mathematical models that 

integrate this concept is presented in section 2.2. At last, section 2.3 defines the concepts 

and characteristics of food supply chains. This chapter has become relevant, since the model 

to be developed will be applied to a case study in this industry. 
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The third chapter includes the problem characterization and the methodology of the master 

dissertation, respectively present in sections 3.1 and 3.2. Chapter 4 describes the proposed 

model. Section 4.1 refers to the model framework, describing the methodology used for the 

development of the mathematical model, as well as the approaches used. This section 

includes the problem characterization, the process of data collection, a description of the 

procedure for obtaining solutions and, finally the simplifications and assumptions made in the 

implementation of the mathematical model. Section 4.2 presents the model formulation. 

The two examples explored in this master dissertation are presented in chapter 5. The first 

example corresponds to the motivational example, which is a less complex SCN in order to 

test model validity. The SCN design and planning problem is described in section 5.1, as well 

as the results obtained from model application. In this section some cases are explored, 

regarding deterministic versus stochastic model, as well as, mono- versus multi-objective. In 

section 5.2, the example 2 is presented, which is a generic and more complex food SCN. In 

this section some cases are explored, regarding mono versus multi-objective results. 

Lastly, chapter 6 presents the main conclusions of this master dissertation. Furthermore, 

some suggestions for future work to be done are presented. 

 

1.4. Concepts and definitions 
This section presents the main theoretical definitions regarding SCN design and planning that 

will be relevant for the work developed in the master dissertation. It is described and analyzed 

concepts such as SCN and supply chain management. These concepts will be the basis of 

the work developed further. 

Tsiakis et al. (2001) presents a typical SCN (Figure 1), which includes entities such as 

suppliers, plants, storage facilities (warehouses and distribution centers) and final costumers.  

 
Figure 1 – Typical supply chain network (Tsiakis et al., 2001). 

 

This network involves mainly two major activities: (i) production planning and inventory 

control; (ii) distribution and logistics process. Although these two activities are interrelated, the 

first one is related with the manufacturing, storage and their interfaces and the second one 

corresponds to decisions about product transportation from warehouses to retailers. 
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Generally a supply chain is characterized by a flow of materials from suppliers to customers 

and by a flow of information on the opposite direction, from customers to suppliers. 

According Papageorgiou (2009), a supply chain is a network of facilities that performs the 

activities of material procurement, material transformation to intermediates and final products, 

and, finally, distribution of the final products to customers. However, managing supply chains 

is usually related with managing a large size of physical supply network and intrinsic 

uncertainties, becoming a complex activity. Usually the management of SC requires decision-

making regarding, for instance: Characteristics of manufacturing sites, warehouses and 

distribution centers, such as number, location and size; Production planning and scheduling; 

Connection between the different network entities, such as the allocation of warehouses to 

markets; Inventory and replenishment policies decisions; and, Transportation decisions. 

In addition, since companies realized that couldn’t do business individually (Longinidis and 

Georgiadis, 2011) and identified the opportunity to reduce the propagation of unexpected or 

undesirable events that affect the profit of all the members (Azaron et al., 2008), the concept 

Supply Chain Management (SCM) evolved. The concept appeared in the early 1990s and 

has gained a lot of interest (Azaron et al., 2008). One of its major issues is to determine the 

optimal supply chain configuration, in which the type of decisions is characterized by long 

time horizon decisions, and, consequently, is treat as strategic decisions and called as facility 

location models (Longinidis and Georgiadis, 2011).  

Bojarski et al. (2009) presented the concept of SCM as a way of a company to gain 

competitive advantage in the global business environment and there is evidence that the 

optimum management of the supply chain is crucial for a company to preserving firm’s value. 

Hassini (2012) defined SCM as the integration and control of all operations, resources, 

information and funds of the supply chain in order to optimize its profitability, which is 

calculated by the difference between the revenue generated from an order and the costs 

incurred by the supply chain to satisfy that order. Finally, Supply Chain Management has 

been traditionally defined as “the management of physical, logical and financial flows in 

networks of intra- and inter-organizational relationships jointly adding value and achieving 

customer satisfaction” (Brandenburg et al., 2014, p. 299). 

Design and planning the SC has become a crucial business activity, due to the increased 

competitive environment in the global market and advances in information technology (Gupta 

and Maranas, 2003) and also due to the fact that the configuration of the supply chain 

requires a large investment of capital resources for a long period of time (Azaron et al., 2008). 

In addition, supply chain analysis is essential in order to a company be competitive in the 

market, since an appropriate SCN design and an effective allocation of resources over the 

network is essential for a better performance (Papageorgiou, 2009). 

The design and planning of SC is dedicated to the coordination and integration of all activities 

of a company, from the acquisition of raw materials to the delivery of the final product to the 

buyer (Gupta and Maranas, 2003). Nagar and Fain (2008, p. 251) define supply chain 
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planning as a “process by which a company determines levels of capacity, production, 

subcontracting, inventory, stock outs and even pricing over a specified time horizon.”  

Decide about the infrastructure of a global SCN is a complex process, particularly because it 

is related with many integrated decisions that contribute to the whole performance of the 

system. In order to satisfy customer demands, a company must decide what facilities should 

operate and where, how to allocate production activities to the facilities, and how to transport 

the product through the supply chain network. So, Nickel et al. (2012) consider that, typically, 

the main goal in the optimization of a SCN is related with the minimization of the costs 

associated with building and operating the network. 

According Gupta and Maranas (2003) the decision process related with SC design and 

planning, consists of decisions that can be characterized as: strategic, tactical and 

operational. Strategic decisions, or also known as long-term decisions, are primarily related to 

the determination of the optimal timing, location and size of the investments related to the 

SCN. These are usually associated with a time horizon of 5 to 10 years. In turn, the tactical 

decisions relate to time periods of 1 to 2 years and refer, for example, to decisions relating to 

inventory or significant resource constraints. Finally, operational decisions are related to tight 

deadlines, about 1 or 2 weeks, and consider, for instance, the planning of production tasks 

based on available resources. 

Bidhandi and Yusuff (2011) stated that SCN planning requires taking decisions to manage 

issues related with long-tem, medium-term and short-term. This corresponds to the strategic, 

tactical and operational planning, respectively, and can be grouped into: Decisions regarding 

manufacturing plants and warehouses, such as number, location and capacities; Decisions 

about the selection of suppliers, distribution channels and transportation mode; and, 

Decisions regarding the flows of products in the SCN. 

However, according Singh et al. (2013), the SC planning includes two levels of decision: 

strategic and tactical. In strategic level, it is decided about number, location and size of the 

facilities, and the technology used in each. These decisions affect the efficiency of the tactical 

operations and are typically related with the long-term planning. The tactical level 

corresponds to decisions about the quantities and material flows between entities. 

Tsiakis et al. (2001) explained that, in order to survive in a competitive environment, a supply 

chain should minimize costs, inventories and investments; and, maximize deliveries, profit, 

return on investment, customer service level and production. So, there is a need to full 

integrate and coordinate all entities to form an efficient network structure and a successful 

supply chain, which comprises cost-effective operations and a quickly customers’ satisfaction 

(Baghalian et al., 2013). As a matter of fact, the main goals of the supply chain design and 

planning is to determine the optimal network and optimize the production, distribution and 

storage resources to satisfy efficiently the demand (Papageorgiou, 2009) and maximize its 

long-term economic performance (Chaabane et al., 2012). 

In conclusion, the optimization of the SC design and planning is a complex process, however 

it is crucial for an effective supply chain management.  
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2. State-of-the-art literature 
This chapter presents the literature review regarding SCN design and planning process 

integrating the following issues: uncertainties; green supply chain and sustainable supply 

chain management. Finally, issues regarding food supply chains are studied and analyzed. 

 

2.1. Uncertainties within supply chain network design and planning 
This section presents the description of the uncertainty in SCN context, how it influences the 

process of SCN design and planning and how to deal with it. In subsection 2.1.1 is explained 

the impact of uncertainty in SCN design. In subsection 2.1.2 is described how to deal with 

uncertainty sources. The evolution of SCN design models including uncertainty is exposed in 

subsection 2.1.3. Finally, in section 2.1.4 is presented the main conclusions about the topics 

discussed in this section.  

 

2.1.1. Contextualization of uncertainty in supply chain network design 

Uncertainty is one of the most challenging issues in SCM, but one of the most important 

problems to deal in practical analysis of SC performance (Sabri and Beamon, 2000). 

Nowadays there is a great variability in the business environment that is constantly changing 

due to the changing and increasing customer expectations (Gupta and Maranas, 2003), the 

increased number of echelons in the network and the new complex restrictions due to 

internationalization and increased uncertainty (Klibi and Martel, 2010; Longinidis and 

Georgiadis, 2011). Thus, the SCN design has become increasingly complex (Klibi and Martel, 

2010) and the design of an efficient and flexible SCN is critical for every enterprise in today's 

market (Gupta and Maranas, 2003). 

Account for uncertainty when design and planning supply chains is very important, in order to 

efficiently utilize existing capacity and create a robust SC infrastructure to cope with all 

inherent uncertainty (Papageorgiou, 2009; Klibi and Martel, 2010). Events such as variability 

in product demand and prices, raw materials availability, interest and exchange rates, product 

launch and geopolitical changes should be account as uncertainties. In addition, not take into 

account the uncertainties in the design and planning of SCN cannot safeguard a company 

against the threats nor allow it to seize opportunities (Gupta and Maranas, 2003).  

Besides, in todays’ competitive market, where products are rapidly designed and 

manufactured and there is a need for efficient production and operational costs decrease, the 

concept of agile company has appeared. An agile enterprise is one that can operate in the 

competitive market in which the opportunities are always emerging and changing according to 

the uncertainty (Pan and Nagi, 2010). 

Pimentel et al. (2013) stated that SCN design should take into consideration variations in 

demand and so the planning process needs to be dynamic, this means that facilities and 

channels can be opened, closed or reopened. Also decisions about new facilities should be 

taken into account against previously available capacity. 
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The various sources of uncertainty can be classified according to the time horizon that affects 

the system (Gupta and Maranas, 2003):  

- Short-term uncertainties include variations in day-to-day business, for example, order 

cancellations or failure on equipment; 

- Long-term uncertainties, such as variations in the unit price of the raw materials or the 

final products, as well as, seasonal variations in the demand. 

Peidro et al. (2009) presented an extensive literature review regarding quantitative models for 

supply chain planning under uncertainty. Many models only include one source of uncertainty, 

and few incorporate more than three sources of uncertainties. All uncertainties should be 

considered on the supply chain-planning model, since they can affect the SC operation.  

Furthermore, Baghalian et al. (2013) stated that most of the research done in the field of 

probabilistic SCN design only reflects uncertainty on demand, which affects manufacturing 

operations and the procurement plan of production facilities. Supply disruptions (delays or 

inabilities in the supply activities) can lead to extra inventory or lost sales. So, it is necessary 

to account for demand and supply uncertainty in the SCN design stage. 

Zimmermann (2000, p.192) proposed the following definition of uncertainty: “Uncertainty 

implies that in a certain situation a person does not dispose about information which 

quantitatively and qualitatively is appropriate to describe, prescribe or predict deterministically 

and numerically a system, its behavior or other characteristic”. Uncertainty is also described 

as the inability to describe the real state of a future event, which may be partially or totally 

unknown (Klibi and Martel, 2010). The worst case corresponds to total uncertainty and there 

are three types of uncertainties when the modeler has some information available: 

randomness, hazard and deep uncertainty. Randomness corresponds to random variables 

associated to daily business activities. Hazard corresponds to unusual events that have a low 

probability, but high impact. Finally, deep uncertainty is related with the case where there is a 

lack of any information to assess future events.  

At last, a company could adopt two positions when face demand uncertainty: shaper or 

adapter. The first refers to the case where the company tries to influence the level of 

uncertainties in the market, while the second relates to, as the name implies, the case that 

the company adapts its operations to demand variability (Gupta and Maranas, 2003). 

 

2.1.2. Dealing with uncertainty 

Zimmermann (2000) stated that, when a person is modeling a certain situation in which is 

related an uncertainty, the modeler should choose between consider uncertainty explicitly in 

the model or not. The modeler could choose between the next hypotheses: 

- Approximate the uncertain phenomenon by a deterministic model; 

- Include a “slack” on the model; 

- “Wait and see” solution, which means waiting to make the decision until the uncertainty 

almost disappear. 
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In the last decade, many models have begun to emerge for the design and operation of the 

supply chain, which integrate strategic and tactical decisions regarding supply chain and 

distribution networks, once companies understood that efficient management of the supply 

chain allowed competitive advantages (Longinidis and Georgiadis, 2011). 

In the past, most of the existing models are based on deterministic methods (Azaron et al., 

2008; Klibi and Martel, 2010), including sensitivity and scenario analysis (Klibi and Martel, 

2010). However, due to numerous available sources of uncertainty (described in subsection 

2.1.1), these models do not become realistic. Moreover, determining the optimal configuration 

of a SC under uncertainty is a difficult problem since it has to take into account many factors 

and objectives (Azaron et al., 2008). So, in recent years, began appearing literature with 

development of SCN design models under uncertainty (Bidhandi and Yusuff, 2011), more 

specifically stochastic models have been used on this subject (Papageorgiou, 2009; Klibi and 

Martel, 2010), in which, the most used is the two-stage stochastic mathematical models 

(Gupta and Maranas, 2003; Papageorgiou, 2009; Bidhandi and Yusuff, 2011). 

Further, Papageorgiou (2009) stated that optimization models under uncertainty are typically 

complex and hard to solve. These types of models include two types of decisions: here-and-

now; and, wait-and-see. The first one includes the design variables and is determined before 

the realization of uncertain parameters. On the other hand, the second one corresponds to 

control variables and is determined after the realization of uncertain parameters. Finally, the 

uncertainty parameters are typically modeled by a discrete number of scenarios or by 

probability distributions (Bidhandi and Yusuff, 2011). 

 

2.1.3. Evolution of supply chain network design and planning models 

integrating uncertainty 

This subsection provides a description of the relevant models analyzed in the literature. 

Gupta and Maranas (2000) presented a two-stage stochastic model to multisite midterm SC 

planning under demand uncertainty. The production decisions are considered as “here-and-

now” and SC decisions as “wait-and-see”. The objective function includes costs related with 

the production stage and the expected costs related with inventory management. In the same 

year, Sabri and Beamon (2000) proposed a model that integrates strategic and operational 

SCN planning into a multi-objective model under production, delivery, and demand 

uncertainty. A multi-echelon structure and multi-product supply chain was considered. The 

objective functions are: minimize the total fixed and variable costs; maximize the plant and 

distribution volume flexibility. It provides a performance SC measure. 

Later, Tsiakis et al. (2001) proposed a mixed integer linear programming (MILP) model using 

branch-and-bound techniques to optimal design of the supply chain. This model accounted a 

multi-echelon and multiproduct supply chain, and considered demand uncertainty through a 

scenario analysis. The objective function consists in minimize the total costs, which include 

infrastructure and operational costs. Gupta and Maranas (2003) proposed a two-stage 

stochastic model to planning a multisite SC under market uncertainties, which objective is the 
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minimization of manufacturing and logistics costs. This model divided decisions into 

manufacturing and logistics decisions. Manufacturing decisions focus on efficiently allocate 

the production capacity at the various production sites and are made before demand 

realization. On the other hand, logistics decisions focus on effectively satisfy customer 

demand and are postponed until uncertainties are solved. Also the model includes the trade-

off between customer satisfaction level and production costs. Finally, it is important to refer 

that the author proposed to model the uncertainty under a distribution-based approach. 

A two-stage stochastic programming model was proposed by Santoso et al. (2005) to 

address the problem of SCN design under uncertain transportation costs, demands, supplies 

and capacities. The objective function is to minimize total investment and operational costs. 

This model deals with a large number of scenarios of uncertainty, through sample average 

approximation method and an accelerated Benders decomposition algorithm. Also it 

presented the results for two real SCN. 

Guilleén et al. (2005) also proposed a two-stage stochastic model to address the design and 

retrofit of a SC under demand uncertainty and included the profit over time horizon and the 

resulting demand satisfaction. The model included three objectives:  

- Maximization of the net present value; 

- Maximization of the demand satisfaction; 

- And, minimization of the financial risk. 

It is important to refer that demand uncertainty is represented by a set of scenarios, each 

characterized by a probability of occurrence. The author obtained a Pareto curve in order to 

analyzed the trade-off between the objectives considered. In addition, was analyzed a 

hypothetical case study for a SC established in Europe. 

An extension of a two-stage stochastic model to a multi-stage stochastic model was 

presented by Goh et al. (2007) to address the problem of a global SCN, which contemplate a 

set of related risks, such as, supply, demand, exchange and disruption. Also they provided an 

algorithm for attaining the optimal SCN, which optimizes both profit maximization and risk 

minimization. Furthermore, Snyder et al. (2007) presented a stochastic location model with 

risk pooling, in which the goals are: choose distribution centers locations, assign retailers to 

distribution centers and set inventory levels at distribution centers in order to minimize the 

total cost. The model is a two-stage model and takes into consideration economies of scale 

and risk-pooling effects that can emerge from the consolidation of inventory sites. 

Azaron et al. (2008) proposed a two-stage stochastic programming model to design a robust 

SCN, which consider the following objectives: 

- Minimization of the sum of current investment costs and the expected future processing, 

transportation, shortage and capacity expansion costs; 

- Minimization of the variance of the total cost; 

- Minimization of the financial risk or the probability of not meeting a certain budget. 

Azaron et al. (2008) also presented a way to consider Pareto-optimal solutions in order to 

improve decision-making processes. In addition, several uncertainties were modeled: 
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demands, supplies, processing, transportation, shortage and capacity expansion costs. 

Variables of the network configuration are considered as first-stage variables and decisions 

about the flow and quantities of products between entities of the supply chain are considered 

as second-stage variables. Finally, the model was applied to SCN design of a wine company. 

A two-stage stochastic linear programming model was proposed by Wassick et al. (2009), 

integrating uncertainty on demand and freight rates. The model was applied to a real case 

study in the chemical industry to planning a global supply chain for a multi-period planning. 

This integrated production and inventory levels, transportation modes, times of shipments and 

customer service levels. It also introduced a risk management model and multi-objective 

optimization to deal with the trade-off between cost and risk. In this model, production, 

distribution and inventory decisions are considered as “here-and now” variables and the rest 

of decisions are considered as “wait-and-see”. 

Pan and Nagi (2010) proposed a robust optimization heuristic model to address SC design 

problem under uncertainty demand. The objective function comprises: expected total costs, 

cost variability due to demand uncertainty, and expected penalty for demand not satisfy. The 

model is applied to multi-echelon, single product SC and single transportation mode. 

According Longinidis and Georgiadis (2011), there are many authors who modeled 

uncertainty in demand, through scenario and probabilistic approaches. However, this study 

fills a gap in supply chain management models with financial aspects, integrating financial 

considerations and demand uncertainty in an integrated mathematical programming 

formulation for SCN design. Also, it is important to refer that the uncertainty is modeled 

through scenario approach and contains “wait-and-see” and “here-and-now” decisions, in a 

two-stage programming model. Finally, the objective function of this approach is the 

minimization of the economic value added. 

Bidhandi and Yusuff (2011) proposed a two-stage stochastic program, which includes as 

uncertainty parameters the operational costs, the customer demand and the capacity of the 

facilities. Configuration decisions are considered as first stage variables and decisions related 

with transporting products from suppliers to customers are considered as second stage 

variables. This model considered a multi-commodity, single-period context and a fixed SC 

structure. The objective function minimizes the sum of fixed cost and expected variable cost. 

A multi-stage stochastic MILP model was presented by Nickel et al. (2012), which included 

the financial decisions, to determine the location of the facilities, the flows of products and 

alternative investments. The objective function is the net financial benefit maximization. 

Additionally, the model included a set of scenarios to model uncertainty in demand and 

interest rates. Besides, Pimentel et al. (2013) proposed a multi-stage stochastic MILP 

approach to address the problem of stochastic capacity planning and dynamic network design 

problem and also proposed a Lagrangian heuristic procedure, in order to determine 

reasonable bounds in a reasonable amount of time. The main purpose of this model is to help 

in the decision-making process of managing the facilities and logistics channels due to 

changes in the demand process, for instance decisions about what facilities to open or close. 
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This model was applied at the commodity market and integrates decisions about facility 

location, network design and capacity planning under uncertain demand. 

Baghalian et al. (2013) developed a stochastic mathematical formulation to deal the issue of 

SCN design under demand and supply uncertain, which were modeled through distribution 

functions. It is important to refer that the model is a mixed-integer non-linear programming 

(MINLP) problem, which requires the linearization of the model through a multiple linear 

regression. Maximize profit and minimize risk were considered as objective functions of this 

model. Also the presented model was applied to a real case study from the rice industry of a 

Middle Eastern country. Besides that, Singh et al. (2013) proposed a two-stage stochastic 

model to effective design the SCN under uncertainty demand. The objective function is to 

minimize total investment and tactical, shortage, and storage costs. 

More recently, Cardoso et al. (2013) presented a mixed-integer linear programming 

formulation for supply chain design and planning problem, integrating forward and reverse 

flows. This model considered uncertainty in demand and its objective function consists in the 

minimization of the expected net present value. Furthermore, Zhang and Xu (2014) proposed 

an effective heuristic method to address the decisions of location, transportation and order 

quantity of a logistics system under uncertain costumer demand. This model permits take 

some important decisions such as location of transportation hub; quantities to be supplied 

from each supplier and also to be transported from each supplier to each distribution center; 

product quantity to be transported from each distribution center to each retailer; and, finally, 

the order quantity and price of each retailer. 

The several mathematical models presented, in this section, in which the ultimate goal is the 

SCN design and planning under uncertainty, are summarized in Annex A. 

 

2.1.4. Conclusions 

Generally, the SCN design and planning is a decision process including the definition of the 

number of facilities to open, its location and capacities and also the product flows between 

entities, in order to achieve the right customers at the right time and at the right place. This is 

a complex process, mainly because it includes several and integrated decisions that influence 

the system performance. However, thus business environment is constantly changing, this 

decisions is even more complex regarding the uncertainties in the system, such as, variability 

in demand, prices and raw material availability. So, many authors have been proposing 

mathematical models for SCN design and planning considering various factors of uncertainty, 

to develop more realistic models.  Regarding the literature review done about existent SCN 

design and planning models under uncertainty, it is possible to conclude that: 

a) Most of the models are analytical, particularly stochastic programming; 

b) The two-stage stochastic programming model is the most used method; 

c) Most references considers only one factor of uncertainty, mainly uncertainty demand, 

so there is a need that new models that take into account several sources of 

uncertainty should be developed in the future. 
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2.2. Green supply chain and sustainable supply chain management 
Section 2.2 consists in 4 subsections. Subsection 2.2.1 introduces the definition of 

sustainability, through concepts such as green supply chain and sustainable supply chain 

management. Subsection 2.2.2 presents the SCN design models found in the literature, 

which integrate environmental issues. In section 2.2.3 is identified some lacks regarding 

sustainable supply chain management, that is evidenced in the literature review. Those lacks 

could be considered as future possible researches regarding this topic. Finally, section 2.2.4 

describes the main conclusions of this chapter. 

 

2.2.1. Contextualization and general concepts 

Traditional SCN design and operation have been focused on the creation of networks and 

logistics processes as many efficient as possible and on the value creation (Sundarakani et 

al., 2010). The economic benefits have become the most widely used performance indicator 

in optimization procedure (Guillen-Gosalbez and Grossmann, 2009; Pinto-Varela et al., 

2011a; Brandenburg et al., 2014). It is stated that traditional supply chain management focus 

on economic and financial performances. However, nowadays there is a focus on the creation 

of a green supply chain, since companies are concerned about environmental impacts 

(Guillen-Gosalbez and Grossmann, 2009; Sundarakani et al., 2010; Pinto-Varela et al., 

2011a). Consequently, in recent years, there is a trend to integrate environmental impacts in 

the optimization process. Green supply chain management (GSCM) practices started also 

due to regulatory changes, competitive pressures and customer preferences (Sundarakani et 

al., 2010). Also sustainability appeared in the management literature in the 1990s and quickly 

increased since then, as shown in Figure 2 (Linton et al., 2007).  

 

 
Figure 2 – Number of articles about sustainability in the management literature (Linton et al., 2007). 

 

Strategies for a sustainable SC are considered by companies also due to restrictions of some 

non-renewable resources, such as metal and oil (Chaabane et al., 2012). In addition, 

pressures imposed by stakeholders, such as government regulators and community activists 

are drivers for sustainable practices (Hassini et al., 2012). Finally, Hassini et al. (2012) added 

that other factors that pressure a supply chain to adopt sustainable operations are: market, 
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science, technology, product developments, process capability, sourcing and operations, 

transport and logistics, and marketing.Thus, due to these pressures, some companies have 

joined green strategies in their logistics activities (Handfield et al., 2013), such as reduce 

emissions, producing environmentally friendly products, establish recycling systems (Cruz, 

2008) and reduce global warming (Nagurney et al., 2007). 

The concept GSCM has been defined as a fully integration of all entities of a supply chain 

with the ultimate goal of determining the trade-off between the minimizations of logistical 

costs and environmental impacts (Ramudhin et al., 2008). Also Bojarski et al. (2009) 

presented the concept as the integration of environmental issues into SCM. 

Hassini (2012) defined business sustainability as the ability to manage taking into account the 

objective of long-term the well being of the society, environment and economy. On the other 

hand, the concept of sustainable supply chain management (SSCM) is defined as the 

maximization of the supply chain profitability, the minimization of the environmental impacts 

and the maximization of the social well being, through the management of supply chain 

operations, resources, information and funds (Hassini, 2012). This definition implies that 

companies need to make a trade-off between multiple and possible conflicting objectives. For 

example, while profit maximization requires a reduction in operational costs, reducing 

environmental impacts normally requires an increase in operational costs. 

On an opposite side of traditional supply chain management, SSCM integrates the 

environmental and social aspects with economic objectives (Chaabane et al., 2012; 

Brandenburg et al., 2014). This is usually known as the triple-bottom-line (TBL) dimensions of 

organizational sustainability. The TBL concept was presented by John Elkington in 1994 and 

consists of three Ps: profit, people and planet. The first one is a measure of profit and loss 

account. The second is a measure of how companies’ operations are social responsible. The 

last one evaluate how environmental responsible the company has been. 

There is also evidence that actions, such as recovery of products and re-processing, may not 

be sufficient to achieve a long-term sustainability. In order to comply with environmental 

regulation of carbon emissions in an efficient manner in terms of costs, the SCN design 

model should include costs related to greenhouse gas emissions (GHG emissions) in all 

levels of the supply chain as well as social variables that affect the quality of life of the 

community by supply chain operations (Chaabane et al., 2012). GHG emissions consist 

mainly of “water vapour, carbon dioxide, methane, nitrous oxide, ozone and CFCs. GHGs 

contribute to maintaining the Earth’s temperature at comfortable levels for living organisms 

through the greenhouse effect. … GHGs levels have been rising ever since the industrial 

revolution of the 19th century due mainly to human activities” (Ramudhin et al., 2008, 

p.1093). Also GHG emissions have been considered the responsible for climate change and 

one of the most damaging elements to the environment (Chaabane et al., 2012). The majority 

of GHG emissions from transportation of products are CO2 emissions 

(http://www.epa.gov/climatechange/ghgemissions/sources/transportation.html), which are the 

type of pollution that human kind is more responsible (Sadrnia et al., 2013). 
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Wang et al. (2011) stated that transportation of products is an activity that considerably 

contributes to air pollution and GHG emissions, and so has negative impacts on human 

health as well as is responsible for global warming. However, transportation allows that raw 

materials can reach the production process at the right time and that the final products can 

reach the costumers (Nagurney et al., 2007).  

 

2.2.2. Models considering environmental issues in the SCN design 

According Wang et al. (2011), since there is an increasing interest in reducing the amount of 

emissions and to develop green strategies into SC, there is the motivation to analyze issues 

relating to a green SCN design, where the environmental investment decision in the design 

phase should be analyzed. However, there is a trade-off directly related to this type of design 

decisions: on one hand, there is the required initial investment; and, on the other hand, there 

are the long-term improvements to environment. This subsection presents the relevant 

models found in the literature review, which are summarized in Annex B. 

Nagurney and Toyasaki (2003) proposed a SCN model with electronic commerce, which 

includes environmental issues. The model determines equilibrium prices, product shipments 

and emissions over the supply chain. The manufacturers faced the following objective 

functions: maximization of profit; and, minimization of total emissions, both considering 

production and delivery of the product. The retailers want to maximize the difference between 

revenues, handling cost, transaction cost and the payout to the manufacturers; and, minimize 

the emissions associated with the transaction of the products with manufacturers. Some 

years later a MILP model was developed by Hugo et Pistikopoulos (2005) to support the 

strategic and operational planning decisions. This model formulated an environmental 

performance objective and integrated this on the decision-making process. For this purpose, 

it was used the quantitative life cycle assessment (LCA) model, which incorporates the Eco-

Indicator 99 method. This model has two objective functions: maximization of the predicted 

net present value; and, minimization of the potential environmental impact. 

Nagurney et al. (2007) developed a multi criteria SCN model including environmental 

emissions and begins to demonstrate the relation between sustainable supply chains and 

transportation networks. Also it is demonstrated that this model can be converted to a 

transportation network equilibrium model. Moreover, Cruz (2008) developed a multi criteria 

SCN model integrating corporate social responsibility and environmental issues. This model 

includes the following objectives: maximization of profit, and minimization of emissions and 

risk. Then, Frota Neto et al. (2008) presented a multi-objective programming to achieve a 

sustainable logistic network design, integrating the tradeoff between logistic network costs 

and environmental impacts. In addition, it is proposed an evaluation method for the logistic 

network, based on the multi-objective programming and the data envelopment analysis, 

which provides data about the need to improve the logistics network or reduce environmental 

impacts. The model was applied to the European pulp and paper sector. 
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A mathematical model to design a green SCN considering GHGs emissions was presented 

by Ramudhin et al. (2008). The model was applied to a steel product manufacturer and helps 

decision makers to decide about supplier selection, capacity utilization, allocation of the 

production, and transportation arrangement. It also determines the impact of transportation 

configurations regarding carbon footprint. The model is applied with the following steps: 

1. Evaluate the total logistics costs and GHGs emissions of the current supply chain; 

2. Optimize the supply chain with the proposed model; 

3. Decide and implement strategies to achieve improvements; 

4. Continuous evaluation and monitoring of the new supply chain. 

Bojarski et al. (2009) presented a model that address the problem of supply chain planning 

and design optimization taking into account economical and environmental issues, which is a 

comprehensive step over the models presented by Hugo et Pistikopoulos (2005). The 

environmental issues are considered through a LCA approach. The model is a multi-objective 

MILP with the following objective functions: damage categories impacts, overall supply chain 

environmental impact, net present value. The model was applied to a real case study of a 

maleic anhydride SCN. The LCA approach is defined into ISO documents, such as ISO 

14040, and incorporates the whole life cycle of the product, process or activity, from 

extraction of raw materials to end of life. 

A bi-criterion stochastic MINLP was presented by Guillen-Gosalbez and Grossmann (2009) to 

design and planning a sustainable chemical supply chain under uncertainty, considering the 

following objective functions: maximize net present value; and minimize the environmental 

impacts. It was considered a three-echelon supply chain (production-storage-market). This 

model used Eco-indicator 99, which integrates LCA methodology. This model considers 

uncertainty in emissions released and feedstock requirements associated with the network 

operation. In addition, Guillen-Gosalbez and Grossmann (2009) presented two case studies 

from chemical industry: the optimal retrofit of an existing supply chain established in Europe; 

and, the optimal design of a supply chain to be established in Europe. 

Nagurney and Nagurney (2010) developed an optimization model to design a sustainable 

SCN, to minimize total costs associated with design and operation and minimize the 

emissions generated, including different modes of transportation and shipment. 

Furthermore, Wang et al. (2011) stated that there were no models that explicitly consider 

environmental investment decisions in the SCN design phase and so proposed a multi-

objective mixed-integer formulation to address those issues, proposing a new category of 

decision variables: the environmental protection level. A high value of this decision variable 

means a high environmental investment, which reduces CO2 emissions. The model includes 

two objective functions: minimization of the total cost (including fixed set up cost, 

environmental protection investment, transportation cost and handling cost); and, 

minimization of the total CO2 emission in all the supply chain. It is important to refer that this 

model only considers CO2 emission as the environmental impact. 
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Chaabane et al. (2011) stated that environmental impacts have not been considered in the 

design phase of the SC, leading to environmental problems such as climate change and 

global warming. So they extended the methodology presented by Ramudhin et al. (2008) and 

provided a multi-objective linear programming model to design a sustainable SC, integrating 

carbon emissions and total logistics costs. The model helps decision-making process about 

subcontractor selection, technology acquisition and modes of transportation. 

Pinto-Varela et al. (2011a) proposed a MILP mathematical model to address the design and 

planning of supply chains, through a Resource-Task-Network (RTN) representation and 

utilizing the Eco-Indicator methodology in the LCA. The model minimizes the annual profit, 

minimizes the environmental impacts and is applied to a Portuguese SCN, through a multi-

objective optimization methodology, based on symmetric fuzzy linear programming. Then, it is 

proposed a bi-objective MILP approach, using RTN, Eco-indicator 99 and a fuzzy-like 

approach to optimize the SCN under economic and environmental issues (Pinto-Varela et al., 

2011b). Later, Pinto-Varela et al. (2012) proposed a MILP model, integrating environmental 

aspects through a LCA, using the Eco-Indicator 99 and the Environmental Priority Strategies. 

These methodologies are compared. The models proposed only consider the impacts of the 

electricity and the diesel consumption over the SC. 

A MILP model to design a sustainable supply chain was presented by Chaabane et al. 

(2012), considering a LCA approach. The model is applied to aluminum industry, analyzing 

the tradeoff between economic and environmental objectives. It is a multi-objective linear 

programming, which minimize the total logistic costs and the environmental impacts. The 

environmental impacts are evaluated through the optimization of the GHG emissions. Despite 

being shown by Chaabane et al. (2012) the need to consider economic, environmental and 

social aspects in an integrated manner, their mathematical model considers only the first two. 

Sadrnia et al. (2013) proposed a multi-objective optimization model to address the trade-off 

between total logistics cost and CO2 emissions. After, this model was applied to a real case 

study of largest car manufacturers in the Middle East. This model was solved through multi-

objective gravitational search algorithm, to obtaining Pareto optimal solutions.  

Recently, Suyabatmaz et al. (2014) addressed the reverse logistics network design of a 

manufacturer environmentally concerned, that decided to outsource this activities to a 3PL, 

under supply uncertainty related to the time, quality and quantity of returns. It was presented 

two hybrid simulation-analytical modeling methods, which focus on determine the number and 

places of the test centers that are owned and operated by the 3PL, regarding the locations of 

the collection centers and the reprocessing facilities. Even the numerical results for a paper 

recycling industry were presented for the two proposed models. This study also focused on 

the understanding of tactical and strategic level planning problem under high uncertainty. 
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2.2.3. Researches in sustainable supply chain management proposed in the 

existing literature 

In the literature review carried out, some areas for improvement were identified by the authors 

in their research regarding sustainability, which are relevant to this study: 

- Bojarski et al. (2009) and Wang et al. (2011) proposed that future researches should 

focus on taking into consideration uncertainty parameters; 

- Wang et al. (2011) considered that future researches should be done to include more 

factors into this decision making process, such as transportation modes, in order to make 

SCN design models that integrate environmental issues more realistic; 

- Seuring (2013) made a review regarding modeling approaches for sustainable supply 

chain management and concluded that are more papers studying quantitative models for 

reverse or closed-loop supply chains than for green and sustainable (forward) SC. 

Moreover, the author notes that even in the existing literature is rarely made a link with 

the design of the SC, SC performance and collaboration. Thus, development can be 

carried out in order to overcome these shortcomings; 

- Brandenburg et al. (2014) concluded that most papers analyze production and general 

SCM and proposed future studies of sustainability in transportation and warehousing 

activities. There is evidence that more modeling approaches should be analyzed to 

integrate SSCM into business practices. The author also proposed to analyze hypotheses 

to reduce GHG emissions through utilization of intermodal transportation.  
 

2.2.4. Conclusions 

More and more companies have joined to green practices and strategies, due to the 

increasingly pressure for the integration of sustainability in the business environment. Thus, in 

recent years concepts have emerged such as green SCM, sustainable SCM and triple bottom 

line. As these concepts evolved, some researches start to propose models regarding the 

SCN design and management decisions, including sustainability concepts and environmental 

impacts. However, from the literature review done, is possible to conclude that there is an few 

research concerning mathematical models to address SC integrating environmental impacts 

and uncertainties in the SCN design and planning phase. 

 

2.3. Food Supply Chains 
Since this study will be applied to a food SCN, it is important to present some general 

concepts and the main characteristics of the processes and activities of this type of SC. The 

main objective of this section is to identify the specific features related to food supply chains 

that influence the network design and planning and that should be taken into account at this 

stage. Subsection 2.3.1 describes the definition of food SCN and the aspects related with that 

concept. Subsection 2.3.2 explains the general concepts related with processes and activities 

within food supply chains, challenging the management of this type of supply chain. Then, 
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subsection 2.3.3 summarizes the relevant models founded in the literature review regarding 

FSC. Finally, subsection 2.3.4 presents the main conclusions of this chapter. 

 

2.3.1. Food supply chain network 
Van der Vorst et al. (2009) defined that a Food Supply Chain Network (FSCN) includes all 

organizations that are responsible for producing and distributing vegetable or animal-based 

products and distinguish the following types of FSCN: 

- FSCN for fresh agricultural products, such as fresh vegetables and fruit; 

- FSCN for processed food products, such as portioned meats, snacks, desserts. 

Van der Vorst et al. (2009) also presented process and product characteristics of FSCN 

influencing the design or redesign process:  

- Global sourcing requirements, due to seasonality of production;  

- Biological variations, seasonality, and random factors related with weather, pests, and 

other biological hazards requires a variable and flexible process, both in quantity and 

quality;  

- Preserve quality requirements while products pass through the SCN, in order to prevent 

product shrinkage and stock-outs in retails, because of quality loss or when the best 

before date (BBD) have passed; 

- Requirement of special conditions of transportation and storage means; 

- Necessity for lot traceability, in order to maintain quality and environmental requirement. 

Consumers are increasingly demanding on food attributes, for instance quality, integrity, 

safety, sustainability, diversity, and associated information services (Van der Vorst et al., 

2009). Therefore, the consumer awareness is influencing the food supply chains (FSC) 

(Shukla and Jharkharia, 2013). Providing a great consumer confidence in product safety is 

also a necessity within FSC (Apte, 2010). Also there is an increasingly concern with the 

environmental impact of the supply chain (Van der Vorst et al., 2009; Shukla and Jharkharia, 

2013; Aung and Chang, 2014). Globalization, technological innovations and trade 

agreements also affect the food supply chains (Shukla and Jharkharia, 2013). There are 

statements that globalization has increased the distances that food products travel from the 

producer to the consumer, which increases the challenge of maintaining quality and safety of 

food products within the supply chain (Aung and Chang, 2014). 

Consequently, the FSC design and planning is a complex process (Van der Vorst et al., 2009; 

Ahumada and Villalobos, 2011) and, the management of the food distribution is a challenging 

activity due to the following factors: limited and short shelf lives (Akkerman et al., 2010; 

Ahumada and Villalobos, 2011), temperature and humidity requirements, restrictions 

regarding time windows for product deliveries, high customer expectations, low profit margins, 

perishability, long supply lead times, and supply and demand uncertainties. In addition, this 

industry involves great investments in technology, facilities and labor (Ahumada and 

Villalobos, 2011). However, according Rong et al. (2011) product quality is the most crucial 

factor to consider in food supply chain management (FSCM). 
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In FSC, sustainability is related with the minimization of product waste, carbon footprint and 

food miles. Carbon footprint is related with all GHG emissions (already explained in 

subsection 2.2.1) and with the business processes in the SCN. Food miles is the number of 

miles a product has travelled before it reaches the consumers’ plate (Van der Vorst et al., 

2009) and could be used to evaluate financial, social and environmental impact of food 

distribution, since decrease food miles result in reductions on: fuel usage, carbon emissions, 

pollution, environmental degradation and global warming (Shukla and Jharkharia, 2013). 

The food distribution differs from the distribution of other products, to the extent that the food 

quality is altered along the SC. Akkerman et al. (2010) stated that quality, health and safety in 

food distribution are extremely important issues and the interdependence between these 

factors is critical. In addition, there is evidence that the design of the distribution network 

influence the quality, safety and sustainability of food products. Regarding food quality, the 

network design influence the time a product is subject to degradation during distribution. The 

network design determines the number of actors and the extent to which products are 

dispersed in the network, which affects food safety. Food safety is related with the prevention 

of illnesses associated with the ingestion of products with some type of contamination and 

can be a competitive factor. Finally, network design influences the environmental impacts of 

the transportation mode, which, in turn, affects sustainability. The environmental conditions 

are affected by packaging of products, process of loading and availability of temperature 

conditioned transportation means and warehouses. It is also evidenced that distribution 

network design should account for a strong relation between production and distribution. 

Blackburn and Scudder (2009) stated that traditional SC strategies could be inapplicable to 

manage a specific type of perishable product. These types of products add challenges to 

SCM, since product value deteriorates significantly over time, highly depending on 

temperature and humidity. Blackburn and Scudder (2009, p. 129) introduced the term 

marginal value of time (MVT) as the “change in value of a unit of product per unit time at a 

given point in the supply chain”, which measures “the cost of a unit time delay in the supply 

chain”. Since fresh produce has associated an unstable MVT, there is a need to design a 

supply chain that integrates responsiveness and efficiency. In addition, the co-ordination 

along the supply chain is crucial to maintain food conditioning (Van der Vorst et al., 2009). 

Regarding warehousing of food products, Bartholdi and Hackman (2011) defined a perishable 

warehouse. These types of warehouses normally store food, fresh flowers, vaccines or other 

product with short shelf life, requiring refrigeration. This type of distribution centers focus on 

efficient space utilization, since refrigeration is costly. This type of distribution centers has 

many challenges, regarding inventory management. First, there is the requirement to ship 

products according to First-In-First-Out or First-Expired-First-Out. Second, there are some 

constraints regarding product handling to avoid contamination. Finally, there are restrictions 

associated with appropriate temperatures. So, a typical food distribution center operates 

separate areas. Also, P. Amorim et al. (2011a) stated that most of the food industries rely on 

third party logistic providers (3PL) to perform its distribution activities. 
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In conclusion, there is a need to analyze the SC and identify areas for improvement, which 

should be mainly related to the introduction of more efficient practices that reduce post-

harvest wastage generated. Most of the post-harvest waste comes from operational issues: 

demand forecasting; production planning; inventory management; and, transportation (Shukla 

and Jharkharia, 2013). Also, the decision supporting tools for FSC should integrate economic 

considerations, environmental aspects and quality preservation, since food products has 

characteristics such as perishability and food quality (Soysal et al., 2014). 

 

2.3.2. Food supply chain characteristics 

This subsection presents the general concepts and definitions related with the main 

characteristics of the processes and activities within FSC. 

 

Perishability 

There are many definitions of perishability, although the concept could be defined as: 

a) Lin et al. (2006, p. 670) defined perishability or deterioration “as decay, damage, 

spoilage, evaporation, obsolescence, pilferage, loss of utility or loss of marginal value 

of a commodity that results in decreasing usefulness from the original.”  

b) P. Amorim et al. (2011a, p. 395) presented the following definition for perishability: “A 

good, which can be a raw material, an intermediate product or a final one, is called 

‘‘perishable’’ if during the considered planning period at least one of the following 

conditions takes place: (1) its physical status worsens noticeably (e.g. by spoilage, 

decay or depletion), and/or (2) its value decreases in the perception of a(n internal or 

external) customer, and/or (3) there is a danger of a future reduced functionality in 

some authority’s opinion.”  

Perishability affects FSCM, as it requires that products are distributed as rapidly as possible 

across the SC (Apte, 2010) and imposes specific restrictions on the activities of the SC, such 

as production planning, inventory management and distribution (P. Amorim et al., 2011a). 

Perishability or deterioration could be categorized into two categories: age-dependent on-

going deterioration, such as fish and strawberries; and, age-independent on-going 

deterioration, such as alcohol, gasoline or grain products (Lin et al., 2006). Ferguson and 

Koenigsberg (2007) distinguished two types of products that quality level declines over time: 

- Products whose functionality decreases over time, for instance fruits, vegetables or milk; 

- Products without decreasing functionality, but deteriorated customer perceived utility, for 

instance fashion clothes or high technology products. 

Finally, P. Amorim et al. (2011a) proposed a framework to classify perishability according the 

following dimensions: physical product deterioration; authority limits; and, customer value. In 

the case of fresh food product, physically deteriorating can result from spoilage, decay or 

depletion. Authority limits represents external regulations or conventions that can affect 

product perishability. A fixed lifetime stated by the authorities, such as BBD, might reduce 

stochasticity of the perishability. Finally, customer value reflects the customer willingness to 
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pay, which could be dynamic or static over time. The customer value is considered as 

dynamic when customers attribute a decreasing value to a product over time, and so 

companies need to deliver products as fast as possible. 

 

Shelf-life 

Shelf-life is a concept associated with perishability and deterioration. According the Food and 

Drug Administration (1991), shelf life is defined as the time during which the product still has 

the characteristics required for the intended use and the termination is the expiration date, 

after which the product may no longer function as intended use. Kilcast and Subramaniam 

(2000) defined shelf-life as the period in which the product will: (i) remain safe; (ii) keep the 

desired sensory, chemical, physical and micro-biological requirements; (iii) meet the 

nutritional data requirements; when stored under the recommended conditions. Finally, Xu 

and Sarker (2003) stated that shelf-life of a product might also represent its productive or 

marketable life. 

 

Traceability 

Traceability has become a concept used in many industries (Aung and Chang, 2014). 

According Olsen and Borit (2013), particularly in FSC there is an increasingly focus on 

product traceability, mainly because of recent tragic and costly food scandals that received 

massive media attention, such as the Bovine Spongiform Encephalopathy (BSE or mad cow 

disease). In addition, once consumers are increasingly concerned about having as much 

information available as possible, especially in perishable goods such as food, traceability 

becomes even more important in this type of SC (P. Amorim et al., 2011a). 

According regulation 178/2002 of the European Parliament and of the Council, food 

traceability is defined as the “ability to trace and follow a food, feed, food-producing animal or 

substance intended to be, or expected to be incorporated into a food or feed, through all 

stages of production, processing and distribution” (European Commission, 2002, p. 31/8) and 

is an essential function in food industries in order to deliver a quality and safety product to the 

customer (Wang et al. 2009). On the other hand, Olsen and Borit (2013) defined traceability 

as the ability to access some or all of the information about a product, throughout its life cycle, 

through recorded identifications and stated that record keeping is a crucial part of traceability. 

Finally, Bosona and Gebresenbet (2013) redefined food traceability as the ability to capture, 

store and transmit all the appropriate information about the food product in all the stages of 

the FSC, in order to check the food quality and safety, at any time. In conclusion, food 

traceability is an important tool in logistics management.  

Many authors evidenced the advantages in integrating traceability in FSC. Traceability should 

be integrated in supply chain systems, since it improve process control and detect cause and 

effect of product failure regarding standards (Wang et al., 2009), to the extent that facilitate 

trace back for food safety and quality (Aung and Chang, 2014). According Bosona and 

Gebresenbet (2013), the main benefits of traceability systems in food supply chains are: 
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increase in consumers’ satisfaction, improvement in food crises management, competence 

development, and technological, scientific and agricultural sustainability contribution. There is 

also evidence for the improvement in FSCM (Bosona and Gebresenbet, 2013; Aung and 

Chang, 2014). Notwithstanding, Olsen and Borit (2013) added the following benefits 

associated with the use of traceability systems:  

- Reduces risks;  

- Facilitates that a company meet requirements;  

- Reduces costs and labor requirements associated to better information management 

internally and between partners related with better integration in the electronic systems; 

- Increases accurate and timely data about how and what to produce; 

- Achieves competitive advantages through the ability to use information regarding 

desirable product characteristics. 

The drivers for traceability in the FSC are: social, economic and technological concerns 

(Bosona and Gebresenbet, 2013), quality, safety, legislation or regulatory (Bosona and 

Gebresenbet, 2013; Aung and Chang, 2014), labour or cost reduction, process and supply 

chain efficiency, chain communications, trade globalization, competitive advantages (Aung 

and Chang, 2014).  The drivers according Aung and Chang (2014) are presented in Figure 3.  

 

 
Figure 3 – Drivers for traceability in the food supply chain (Aung and Chang, 2014). 

 

Freshness and lead-time 

In order to preserve the freshness and quality of food products, those types of SCN require a 

more limited transportation deadline, an additional controlled storage conditions and an 

increased quality of end-products. Thus, to effectively manage a FSC, the production and 

distribution planning decisions should be optimized simultaneously (Soto-Silva et al., 2015). 

On the other hand, there is evidence that lead time minimization is an important issue in 

supply chain management, since reducing lead times can result in more accurate forecast, 

lower safety stocks, lower levels of stock-out items, smaller order sizes, lower order 

variability, lower costs (Leng and Parlar, 2009), reduce wastage of products delivered and 

decrease the problem of global food shortage (Nair and Lau, 2012). Ullrich (2012) defines the 

supply chain lead-time as the total time needed for the ultimate task of the latest supply chain 
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stage is completed. The concept of supply chain lead-time is similar to the concept of 

makespan minimization. Generally, the makespan minimization is related with the 

minimization of the project duration (Kyriakidis et al., 2012). Including the makespan 

minimization as an objective function enables the optimization of the use of the production 

capacity and it is the most frequently used objective measure in practice and in the literature 

(Ullrich, 2012). Maravelias and Grossmann (2003) presents an algorithm for the minimization 

of the makespan of multipurpose batch plants with fixed demands, based on the state-task 

network (STN) formulation, using a discrete-time approach. Although the authors stated that it 

is not clear how to minimize the makespan, it is suggested to define a new variable, MS 

(corresponding to accounting the makespan), that will be one of the objective function to be 

minimized. More recently, Ullrich (2012) suggests a numerical study to address the SC 

scheduling problem, minimizing the SC makespan and Kyriakidis et al. (2012) presents a 

mixed-integer linear programming model to address the project scheduling problem, based on 

the Resource-Task Network (RTN) representation for the makespan minimization. 

 

Food hub and intermodal transportation 

The globalization of the marketplace increased the use of intermodal transportation networks, 

which leads to even a more complex transportation network design. Intermodal transportation 

network corresponds to the integration of two or more modes of transportation to deliver 

products from producers to costumers in a unique flow. An intermodal transportation network 

allows transcend the benefits of each transportation mode, in which each transportation mode 

is characterized by the transportation cost, modal connectivity, service time performance and 

the accessibility of transfer points (Ishfaq and Sox (2011)). 

The intermodal transportation networks are directly related with food hubs. A food hub is “a 

centrally located facility with a business management structure facilitating the aggregation, 

storage, processing, distribution, and/or marketing of locally/regionally produced food 

products”. (http://blogs.usda.gov/2010/12/14/getting-to-scale-with-regional-food-hubs/ 

[Accessed 10 July 2015]). Accordingly Etemadnia et al. (2015) a food hub is an intermediate 

node consolidates product flows from various production locations to various consumption 

locations, performing cross-docking activities. Normally, a food hub is established whenever a 

direct connection between production and consumption location is challenging or costly. The 

food hubs are transition locations, since the inbound flows must equal the outbound flows. 

Generally, hubs reduce costs, namely the cost of flow consolidation and the cost of 

transportation (Ishfaq and Sox (2011), Etemadnia et al. (2015)), allow competitive transit 

times, higher capability and reach (Ishfaq and Sox (2011)), create economies of scale, 

provide better and faster service to satisfy the demand and potentially increases the access 

to fresh and healthy food (Etemadnia et al. (2015)). 
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2.3.3. Models regarding food supply chains 

This subsection presents the relevant models proposed by researches considering food 

supply chains, which are summarized in Annex C. 

A MILP model was presented by Wouda et al. (2002) to optimize the SCN of Nutricia Dairy & 

Drinks Group, with approximately 300 different dairy products such as yoghurt, cheese, 

butter, desserts and milk. The objective of the model is the minimization of production and 

transportation costs and to determine the optimal number of plants, their locations and the 

allocation of the product portfolio to these plants, regarding alternative strategies.  

Eksioglu and Mingzhou (2006) proposed an integrated model to production, inventory and 

transportation decisions, considering a perishable final product with a limited shelf life. The 

problem is a MILP model, modeled as a network flow problem with fixed charge cost 

functions. The objective function is to minimize the sum of unit production costs, production 

setup costs, inventory costs, and transportation costs. The decision variables are: amount of 

production, amount of inventory, distribution flows. 

In 2009, Van der Vorst et al. proposed a simulation model integrating logistic, sustainability 

and product quality analysis on FSCN design that was applied to a pineapple supply chain. 

The model takes into account product quality uncertainty, as well as, logistics uncertainties. 

The objective consists in evaluate the following key performance indicators of the FSC: 

distribution costs, including transportation and warehousing costs; CO2 emissions; and 

product quality when received by stores, which depends most on the BBD. 

Rong et al. (2011) presented a MILP model to address the planning of food production and 

distribution network, integrating product quality degradation and temperature control. The 

objective function consists in minimize the total costs, which includes costs related with 

production, cooling for transportation equipment and storage facilities, transportation, storage 

and waste disposal. Finally, the model was applied to a bell peppers supply chain. 

Ahumada and Villalobos (2011) presented a mixed integer-programming model for production 

and distribution tactical planning of fresh produce. This model maximizes revenues and 

allows determining what to sow, when to sow it and what markets to target. The model was 

applied to a hypothetical large fresh produce grower in Northwestern Mexico, whose 

produced two crops – tomatoes and peppers. It is important to refer that this model takes into 

account the perishability in the following ways: as a loss function in its objective function; and, 

as a constraint for the storage activities. Ahumada et al. (2012) extended the work introduced 

by Ahumada and Villalobos (2011), by adding uncertainties faced in the fresh produce 

industry due to the variability of weather and demand. The objective function corresponds to 

the maximization of total revenue for the producers. The model proposed is a two-stage 

stochastic program to achieve planting and distribution plans and was applied to the same 

case study of Ahumada and Villalobos (2011). This approach for food supply chain allows 

products with the right quality and shelf-life reach the right customer. 

Amorim et al. (2011b) presented a multi-objective mixed-integer programming for the lot-

sizing and scheduling model to allow the decision between conflicting objectives – the 
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minimization of the economic production tangible costs and the maximization of the customer 

intangible value of fresher products. This model studies a diary company producing yogurt, in 

which perishability plays an essential role in the operational planning. The trade-off is 

represented by a Pareto optimal front and a hybrid genetic algorithm was developed. 

A MILP model to determine production and inventory decisions was proposed by Susarla and 

Karimi (2012). The objective function corresponds to the maximization of the total profit. 

Although this model is applied to pharmaceutical products, it considers that some products 

are perishable and so it considers shelf lives into the model. 

Soysal et al. (2014) developed a multi-objective linear programming (MOLP) model to 

address the SCN design of an international beef supply chain. The objective functions of the 

model are: (i) minimize the total logistics cost; and, (ii) minimize the total amount of GHG 

emissions deriving from transportation activities. This model considers that transportation 

emissions is measured in CO2 emissions and depend on the traveled distance, road 

structure, vehicle type, used fuel and weight load of vehicles. The perishability nature of the 

product is described as a maximum duration of inventory keeping. The model is applied to a 

real case study of an international beef supply chain operating in Brazil and exporting to the 

European Union and is solved thought the ε-constraint method. 

Amorim and Almada-Lobo (2014) presented a multi-objective model to solve the vehicle 

routing problem with time window. The model minimizes the distribution costs and maximizes 

the freshness state of the delivered products, through the maximization of the average 

freshness of all requests by standardizing the outstanding shelf-life of the most deteriorating 

product of each client. A ε-constraint method is used to solve small size instances problems 

and a multi-objective evolutionary algorithm is implemented to solve large size instances. 

Lately, Etemadnia et al. (2015) proposed a MILP model to address a fruit and vegetable 

supply chain, integrating bimodal transportation possibilities, namely transportation by land 

and by air. More recently, Soysal et al. (2015) proposes a multi-period inventory routing 

problem model to determine the routes and the quantity of shipments in each period, 

integrating evaluation of CO2 emissions, fuel consumption, perishability and uncertainty 

demand. The model minimizes the sum of the expected inventory cost, the expected waste 

cost, fuel cost from transportation and driver cost and is applied to a fresh tomato distribution 

operations of a supermarket chain operating in Turkey. 

 

There are also some authors (Blackburn and Scudder, 2009; Yan et al., 2011) that proposed 

inventory models regarding FSC. However, they are not included in Annex C, since they do 

not include SCN design decisions. Blackburn and Scudder (2009) developed an integrated 

strategy inventory model to fresh melons and sweet corn, in order to minimize lost value in 

SC design, integrating responsiveness and efficiency. The objective function is the 

minimization of total costs. Yan et al. (2011) proposed an inventory model to address 

production-distribution decisions for a deteriorating product. The objective of this model is to 

minimize the total aggregated costs in a two-echelon SC, for a single-supplier and buyer.  
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From the literature review carried out about the FSCN design and planning is possible to 

conclude that there are not many researches on FSC network design and planning. 

According Akkerman et al. (2010) most of the researches done are generic facility location-

allocation models and are not many addressing FSC in particular. This lack could be related 

with the fact that dealing with perishable products is a challenging field in terms of modeling 

(P. Amorim et al., 2011a). It is also possible to conclude that, most of the existing literature 

regarding perishability and analytical approaches (Akkerman et al., 2010) are related to 

inventory management. On the other hand, from the Annex C it is also possible to conclude 

that many of the researches founded integrate only production and distribution decisions and 

not SCN design. In addition, only two researches founded incorporate environmental impacts 

in food distribution. The first proposes a simulation model (Van der Vorst et al., 2009); and, 

the second presents a MOLP model (Soysal et al., 2014). Finally, there are few researches 

that integrate factors of uncertainty. 

 

2.3.4. Conclusions 

Although managing supply chains is a complex activity, the food supply chain management is 

even more challenging. There are many factors that increase the complexity of food supply 

chain management: perishability, short shelf lives of products, consumer awareness and 

demand of food attributes, such as quality, integrity and safety, low profit margins, long supply 

lead times and increased travel times due to globalization. Thus, there is a need to design 

and planning a supply chain network that integrates the co-ordination along the supply chain, 

associating responsiveness and efficiency, in order to maintain food quality, safety and 

sustainability. It is stated that food supply chain network decision tools should integrate 

economic considerations, environmental aspects and quality preservation. 

Regarding the mathematical models proposed to food supply chain network design and 

planning, there is a lack in the existent literature review, since most of the existent models 

address inventory management or production and distribution decisions. There is also 

evidence that food supply chain management has received little attention by researches, 

mainly related to complex product and process characteristics. Also, few of the models 

include environmental impacts and uncertainties issues. 
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3. Problem characterization and methodology of the master 
dissertation 
3.1. Problem characterization 

The conducted literature review allows concluding that there are many models already 

proposed in the literature regarding the supply chain network design and planning under 

uncertainty scenarios, in particular there is an intensive research concerning demand 

uncertainty. However, it is possible to conclude that there is a lack in proposed mathematical 

models that integrates scenarios of uncertainty, optimizing the environmental impact in the 

supply chain network design and planning, especially in the food industry. 

It is founded that the supply chain network design and planning is a complex activity and 

integrating the topics previous described make this task even more complex and challenging. 

Also, in the literature review performed it was possible to state that: 

a) Many authors addressed the SCN design and planning problem under uncertainty, 

however only few of them include more than one source of uncertainty. 

b) Most of the literature regarding uncertainty analyzes only demand uncertainty. 

c) There is a lack of mathematical models regarding sustainability and environmental 

impacts to address SCN design and planning problem under uncertainty. 

d) There is a gap in the literature review concerning FSC network design and planning 

models, since most of the proposed models focus on inventory management or 

production and distribution decisions.  

Finally, a summary concern the mathematical models analyzed was made (Annex D). 

Through the analysis of this summary it is possible to conclude that none of them address the 

FSC integrating uncertainty and environmental issues. Consequently, the need to develop an 

integrated model that enables managers an optimized and more efficient decision-making 

process arises. Thus, this master dissertation comes up with the aim to fill this gap by 

developing an innovative model. 

 

3.2. Methodology of the master dissertation 
This section describes the methodology applied in this master dissertation. As it can see in 

Figure 4, six steps comprise the proposed methodology. 
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Figure 4 – Master dissertation methodology steps. 

 

The first stage corresponds to the first chapter and includes the characterization and 

contextualization of the studied problem, also including the motivation to analyze and study 

this lack in the research. 

The second step corresponds to the literature review (Chapter 2). The major objective of this 

step is to identify, collect and analyze the relevant data concerning the problem identified in 

the previous step. Consequently, this step contains the relevant concepts and definitions of 

supply chain network design and planning, uncertainties in supply chains and environmental 

concerns. This also analyzes the existent mathematical models regarding these aspects. 

Finally, the concepts related to food supply chains are addressed in this step, as the model to 

be developed will be applied to two examples of food supply chain network. This step also 

includes the problem characterization describes in chapter 3. 

The third stage corresponds to the design and development of the model. The proposed 

model addresses the supply chain network design and planning problem and integrates 

factors of uncertainty; the optimization of the environmental impacts; and, the particularities of 

a food supply chain, such as shelf lives and how to deal with perishability. At this stage the 

mathematical formulation of the problem is presented, as well as the assumptions and 

simplifications made. At this stage, it is intended that the model be also implemented in the 

appropriate program. This stage corresponds to chapter 4 and is the most critical of the 

master dissertation, being regarded as the greatest contribution of this research. 

At the fourth phase the developed model is tested and validated, through an application of the 

proposed mathematical model to two examples of FSCN. First, the model is applied to a 

motivational example, and then to a generic FSCN. The results of the fourth phase is 

analyzed and discussed in the fifth phase. The phases four and five correspond to the 

chapter 5 of the master dissertation. 

After that, the conclusions of the master dissertation, as well as, suggestions for future work 

to be performed are presented at the sixth stage, which corresponds to chapter 7 of the 

dissertation.  

1 • Characterization of the problem to be solved 

2 • Literature review 

3 • Model design and development 

4 • Model testing and validation 

5 • Results analysis and discussion 

6 • Conclusions and future work 
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4. Mathematical model definition 
This chapter presents the description and formulation of the proposed mathematical model to 

food SCN design and planning considering environmental issues and demand uncertainty. 

This work results from an extension of the proposed model by Pinto-Varela et al. (2011b). 

According to Hillier and Lieberman (2001), the development of a mathematical optimization 

model to address a problem requires the execution of the following phases, describe in 

Figure 5. Thus, the phase one, corresponding to problem definition and data collection, is 

explained in section 4.1. Also, the procedure for obtain solutions are referred in section 4.1. 

The mathematical formulation of the problem is described in section 4.2. After the 

implementation of the model on the computer, this inevitably has flaws. Therefore, the step of 

model validation is of extreme importance since it includes testing and refining of the 

mathematical model to correct the largest number of possible model flaws and thus allows to 

increase the validity of the results obtained. Thus, the model was tested over the application 

and implementation of the proposed model to two illustrative examples, describe in Chapter 

5. 

 

 
Figure 5 – Steps for the development of an optimization model (adapted from Hillier and Lieberman, 

2001). 
 

Chapter 4 includes model framework, explaining the formulation methodologies carried out in 

the mathematical model (Resource-Task Network methodology, Life Cycle Assessment, two-

stage stochastic programming model and ε-constraint method), problem characterization, 

data collection, definition of the procedures for obtaining solutions and simplifications and 

assumptions carried out to solve the model. The chapter also exposes the formulation of the 

mathematical model. Finally, the conclusions of this chapter are presented. 

 

4.1. Model Framework 
The model formulation involves three main parts, as shown in Figure 6. The model results 

from an extension of a proposed mathematical model by Pinto-Varela et al. (2011b), which 

was previously discussed in the state-of-the-art literature and represents the first phase of the 

model formulation. Pinto-Varela et al. (2011b) proposed a MILP model to address the supply 

1 
• Problem definition 
• Data collection 

2 
• Mathematical formulation of the problem 

3 
• Definition of the procedure for obtaining solutions 

4 
• Validation of the model 

5 
• Application of the model and implementation 
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chain network design and planning issue, considering annual profit maximization and 

environmental impacts minimization, leading to a bi-objective formulation. The environmental 

aspects are quantified through the Life Cycle Assessment (LCA), using the Eco-indicator 99 

methodology and the SCN is modeled through the Resource-Task-Network representation.  

 

 
Figure 6 – Mathematical model formulation steps.  

 

The second phase of model formulation adds the multimodal transportation network and the 

uncertainty in market demand, leading to a stochastic model. The multimodal transportation 

network is explored through the Resource-Task Network representation and the two-stage 

stochastic programming is applied to models demand uncertainty.  

The last phase explores the main characteristics of a food supply chain, through the objective 

function of SC lead-time minimization, leading to a multi-objective formulation, which is called 

as the Food Sustainable Stochastic Supply Chain Design and Planning (FSSCDP) model.  

The FSSCDP model is shown in Figure 7.  

 

 
Figure 7 – Food Sustainable Supply Chain Design and Planning (FSSCDP) stochastic model. 

 

The SCN is represented through the RTN methodology, integrating demand uncertainty, 

through a two-stage stochastic programming approach. The first stage variables correspond 

to the binary variables associated with the location of the supply chain entities (such as 
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facilities, warehouses, distribution centers and food hub), the selection of suppliers (in terms 

of material availability and not related with negotiations or more specific aspects of the 

suppliers). In addition, the selection of the distribution structure is considered as first stage 

variables, since the distribution has a huge impact in the food supply chain, through the 

influence on the perishability of the products, and consequently on their shelf-life. The 

continuous variables associated with the production and distribution planning is considered as 

second stage variables. Three demand scenarios (optimist, expected and pessimist) and the 

probability of the occurrence of each scenario have been defined. The supply chain 

sustainability is quantified through the Life Cycle Assessment (LCA), using the Eco-Indicator 

99. Finally, the model has three objective functions: (i) Annual profit maximization; (ii) 

Environmental impacts minimization; (iii) Supply chain lead-time minimization. 

All the methodologies used in the formulation of the model are explained in subsections 4.1.1, 

4.1.2, 4.1.3 and 4.1.4. 

 

4.1.1. Resource-Task-Network 

The Resource-Task-Network (RTN) representation is a general and conceptually simple 

methodology and was presented by Pantelides (1994).  

The RTN is a bipartite directed graph, consisting in the definition of tasks and resources. The 

available resources are defined uniformly, with no differentiation between them and are 

classified into renewable and non-renewable. The non-renewable resources characterize all 

sort of materials, utilities, etc. The renewable resources represent all existing technological 

resources in the SCN, such as WH, DC, food hub facilities, transportation resources and 

production facilities. This type of resources is defined in terms of design characteristics and 

localization. The design characteristics define the capacities of technological resources used. 

Moreover, the localization allows the calculation of distances between entities within the 

supply chain network, which are then associated with transportation resources that allow the 

transfer of products throughout the network. A task represents operations that consume 

and/or produce a specific set of resources. In the case of the supply chain network design 

and planning, for instance, a set of operations that constitute a production process of a 

product will be considered as a task in which a technological resource can support various 

technological processes. In conclusion, a task corresponds to transformations over any set of 

resources. Finally, the interaction between tasks and resources constitute the RTN. 

 

4.1.2. Life cycle assessment approach 

Many methodologies have been proposed to analyze the environmental impacts of products 

and processes, but most of them are based on the Life Cycle Assessment (LCA) approach. 

This methodology calculates the environmental impacts and considers the entire life cycle of 

the product, process or activity, from the extraction and processing of raw materials to final 

disposing, including the activities such as manufacturing; transport and distribution of 

products; re-use; maintenance; and, recycling. 
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The Eco-indicator 99 is based on the LCA approach and is usually presented in milli-points 

(mPt) (Duque et al., 2010). The Eco-indicator 99 proposes a damage function approach to 

understand the relationship between the impact and the “environment”, which is defined with 

three types of damage: human health, ecosystem quality and resource. Ministry of Housing et 

al. (2000) proposes that the Eco-Indicator 99 approach consists in three main steps. The first 

step corresponds to an inventory of all relevant emissions, resource extractions and land-use 

of all processes within the life cycle of a product. The second step calculates the damages 

that these emissions cause to Human Health, Ecosystem Quality and Resources. Finally, the 

third step consists to the weighting of these three damage categories. The three steps of the 

Eco-indicator 99 approach are resumed in Figure 8. 

 

 
Figure 8 – Eco-Indicator 99 steps. 

 

In this master dissertation, the calculation of the Eco-Indicator 99 consider all the emissions 

generated by the SCN, and only the damage to human health are calculated. The LCA 

approach is applied to electricity and fuel consumption across the SCN, beginning in the 

suppliers until the distribution of the final product in each market. These boundaries applied to 

the LCA approach are shown in Figure 9. 

 

 
Figure 9 – LCA boundaries (Pinto-Varela et al., 2011b). 
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In conclusion, this master dissertation calculates the damage to human health caused by all 

processes and activities over the SCN, considering fuel and electricity consumption. 

Although, in future works it should be considered to incorporate other aspects, in order to 

develop a generalized formulation. 

 

4.1.3. Two-stage stochastic programming model 

The current work presents an optimization model that is an extension of the deterministic 

model proposed by Pinto-Varela et al. (2011b), incorporating demand uncertainty, through the 

definition of a small number of discrete scenarios, leading to a stochastic model, which find 

the solution that will perform better under all considered scenarios. In this work the stochastic 

model is defined through a two-stage stochastic programming model. The current work 

adopts a simplistic approach to consider the uncertainty, taking into account three possible 

scenarios – optimistic, expected and pessimistic.  

The two-stage stochastic programming model divides the decision variables into two types: 

first stage variables and second stage variables. The first stage variables are decisions that 

cannot be reviewed, when the uncertainty disappears. In this work the first stage variables 

are related with the strategic design decisions, considering the binary variables defined for 

the choice of the location of each entity (factories, warehouses, food hub, distribution 

centers); the binary variables associated with the selection of suppliers; and the binary 

variables related with the selection of the physical distribution structure, since it is considered 

that the distribution activities play a significant role in food supply chains. The second stage 

variables model planning decisions that can be reviewed after the scenario occurrence. In this 

work the continuous variables associated with the production planning and the distribution 

planning are considered as second stage variables. 

 

4.1.4. ε-constraint method 

The output of a mathematical model with only one objective function is an optimal solution. 

On the other hand, there is no an optimal solution for the multi-objective mathematical models 

that optimizes all the objective functions. In those kind of mathematical models, the optimal 

solutions are replaced by the concept of the Pareto optimality or efficiency. The multi-

objective approach puts in evidence the trade-off between the objective functions considered, 

linking the concepts together. The trade-off is represent through the Pareto optimal front, 

which represents the set of solutions that do not dominate one another regarding both 

objectives (Amorim et al., 2011b). The set of Pareto optimal solutions corresponds to the 

solutions that cannot be enhanced in one objective function without worsening their 

performance in at least one of the other objective functions. 

The most used generation methods for generate a representative subset of the Pareto front 

are the weighting method and the ε-constraint method (Mavrotas, 2009). The ε-constraint 

method optimizes one of the objective functions, incorporating the remaining as constraints in 
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the model, allowing the decision maker to select any solution of the efficient frontier, 

depending on the worthiness of each objective function (Pinto-Varela, 2015). 

Haimes et al. (1971) presents a formulation that keeps one objective function and restrict the 

others within user-specified values, according the method implementation descripted in 

Figure 10. This methodology is used in the current work, where 𝑥, 𝑦 and 𝑧 correspond to 

profit, environmental impacts and supply chain lead-time, respectively. 

 

 
Figure 10 – ε-constraint method implementation (based on Pinto-Varela, 2015). 

 

4.1.5. Problem Characterization 

Briefly, the problem can be defined as: 

Given the following data for: 

- Supply chain network design and planning aspects: 

• A superstructure with all the possible locations of the entities of the supply chain 

network, which means all technological resources such as production, storage and 

distribution (considering fixed locations for suppliers and markets and potential 

locations for plants, distribution centers and food hubs); 

• A fixed time horizon; 

• A set of products; 

• A set of markets where products are available to final costumers within an uncertainty 

market demand; 

• A set of technological resource are available; 

• A maximum and minimum capacity for each technological resource; 

• The duration of each activity in the SC; The duration of each transportation option 

between entities; 

1. Boundaries’ characterization 
a. Perform a single objective approach with environmental impact maximization 
b. Upper bound for environmental impact is defined based on the efficient solution (𝑥!, 𝑦!, 𝑧!) 
c. Perform a single objective approach with environmental impact minimization 
d. Lower bound for environmental impact is defined based on the efficient solution (𝑥!, 𝑦!, 𝑧!) 
e. Perform a single objective approach with lead time maximization 
f. Upper bound for the lead time is defined based on the efficient solution (𝑥!, 𝑦!, 𝑧!) 
g. Perform a single objective approach with lead time minimization 
h. Lower bound for the lead time is defined based on the efficient solution (𝑥!, 𝑦!, 𝑧!) 

2. Number of steps definition, 𝑛𝑠𝑡𝑒𝑝  
3. ε interval dimension: 

a. For environmental impacts, Δε! =
(!!!!!)
!"#$%

 

b. For lead time, Δε! =
(!!!!!)
!"#$%

 

4. Efficient frontier definition through the efficient solution set characterization 
a. 𝑤 = 0 to 𝑤 = 𝑛𝑠𝑡𝑒𝑝  

i. Perform a single objective approach, with profit maximization, subject to 𝐹! ≤ 𝑦! −
𝑤Δε!,𝑤 = 0… 𝑛𝑠𝑡𝑒𝑝; and, 𝐹! ≤ 𝑧! − 𝑤Δε!,𝑤 = 0… 𝑛𝑠𝑡𝑒𝑝 

ii. 𝑤 = 𝑤 + 1 
iii. Go to step 4.a. 
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• The RTN representation of the supply chain network; 

- Economic aspects: 

• A fixed and variable costs for each plants, warehouse, food hub and distribution 

center; 

• The raw material costs; 

• The selling prices for every product in each market; 

• The transportation costs between entities; 

- Environmental aspects: 

• The environmental specifications and parameters associated with each activity within 

the supply chain network; 

• The environmental specifications and parameters for each transportation option 

between entities; 

• The fuel and electricity consumption per technological resource. 

Determine: 

• The supply chain network design, defining how many plants, warehouses and 

distribution centers should be open, their locations and capacities; 

• The quantity of products that should be sold per market; 

• The product flows transported between supply chain entities;  

• The distribution structure: number and transportation mode selection;  

• The environmental impact; 

• The supply chain lead-time. 

In order to: (i) maximize the total annual profit; (ii) minimize the environmental impacts 

generated by the SCN; and, (iii) minimize the lead-time across the SCN. 

 

4.1.6. Data collection 

Data collection is a crucial step, since the quality of data collected influences the results of the 

study. If the results accuracy defines the problem under study, those results allow a deeper 

knowledge of the problem. Usually this stage consumes a long time, and contributes to 

accurate knowledge and to provide input to the mathematical model. 

The data collected for this study are related to customers and suppliers; types of products; 

fixed and variable costs associated to installation of plants, warehouses, distribution centers 

and food hub facilities; transportation costs, processing and transportation times associated 

to transportation modes, as well as their environmental impacts. The mathematical model 

consists in a traditional SC, in which flows are initiated from suppliers and end in customers. 

Thus, the SCN consists in the following entities: suppliers, productions facilities, DC, WH, 

food hubs and markets. Each entity is described by its geographical location and the entities 

are related through the material flows between them. The data related with customers; 

suppliers; type of products; and, fixed and variable costs related with the potential installation 

of facilities are detailed in sections 5.1 and 5.2 for Example 1 (motivational example) and 

Example 2, respectively. 
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In terms of transportation costs, the mathematical model considers the costs associated with 

all transportation options between all entities of the SCN. Some flows could consider just an 

option of transportation (road) or a combination of this transportation mean with air, sea or rail 

transportation, leading to a multimodal network. Note that transportation costs, resumed in 

Table 1, consider handling costs and the shipping costs. 

 
Table 1 – Handling and transportation costs for each type of transportation freight (€/ton).  

(a – based on the pricelist for transport handling of Agility; b – Mallidis et al., 2014). 

Type of freight 
Handling costs 

(€/ton) 
Shipping costs 

(€) 

Road freight 28.3a n.a. 

Air freight 155a  465 

Sea freight 18.3a  54.9 

Rail freight 6.7b 20.1 

 

The handling costs depend on the quantity transported (€/ton) and the shipping costs are 

considered as a fixed cost per trip. Note that, in this master dissertation, it is assumed that the 

shipping costs correspond to three times the handling costs and that the distribution through 

air, sea or rail freight are outsourcing to companies specialized in transportation activities. 

Additionally, it is considered that the road shipping cost varies depending on the distance 

traveled by products in kilometers (parameter 𝑘𝑚! ) between entities involved, so the 

transportation cost is calculated by multiplying the diesel price (𝑝𝑟!"#$#% ) by the distance 

travelled between supply chain entities (𝑘𝑚!), the quantity of product flow (𝑁!"#) and the 

amount of fuel consumed in 𝑚!/𝑘𝑚  (ŋ!), as shown in the last term of the Equation (1). 

Transportation costs (TC) also considers a variable cost (𝛿!!), depending on the quantity of 

product flow (𝜉!"#), and a fixed cost (𝛿!!). The costs associated with the diesel consumed in 

road transportation are considered. Note that all the terms depend from each scenario m. 

𝑇𝐶 = 𝛿!!𝜉!"# + 𝛿!!𝑁!"# 𝜋! + 𝑝𝑟!"#$#%ŋ! 𝑘𝑚!𝑁!"#𝜋!
!∈!!∈!!"!∈!!∈!!!

 (1) 

 

In terms of environmental impacts, it is assumed that for each technological resource some 

electricity will be consumed, as well as, diesel in the case of transportation. The emissions 

are considered in terms of CO, CO2, NOX and SOX and are described in Table 2. 
Table 2 – Pollutant emitted per utility consumption (c – Duque et al., 2010; d – calculated based on 

McKinnon et al., 2010). 

Utility CO CO2 NOX SOX Units 
Diesel – Road c 14.828 2609.5 34.6 - kg/m3 
Diesel – Air d 67.764 11925.415 158.122 - kg/m3 
Diesel – Sea d 2.076 365.33 4.844 - kg/m3 
Diesel – Rail d 1.038 182.665 2.422 - kg/m3 
Electricity c 4.151e-3 7.306e-1 1.941e-3 3.872e-3 kg/kwh 
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The pollutants emitted per consumption for diesel in transportation by air, sea and rail are 

estimated based on the pollutants emitted per diesel consumption on the road transportation 

and on the average of CO2 intensity values for freight transport modes. 

Table 3 presents the damage to human health (HH) reflecting the respiratory effects of the 

inorganic substances emitted by the utilities consumption, which are expressed as Disability 

Adjusted Life Years (DALY), and are evaluated through the Eco-Indicator 99. It is important to 

refer that although the Eco-Indicator 99 evaluates damages on Ecosystem, Resources and 

HH, the current master dissertation focus only on the HH damage. 

 
Table 3 – Damage to HH, evaluated by Eco 99, DAILYs/kg emission (Pinto-Varela et al., 2011b). 

Damage CO CO2 NOX SOX 

Human Health  - 7.5e-4 8.74e-5 5.35e-5 

 

4.1.7. Definition of the procedure for obtaining solutions 

After collecting the relevant data and formulating the mathematical model, it is necessary to 

define the best procedure for obtaining solutions, which is usually a computer-based 

procedure. In the current work, the mathematical model was implemented in GAMS 24.4.6 

software package, which uses the integer mixed optimization, through the ILOG CPLEX 

algorithm to find the optimal solution. 

 

4.1.8. Simplifications and assumptions  

In this work, as the complexity of a SCN design and planning problem is increasing with the 

number of products and entities within the SCN, is necessary to make simplifications and 

assumptions, regarding temporal scale, locations and distances and transportation process. 

 

Temporal scale 

The number of flows between suppliers, plants, warehouses, distribution centers and markets 

is high in each month, which does not allow the use of a daily time unit due to the 

computational requirements. For this reason, the time unit used in the model is five days per 

period, which is identified as the most appropriate given the type of operation in question. So, 

the model runs for 73 periods, in order to analyze results for one year. 

 

Locations and distances 

Possible locations for each entity within the supply chain network were defined based on the 

municipalities of each country considered, being used as their headquarters references for 

these positions, in order to facilitate the calculations. Distances were considered to be the 

distance between the centers of the municipalities in which they are embedded the various 

entities. Regarding the cases when a multimodal distribution structure is chosen, it is 

considered the airport or port closer to the municipality considered. 
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Transportation process 

As already mentioned, the number of flows between supply chain entities is high. However, 

the possibility to choose a multimodal distribution structure increases this complexity, since 

for each flow there is the possibility to choose between at least two transportation freight 

options, including road or a combination of road with air, sea and rail transportation, or a 

combination of those options. 

Regarding transportation costs for air, sea and rail freight options, it is assumed that the 

shipping costs are the same between two entities in the supply chain network, for each 

transportation option. This means that the shipping costs differ from transportation option, 

however do not take into account the distance travelled between two entities nor the type of 

product transported. However, the model could be easily extended to consider costs 

depending on distance and type of products. 

On the other hand, regarding transportation capacities, it is assumed that the resources 

available to perform the transportation activities are uniform, and the maximum capacities are 

resumed in Table 4. The supply chain network design and planning model allows to 

modeling the case where there is more than one resource to perform a transportation activity 

between two entities. In this master dissertation, it is assumed that only the road 

transportation could be performed by more than one resource, modeling the case where there 

is more than one truck to deliver products to markets.  

 
Table 4 – Maximum resource capacity per transportation mode, in tones  

(a - http://www.grupotransactor.com/Transactor/Frota/frota.htm;  
b - http://www.boeing.com.br/produtos-e-servicos/avioes-comerciais/747.page; 

c - https://transportemaritimoglobal.files.wordpress.com/2013/11/tipologia-de-navios_antonio-costa.pdf; 
d - http://paginas.fe.up.pt/~projfeup/cd_2010_11/files/CIV209_apresentacao.pdf; 

[Accessed 26 September 2015]). 
Transportation 

mode 
Maximum capacity  

(tones) 

Road 12 a 

Air 137.75 b 

Sea 49,900 c 

Rail 56.6 d 

 
4.2. Mathematical formulation 
This section describes the proposed mathematical formulation. The indices, sets, parameters 

and variables of the proposed model are described in Annex E. The remainder of the section 

is organized as follow. The first subsection describes the Stochastic Supply Chain Design and 

Planning (SSCDP) model; characterize the respective constraints, and the objective function. 

In subsection 4.2.2 the sustainable issues are explained, leading to the Sustainable 

Stochastic Supply Chain Design and Planning (SSSCDP) model. The Food Stochastic 

Sustainable Supply Chain Design and Planning (FSSCDP) model is described in subsection 
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4.2.3, integrating the freshness constraints and the respective objective function. Finally, 

subsection 4.2.4 presents the ε-constraint method, used to solve the multi-objective mixed-

integer linear programming model. 

The model involves constrains regarding the SCN design and planning restrictions; the 

sustainable issues; the freshness concerns; and, three objective functions: (i) maximize 

annual SC profit; (ii) minimize environmental impacts; and, (iii) minimize the SC lead-time. 

As mentioned, the design and planning SCN model is developed using the Resource-Task-

Network representation. A set of constraints is defined, which account for SC topological and 

technological characteristics. 

 

4.2.1.Stochastic Supply Chain Design and Planning model 

This subsection describes the constraints and the objective function of the Stochastic Supply 

Chain Design and Planning (SSCDP) model. The following constraints are considered in the 

model: excess resource technology balance; operational; resource technology capacity and 

design; food hub; dedicated warehouse and distribution centre capacity and design; market 

demand; and, non-negativity constraints. 

 

Excess resource technology balance:  

The mass balance for each resource technology must be satisfied at every instant t. The 

mass balance states that the amount of resource at instant t is related with the amount of 

resources in the previous instant and the amount of resources produced or/and consumed at 

instant t, for each scenario m, as defining in equation (2). 

𝑅!"# = 𝑅!!|!!! + 𝑅!"#,!!!|!!! + 𝜇!"#𝑁!",!!! + 𝑣!"#𝜉!",!!!

!!

!!!!

,∀𝑟 ∈ 𝑇,𝑚 ∈ 𝑀, 𝑡

= 1…𝐻 + 1 

(2) 

where r represents a resource; k a technological process; t the time; 𝑅!!  the amount of 

resource r available initially; 𝑅!"# the excess of resource r, at time t, under scenario m; 𝑁!"# 

the technological process selection k, at time t, under scenario m; and, 𝜉!"# the production or 

storage size of technological process k, at time t, under scenario m. 

 

Operational Constraints:  

Each technological process (task) can perform different products, so the supply chain 

planning should be performed according the following rules: (i) at any time each resource 

technology is either idle or being used by a technological process; (ii) technological processes 

cannot be pre-empted once they have been started. This is ensured by equation (3). In 

equation (3), the sum over all tasks k excludes the hypothesis of other tasks starting on the 

same time period t in the same equipment resource r. On the other hand, the sum over the 

period t’ assures the continuity of the task k. 
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𝑁!"#′ ≤ 𝑦!
!∈!!"!∈!

!

! ′!!!!!!!

,∀𝑟 ∈ 𝑊! (3) 

where 𝑁!"#′ denotes the use of technological process, k,  at time t, in an equipment resource  

𝑟 ∈ 𝑊! during the scenario m. Note that if 𝑁!"#′ = 1 implies the existence of resource r by  

𝑦! > 0 . The 𝑦!  is an integer variable, representing the quantity of resource that will be 

necessary for the supply chain network with an upper bound 𝑦!!"#, representing the maximum 

availability of the resource r (Equation (4)). Equation (4) defines the distribution resources 

allocation, allowing the selection of more than one vehicle to transport resources between two 

entities in the supply chain network. This work only allows the road transportation to be 

performed for more than one truck. However, the model could be extended to consider more 

than one resource available for all the transportation options. 

0 ≤ 𝑦! ≤ 𝑦!!"# ,∀𝑟 ∈ 𝑊! (4) 

 

Additionally, each resource technology has a minimum and maximum capacity available, 

leading that the amount of material being processed through a technological process, k, in 

each scenario m must always be within the minimum and maximum capacity, as define in 

equation (5): 

∅!"!"#𝑉!𝑁!"# ≤ 𝜉!"# ≤ ∅!"!"#𝑉!𝑁!"# ,∀𝑘 ∈   𝑘! ,∀𝑟,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (5) 

where 𝑉!  is the capacity of the individual resource technology of type r suitable for the 

technological process k, considering the minimum and maximum nominal capacity 

coefficients, ∅!"!"# and ∅!"!"#,   for its utilization of resource r by process k.  

 

Note that equation (5) is bilinear, since 𝑉!𝑁!"# corresponds to a product of an integer variable 

with a continuous variable. Nevertheless, it can be linearized by modeling the variable Ñ!"#$, 

as follow (Barbosa-Póvoa and Pantelides, 1997): 

Ñ!"#$ =
1      𝑖𝑓  𝑁!"# = 𝑗
0  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (6) 

where j varies from 0 to 𝑁!!"#. If equation (6) is combined with the following equations: 

𝑁!"# = 𝑗Ñ!"#$

!!
!"#

!!!

,∀𝑘 ∈   𝑘! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (7) 

 

Ñ!"#$

!!
!"#

!!!

= 1,∀𝑘 ∈   𝑘! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (8) 

 

and multiplying equation (7) by 𝑉!, we have:  

𝑉!𝑁!"# = 𝑗𝑉!Ñ!"#$

!!
!"#

!!!

= 𝑗

!!
!"#

!!!

Ṽ  !"#$% (9) 
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where Ṽ!"#$% ≡ 𝑉!Ñ!"#$ can be defined through the linear constraint: 

 

0 ≤ Ṽ!"#$% ≤ 𝑉!!"#Ñ!"#$ ,∀𝑘 ∈ 𝑇!" , 𝑟 ∈ 𝑇,𝑚 ∈ 𝑀, 𝑗 = 1…𝑁!!"# , 𝑡 = 1…𝐻 (10) 

Ṽ!"#$%

!!
!"#

!!!

= 𝑉! ,∀𝑘 ∈ 𝑇!" ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (11) 

 

We can now use equation (9) to replace constraints (5) by their exact linear equivalent:  

∅!"!"# 𝑗Ṽ!"#$%

!!
!"!

!!!

≤ 𝜉!"# ≤ ∅!"!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

,∀𝑘 ∈ 𝑇!" ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (12) 

 

On the other hand, since it is possible to perform the road transportation between two entities 

with more than one resource, the total capacity available to transport must be modeled 

between a minimum (𝑉!|!∈!!"
!"# ) and a maximum (𝑉!|!∈!!"

!"# ) capacity, multiplied by the number of 

resources that will be used to carry out the transportation task, under uncertainty scenario m 

(𝐸𝑐𝑟!"#). The equation (13) models this situation. 

𝑉!|!∈!!"
!"# 𝐸𝑐𝑟!"# ≤ 𝜉!"# ≤ 𝑉!|!∈!!"

!"# 𝐸𝑐𝑟!"# ,∀𝑘 ∈ 𝑘!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (13) 

 

Resource technology capacity and design constraints:  

The capacity of each resource technology, corresponding to plants and distribution structure, 

must be designed within the minimum and maximum capacity (𝑉!!"#  𝑎𝑛𝑑  𝑉!!"#, respectively), 

as modelled in equation (14): 
𝑉!!"#∆!≤ 𝑉! ≤ 𝑉!!"#∆! ,∀𝑟 ∈ 𝑇!"#! (14) 

 

Food hub constraint:  

The decision to install the facilities associated with food hubs are modelled through equation 

(15): 
𝜉!"# −𝑀𝐸𝑐! ≤ 0,∀𝑘 ∈ 𝑘! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (15) 

𝑉!!"#𝐸𝑐! ≤ 𝜉!"# ≤ 𝑉!!"#𝐸𝑐! ,∀𝑘 ∈ 𝑘! ,∀𝑟 ∈ 𝑇! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (16) 

 

In Equation (15) parameter M is a large number, corresponding to the maximum material 

flow, and 𝐸𝑐! is a binary variable associated with the decision to install the food hub. Note 

that if hub facilities are required (𝜉!"# > 0), 𝐸𝑐! will be equal to one and, consequently, the 

entity is installed. On the other hand, Equation (16) limits the capacity of the food hub facility 

between a lower and an upper bound, 𝑉!!"# and 𝑉!!"#, respectively, if the facility is installed 

(𝐸𝑐! = 1). 
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Dedicated warehouse and distribution centre capacity and design constraints:  

If the WH/DC is opened (𝐸𝑡! = 1), then the capacity must be designed under the lower and 

upper bounds, 𝑉!!"# and 𝑉!!"#, respectively (Equation (17)).  
𝑉!!"#𝑉!𝐸𝑡! ≤ 𝑉! ≤ 𝑉!!"#𝑉!𝐸𝑡! ,∀𝑟 ∈ 𝑇!"  , 𝑡 = 1…𝐻 (17) 

 

Note that the design decision (continuous variable V!) is independent from demand scenarios 

m, corresponding to a second stage variable, since it is a planning decision that can be 

reviewed after the scenario occurrence. In addition, equation (17) is bilinear, since V!Et! 

corresponds to a product of a continuous variable with a binary variable. However, this 

equation is linearized by the same process as Equation (5), leading to the Equation (18): 

𝑉!!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

≤ 𝑉! ≤ 𝑉!!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

,∀𝑘 ∈ 𝑇𝑤ℎ!" ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 
(18) 

 

The raw material (𝐶! ) must be stored in a warehouse and the final products (𝐶! ) in a 

distribution centre, with designed capacities (𝑉! ). The definition of the required available 

capacity is modelled in the following constraints:  

𝑅!! − 𝑅!"#
!∈!!

≤ 𝑉!|!∈!! ,∀𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 + 1 (19) 

𝑅!"#
!∈!!

≤ 𝑉!|!∈!! ,∀𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 + 1 (20) 

 

Market demand constraint:  

Each final product has a market demand associated, which is allowed to float within given 

lower and upper bounds 𝑅!"!"# and 𝑅!"!"#, at the end of each period time for each scenario m. 
𝑅!"!"# ≤ 𝑅!"# ≤ 𝑅!"!"# ,∀𝑟 ∈ 𝐶! ,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (21) 

 

This approach allows the optimization of the supply chain network design and planning 

analyzing the trade-off between the total costs of supplying the market (the added value of 

satisfying the total demand), the environmental impacts, and the impact on the lead time.  

 

Non-negativity constraints:  

For all non-storage materials (𝑟 ∈ 𝐶) the equivalent excess resource variable must be zero 

during the whole planning horizon, for each scenario m: 

𝑅!"# = 0,∀𝑟 ∈ 𝐶,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (22) 

 
In the case of the other materials (𝑟 ∈ 𝑇), the amount of excess material resource at any time 

must always be zero or positive: 

𝑅!"# ≥ 0,∀𝑟 ∈ 𝑇,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (23) 
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Economic metrics formulation   

In this master dissertation the profit is selected to illustrate the economic indicator, which is 

then divided into operational revenues and operational costs.  

Operational revenues, OR, is defined in equation (24) and correspond to the expected 

income obtained from selling the final products to the markets in period t, as function of 

uncertainty scenarios m. Note that 𝜋!  defines the probability value associated to each 

scenario m. 

𝑂𝑅 = 𝑅!"#𝛽!𝜋!
!∈!!∈!!

, 𝑡 = 1,… ,𝐻 + 1 (24) 

 

Regarding operational costs, OC, there are two types: indirect operational costs (IOC); direct 

operational costs (DOC). IOC consists in the costs related with the SCN design infrastructure, 

including fixed and variable costs related with the installation of each entity. Those costs 

represent the capital investment and are modeled in equation (25). The first term represents 

the costs associated with plant facilities; the second term corresponds to WH and DC costs; 

and, finally, the third term is related with food hub facilities costs. 

𝐼𝑂𝐶 = 𝑦!𝐶𝐶!! + 𝑉!𝐶𝐶!! + 𝐸𝑡!𝐶𝐶!! + 𝑉!𝐶𝐶!!
!∈  !!"

+ 𝐸𝑐!𝛼!! + 𝑉!𝛼!!

!∈  !!!∈  !!

 (25) 

 

On the other hand, DOC is defined in equation (26) and contains the costs associated with 

raw material purchasing (RMC), operating costs related to each facility (FC) and 

transportation costs (TC). The total cost associated with the raw material consumed (RMC) in 

the SCN is defined by the equation (27). Equation (28) models the facilities’ costs (FC). Each 

process chosen to be operating in a given facility presents a fixed operating cost (𝛼!!) and a 

variable production cost (𝛼!!). The transportation costs (TC) is model in equation (29) and 

considers a variable cost (𝛿!!), depending on the quantity of product flow, and a fixed cost 

(𝛿!!). In addition, the costs associated with the diesel consumed in road transportation are 

considered. All the terms that define the direct costs depend from each scenario m. 

𝐷𝑂𝐶 = 𝑅𝑀𝐶 + 𝐹𝐶 + 𝑇𝐶 (26) 

𝑅𝑀𝐶 = 𝑅!! − 𝑅!"# 𝑝𝑟!𝜋!  
!∈!!∈!!

   , 𝑡 = 1,… ,𝐻 (27) 

𝐹𝐶 = 𝛼!!𝑁!"# + 𝛼!!𝜉!"#
!∈!!∈!!

𝜋!
!

 (28) 

𝑇𝐶 = 𝛿!!𝑁!"# + 𝛿!!𝜉!"# 𝜋! + 𝑝𝑟!"#$#%ŋ! 𝑘𝑚!𝑁!"#𝜋!
!∈!!∈!!"!∈!!∈!!!

 (29) 

 

The economic objective function for the supply chain design and planning network is defined 

in Equation (30), through the maximization of the annual SC profit. 
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𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒  𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑂𝑅 − 𝐷𝑂𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 (30) 

 

The main goal is to find a supply chain network that performs well under all scenarios. 

Therefore, to minimize the sum of the first-stage costs, which are deterministic, and maximize 

the expected value of the second-stage variables, the profit maximization is obtained. The 

stochastic supply chain design and planning (SSCDP) model can be briefly posed as follows: 

 

𝑀𝑎𝑥  𝐸 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝐸 𝚯 𝑦,𝑚 − 𝑓𝑦 

𝑤𝑖𝑡ℎ  max𝚯 𝑦,𝑚 = 𝑂𝑅 − 𝐷𝑂𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 

𝑠. 𝑡. 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  2 − 4; 7 − 8; 10 − 28 
𝑦 ∈ 0,1    

(31)	  

In the next subsection this formulation is extended to include environmental impacts, leading 

to the sustainable stochastic SC design and planning (SSSCDP) model. 

 

4.2.2.Sustainable Stochastic Supply Chain Design and Planning model 
This sub-section presents the extension of previous formulation integrating the environmental 

impact, through the Eco-Indicator 99 score, according to the three steps mentioned in sub-

section 4.1.2, in order to integrate the Life Cycle Assessment approach in the model. 

Consider a “pollutant” index p to represent all the substances emitted, E, all soil occupations 

and transformations, L, and all the natural resources used, N, either mineral or fossil, as 

defined in Duque et al. (2010). The emissions inventory is calculated by estimate the utilities 

consumption, the land use inventory and the resources inventory. The emissions inventory 

corresponds to the quantity of “pollutant” p generated over the production horizon, H. 

In the supply chain network the utilities consumption is related with the electricity consumed 

from the actual operation of the resources technologies and from the warehouses and 

distribution centers. Equation (32) characterize the operating process utilities consumption in 

the first term and the warehouse and distribution center consumption in the second and third 

terms, corresponding to the total electricity consumption within the SCN. 

𝑈𝐸! = 𝛼!"! 𝑁!"#!! + 𝛽!"! 𝜉!"#!!

!!

!!!  ∈!!!

+ 𝛼!"!"
!"!!"

𝐸𝑡!

+ 𝛽!"!"𝑅!"#
!"!!"#!!

+ 𝛼!"!

!"!!

𝐸𝑐!

+ 𝛽!"! 𝜉!"#
!"!!!!

,∀  𝑚  𝜖  𝑀, 𝑢  𝜖  𝑈, 𝑡 = 1… 𝑇 

(32) 

where 𝛼!"!  corresponds to the fixed and 𝛽!"!  to the variable consumption. The warehouse and 

distribution center consumption also involves a fixed 𝛼!"!" term, depending on the use of the 

installation and a variable 𝛽!"!" term, depending on the material stored (𝑅!"#). Finally, 𝛼!"!  and 

𝛽!"!  represents the fixed and variable terms regarding the food hub facilities. 
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Equation (33) represents the sum of all pollutants emitted, considering the electricity 

consumption within the supply chain network (corresponding to the first term of the equation) 

and from the raw material and product transportation (corresponding to the second term). 

 

𝑄𝐸! = Ω!,!𝑈𝐸!
!

+ Ω!,!ŋ!𝑘𝑚!𝑁!"#
!!∈!!!

,∀𝑝 ∈ 𝐸, 𝑡 = 1…𝐻 (33)	  

where Ω!,! characterizes the pollutants emitted from utilities consumption (Duque et al., 2010) 

and ŋ!  account for the amount of fuel consumed per kilometer. Note that each type of 

transportation consumes a different type of fuel. This equation assumes that the only sources 

of pollutants emitted are: (i) the electricity consumed in all the activities associated with the 

supply chain network; and, (ii) fuel consumption associated with raw material and final 

product transportation, which depend on the distance between entities (𝑘𝑚!). Note that the 

second term of the equation is considered only if there is transportation of products between 

entities (𝑁!"# = 1).  

 

The total amount of pollutants emitted within the supply chain network should be normalized 

by the impact factor using 𝛇!" (Geodkoop & Spriensma, 2011), in order to calculate the global 

impact to the HH (equation (34)). 

𝐷𝑎𝑚 = 𝛇!"𝑄𝐸! (34) 

 

Finally, the Eco-Indicator 99 is calculated in equation (35), through the weighting of the 

environmental damage category, using 𝑁𝑜𝑟𝑚𝐹 (Ministry of Housing et al., 1999). 

𝐸𝐶𝑂99 = 𝑁𝑜𝑟𝑚𝐹×𝐷𝑎𝑚 (35) 

 

The formulation could be extended to consider other damages, such as damages through soil 

occupation and extraction of materials, by the land use inventory and the resources inventory, 

and further consideration of those pollutants in the damage function (Equation (34)). 

In turn, an additional cost should be considered in equation (30), referring to the utilities 

consumption cost (UDC). So, equation (36) quantifies the direct costs associated to the 

purchase of electricity, and equation (37) presents the new formulation for the annual profit 

maximization. Note that diesel consumption cost is already considered as a transportation 

cost in Equation (29). 

𝑈𝐷𝐶 = 𝑈𝐸!×𝑝𝑟!"!#$ (36) 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒  𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑂𝑅 − 𝐷𝑂𝐶 − 𝑈𝐷𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 (37) 
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The Sustainable Stochastic Supply Chain Design and Planning model could be briefly posed 

as follows: 

𝑀𝑖𝑛  𝐸𝑐𝑜  99 

𝑀𝑎𝑥  𝐸 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝐸 𝚯 𝑦,𝑚 − 𝑓𝑦 

𝑤𝑖𝑡ℎ  max𝚯 𝑦,𝑚 = 𝑂𝑅 − 𝐷𝑂𝐶 − 𝑈𝐷𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 

𝑠. 𝑡. 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  2 − 4; 7 − 8; 10 − 28; 31 − 33 

𝑦 ∈ 0,1    

 

(38)	  

4.2.3. Food Sustainable Stochastic Supply Chain Design and Planning 

(FSSSCDP) model 
The freshness of the products is one of the critical issues in food supply chains and the 

costumers’ value perception of freshness generally depend directly from the time spent on the 

distribution of products, which optimization could be done through the minimization of the 

supply chain lead time.  This sub-section describes the mathematical formulation related with 

the implementation of the constraints and objective function related with the characteristics of 

food supply chains. Note that, in this master dissertation, the supply chain lead-time is 

considered as the total time from the delivery of raw materials from the supplier to the 

distribution of finished products to the retailer. The concept of lead-time minimization is similar 

to the concept of makespan minimization, as explained before in sub-section 2.3.2. Thus, the 

concept of makespan minimization will be applied to lead-time minimization. Henceforth, only 

the concept of lead-time will be referenced. 

The lead-time minimization is considered as an objective function, shown in equation (45) 

and, for every binary variable 𝑁!"#, will be imposed the following constraints: 

 

𝑁!"# 𝑡 + 𝛕! ≤ 𝐿𝑇,∀𝑘,∀𝑚 ∈   𝑀, 𝑡 = 1,… ,𝐻 + 1 (39)	  

𝑁!"#!

!

!!!!!𝛕!!!

≤ 𝑁!!"# ,∀𝑘,∀𝑚 ∈   𝑀 (40) 

𝜉!"# − 𝑎𝑁!"# ≥ 0,∀𝑘,∀𝑚 ∈   𝑀, 𝑡 = 1,… ,𝐻 + 1 (41)	  

𝜉!"#
𝑉!|!∈!!"
!"# − 𝐸𝑐𝑟!"# ≥ 0,∀𝑘 ∈ 𝑘!" ,∀𝑟 ∈ 𝑇!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (42)	  

𝜉!"# −𝑀𝑁!"# ≤ 0,∀𝑘 ∈ 𝑘!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (43)	  

𝐿𝑇 ≤ 𝐻 (44)	  

𝑀𝑖𝑛  𝐿𝑇 (45) 

 

Equation (39) defines the lead-time as the time span instant that a task starts plus its 

duration, when 𝑁!"# = 1. On the other side, equation (40) force that the binary variable 𝑁!"# 

can only occur the maximum number of times predetermined (𝑁!!"#) during its duration. 

Nevertheless, there is a need to assure that the task k only occurs (𝑁!"# = 1), if at any time t 

a positive amount of material is transferred by a task k (𝜉!"# > 0). This case is modeled in 
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equation (41), where parameter 𝑎 stands for a small number, which is taken as the minimum 

possible throughput of material from the technological process k.   

However, for the case of the transportation tasks regarding road freights, where it is available 

more than one resource to perform the same task, there is a need to define another 

constraint. Equation (42) models those cases, where 𝐸𝑐𝑟!"#  represents the number of 

resource r required to perform the transportation task between two entities within the supply 

chain, under uncertainty scenario m, and is calculated based on the ratio of the flow to carry 

and the maximum capacity of resource available to perform this transportation task. Note that 

in this model it is assumed that only road connections have the possibility to perform the 

same transportation task with more than one resource. However, the model permits to add 

this option for the other transportation options. On the other hand, equation (43) assures that 

if there is any flow in the road transportation connection between two entities (𝜉!"# > 0), this 

road transportation connection must exist (𝑁!"#=1), considering that parameter M is a large 

number, corresponding to the maximum material flow. In addition, the supply chain lead-time 

should not exceed the planning horizon defined H, as shows equation (44). 

 

The FSSCDP model can be briefly posed as follows: 

𝑀𝑖𝑛  𝐿𝑇 

𝑀𝑖𝑛  𝐸𝑐𝑜  99 

𝑀𝑎𝑥  𝐸 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝐸 𝚯 𝑦,𝑚 − 𝑓𝑦 

𝑤𝑖𝑡ℎ  max𝚯 𝑦,𝑚 = 𝑂𝑅 − 𝐷𝑂𝐶 − 𝑈𝐷𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 

𝑠. 𝑡. 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  2 − 4; 7 − 8; 10 − 28; 31 − 33; 38 − 43 

𝑦 ∈ 0,1    

 

(46)	  

4.2.4 Solving the multi-objective mixed-integer model 
The ε-constraint method is used in this master dissertation to solve the multi-objective mixed-

integer model presented in sub-section 4.2.3 – the FSSSCDP model. Using the methodology, 

explained in Figure 10 the model can be briefly posed as follows: 

𝑀𝑎𝑥  𝑃𝑟𝑜𝑓𝑖𝑡 

𝑠. 𝑡.            𝐸𝐶𝑂99 ≤ 𝑦! − 𝑤Δε!,𝑤 = 0,… , 𝑛𝑠𝑡𝑒𝑝 

𝐿𝑇 ≤ 𝑧! − 𝑤Δε!,𝑤 = 0,… , 𝑛𝑠𝑡𝑒𝑝 

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠  2 − 4; 7 − 8; 10 − 28; 31 − 33; 38 − 43 

𝑦 ∈ 0,1    

 

(47)	  

4.3. Conclusions 
This chapter presents the mathematical model formulation proposed for the SCN design and 

planning problem identified, integrating food constraints, under demand uncertainty, through a 

mixed integer linear programming model, using the Resource-Task-Network representation. 

The demand uncertainty is modeled through the definition of three market demand scenarios 
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(optimistic, expected and pessimistic) and it is used the two-stage stochastic modeling 

approach. In addition, the model is a multi-objective formulation, considering: (i) maximization 

of the annual profit; (ii) minimization of the environmental impacts; and (iii) minimize the lead-

time across the SCN. Finally, the multi-objective mixed-integer programming model is 

formulated using the ε-constraint method. 
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5. Examples 	  
Develop an optimization model addressing the complexity of a SCN design and planning 

using a programming language in GAMS software is a complex process. This process is even 

more complex when we pretend optimal results. In order to validate the model results, the 

proposed mathematical model was applied to two examples – motivational example and 

Example 2, which is a more complex SCN. For each Example, a set of cases is explored. 

Table 5 presents a comparison of the cases characteristics. For Example 1, ten cases are 

presented. In order to analyze clearly the impact of the distribution structure decisions in 

terms of profit, environmental impacts and supply chain lead-time and knowing that demand 

uncertainty increases the complexity of the model, it is decided to apply first a deterministic 

model (described in Annex F) to the Example 1. Subsections 5.1.1 and 5.1.2 present the 

results for the mono-objective optimization and the multi-objective optimization of the 

deterministic model. Afterwards, the FSSSCDP model, described in section 4.2, is applied to 

explore the uncertainty in the market demand, for mono and multi-objective optimization, 

which results are presented in subsections 5.1.3 and 5.1.4. For Example 2, due to space and 

time limitations, only the deterministic results are explored, however the mono- and multi-

objective optimization are analyzed. Note that all cases are solved in GAMS 24.4.6. 

Finally, the conclusions obtained with the model implementation are described in section 5.3.  

 
Table 5 – Comparison of the cases characteristics for Examples 1 and 2. 

  Objective 
function 

 Constraints  
of the model 

 Type of 
optimization 

 

 Case Profit Eco99 LT  Eco99 LT  Mono Multi Uncertainty 

Ex
am

pl
e 

1 

a1 ✓       ✓   
a2  ✓      ✓   
a3   ✓     ✓   
b1 ✓     ✓   ✓  
b2 ✓    ✓ ✓   ✓  
c1 ✓       ✓  ✓ 
c2  ✓      ✓  ✓ 

c3   ✓     ✓  ✓ 
d1 ✓     ✓   ✓ ✓ 
d2 ✓    ✓ ✓   ✓ ✓ 

Ex
am

pl
e 

2 e1 ✓       ✓   
e2  ✓      ✓   
e3   ✓     ✓   
f1 ✓     ✓   ✓  
f2 ✓    ✓ ✓   ✓  

 

5.1. Example 1 
The Example 1 is used as the motivational example, consisting in a generic supply chain 

network producing one family of products (S2), two potential locations are considered for the 

industrial facilities, Barcelona and Madrid. At each location there is only available a single 

technological resource, therefore there is a one-to-one relationship between facilities and 
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technological resources. So, if any technological resources is chosen, the correspondingly 

entity is defined/selected. The production process requires only one raw material supplied by 

one supplier located in Minas Gerais, Brazil. The equipment to be installed at the plant of 

Barcelona transforms the raw material into final product in one period. In turn, in the plant of 

Madrid the same process takes two periods, since the technology potentially installed in 

Madrid is less innovative than the potentially installed In Barcelona. 

The two retailers’ locations are fixed respectively in Lisbon and Oporto. The demand is 

uncertain, considering three scenarios – pessimistic, expected and optimistic, respectively, 

𝑚!,𝑚!,𝑚! –, as described in Table 6. The associated probability value is 0.4, 0.3 and 0.3. 

 
Table 6 – Annual demand for each market, accordingly the three scenarios (min:max tonnes). 

Market Scenario 𝒎𝟏 Scenario 𝒎𝟐 Scenario 𝒎𝟑 

Lisbon 5:60 50:200 150:350 

Oporto 2:75 60:300 255:450 

 

There is also the possibility to install a hub facility in Azambuja, where there is no product 

storage and is related to cross-docking activities. Figure 11 presents the locations of 

potential entities of the SCN described (suppliers, production facilities, food hubs and 

markets).  

 

 
Figure 11 – Supply chain network entities for the motivational example. 

 

The raw material is transported from Minas Gerais (Brazil) to the plants located in Madrid and 

Barcelona through a combination of road and air transportation or sea transportation. The 

final products can be transported from plants to the retailers located in Lisbon and Oporto by 

trucks. From Madrid there is also the possibility to transport the final product through trucks 

combined with rail. Finally, the final product can be transported by truck and by air from the 

plants to the hub located in Azambuja, and then by trucks to retailers. The transportation 

options for each flow between entities of the supply chain network are resumed in Table 7.  
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Table 7 – Transportation options for the SCN of Example 1. 

  Destination 
   

 Madrid Barcelona Azambuja Oporto Lisbon 
O

rig
in

 Brazil 
Road and Sea Road and Sea 

   Road and Air Road and Air 

Madrid   Road and Air Road Road 
Road and Rail 

Barcelona   Road and Air Road Road 
Azambuja    Road Road 

 

The distribution structure is an intermodal transportation network, illustrate in Figure 12. 

Each distribution flow has more than one transportation option, whenever it is available, in 

order to analyze the impact of the decisions taking to the distribution structure on: (i) 

economic aspects; (ii) environmental issues; and, (iii) lead time.  

 

 
Figure 12 – Transportation options for the supply chain network, Example 1. 

 

In terms of fixed and variable costs, the potential WH and DC have similar costs. Regarding 

the fixed costs related with the different technological resources, those that may be installed 

in Madrid benefit from a decrease of 50%, since the resource technology is not innovative as 

the potentially installed in Barcelona facilities. Finally, Annex G presents the RTN of the SCN. 

 

5.1.1. Mono-objective deterministic model 

This subsection presents the results for the deterministic model, taking into optimization one 

objective function at each model run, leading to a mono-objective approach. The final goal is 

to analyze the impact of the objective function considered in the distribution structure 

decisions. The results in this subsection are based on the expected demand scenario (𝑚!), 

described in Table 6. The remainder of this subsection synthetizes the results for three 

cases: case (a1) maximizes of the annual profit; case (a2) minimizes of the environmental 

impacts generated by the supply chain network; case (a3) minimizes of the SC lead-time. 

The SCN obtained from the case (a1) is shown in Annex H and the distribution and 

production planning are shown in Figure 13. In this case, where the profit maximization is 
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performed, the optimal design is characterized by the installation of a plant in Madrid, which 

receives raw material from Minas Gerais through a combination of sea with road freight. This 

plant supplies both markets (Lisbon and Oporto). In this case the food hub facility is not 

installed, due to cost minimization. Both plants supply its markets through road freights. Note 

that the road freight associated with the transportation from Minas Gerais to Madrid requires 

one ship trip and 41 trucks for door-to-door transportation. The distribution to markets 

requires 25 and 16 trucks to Oporto and Lisbon, respectively (described in Figure 13). 
 

 
BR: Brazil; L: Lisbon; M: Madrid; MG: Minas Gerais; O: Oporto. 

Figure 13 – Distribution and production planning for case (a1). 

 

The decisions regarding distribution structure for cases (a1), (a2) and (a3) are summarized in 

Table 8. Case (a1), which corresponds to profit maximization, selects the cheaper 

transportation options, such as sea transportation from Brazil to Madrid. Also, in this case the 

food hub located in Azambuja is not installed, since it has high costs associated. For case 

(a2), the selected transportation options are options with the lower environmental impacts, 

such as the rail freight between Madrid and Oporto. Note that, in this case, such as in case 

(a1), the food hub facility is not installed, since its installation has high environmental impacts. 

Finally, case (a3) selects the faster transportation options in order to minimize the supply 

chain lead-time, such as air transportation between Brazil and Barcelona, which are generally 

the expensive options and has the higher environmental impacts associated. In this case the 

food hub is installed, since its installation allows an aggregation of flows between entities and, 

consequently, a reduction of the lead-time required to supply the market. 

 
Table 8 – Distribution structure decisions for mono-objective deterministic model application. 

  
Destination 

  
Barcelona Madrid Azambuja Lisbon Oporto 

O
rig

in
 Brazil - ; - ; Air Sea; Sea ; -       

Barcelona     - ; - ; Air - ; - ; - - ; - ; -  
Madrid     - ; - ; - Road ; Road ; - Road ; Rail ; - 

Azambuja       - ; - ; Road - ; - ; Road 
- Case (a1): Profit maximization; 

- Case (a2): Environmental impacts minimization; 
- Case (a3): Supply chain lead-time minimization. 
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The supply chain network obtained from the cases (a2) and (a3) is also shown in Annex H, 

and its distribution and production planning are represented in Figure 14 and Figure 15, 

respectively. Note that case (a2) requires that distribution and production activities are 

performed twice to satisfy market demand (Figure 14). 

 

 
BR: Brazil; L: Lisbon; M: Madrid; MG: Minas Gerais; O: Oporto; S: Spain. 

Figure 14 – Distribution and production planning for case (a2). 

 

 
A: Azambuja; B: Barcelona; BR: Brazil; L: Lisbon; MG: Minas Gerais; O: Oporto; P: Portugal; S: Spain. 

Figure 15 – Distribution and production planning for case (a3). 

 

The optimal facilities designs are showed in Table 9 and the design decisions for the WH and 

DC facilities are resumed in Table 10. Case (a1) and (a2) installed a plant facility in Madrid. 

On the other hand, case (a3) installed a plant facility in Barcelona, since this plant facility has 

associated innovative technologies and, so, produces the same product quantity in a shorter 

period of time. Case (a1), which corresponds to annual profit maximization, supplies the 

maximum demand for Oporto market (300 tones) and, supplies the Lisbon market with 192 

tones, which is approximately the maximum demand (200 tones). On the other hand, note 

that in cases of minimizing environmental impacts (case (a2)) and minimizing the supply 

chain lead-time (case (a3)), the supply chain networks designed do not satisfy the maximum 

demand for Lisbon and Oporto markets. Given the objective function in each case, the 

demand is satisfied close to the minimum amount in order to be obtained the lower 

environmental impact and the lower SC lead-time, respectively. 
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Table 9 – Facilities design. 

Facilities 
Volume (tones) 

Case (a1) Case (a2) Case (a3) 
Barcelona - - 120 

Madrid 492 108 - 

 

Table 10 – Warehouse and DC design. 

Market 
Warehouse/DC design (tones) 

Case (a1) Case (a2) Case (a3) 

Lisbon 192 60 60 

Oporto 300 60 60 
 

Finally, the main results of the SCN optimization are resumed in  

Table 11 as well as a comparison analysis between cases. All cases present the same 

number of single equations, single variables and discrete variables: 34,469; 17,518; and, 

5,949, respectively. 

Case (a1) consists in the maximization of the annual profit and represents the maximum SC 

lead-time, since all activities start later than in the other cases. In the environmental impacts 

minimization case (case (a2)), the reduction of the annual profit is mainly due to the choice of 

less environmental impact transportation options. Generally, those transportation options 

have associated a higher cost. On the other hand, case (a3) that consists in the supply chain 

lead-time minimization represents the lower annual profit. In this case the annual profit 

decreasing is related with the choice of transportation options with less duration and, 

consequently, more expensive options. Regarding the Eco-indicator 99 score, the cases (a1) 

and (a3) represents higher values compared with case (a2). In case (a1) the higher values 

are associated with the less expensive transportation options, which has normally higher 

environmental impacts. Case (a3) corresponds to faster transportation options with higher 

environmental impacts. Comparing case (a2) with the case (a1), an improvement of 79.80% 

regarding the environmental impact is attained, at the expense of 79.86% decrease in profit. 

Note that environmental impacts are intrinsically negative. Also this case presents a reduction 

of 9.84% regarding the supply chain lead-time. However, the case (a3) allows a reduction of 

81.97% in supply chain lead-time, at the expense of 156.14% reduction in annual profit and 

273.41% increase in environmental impacts, comparing with case (a1).  
 

Table 11 – Main results for the supply chain network design and planning optimization, considering 

mono-objective models (m.u., monetary unit; mPt, milli-points.) 

        Performance (%) 

Case 
Profit  
(m.u.) 

Eco 99  
(mPt) 

LT  
(Periods) Profit Eco 99 LT 

Case (a1) 1,501,451.714 18,057.309 61 - - - 
Case (a2) 302,379.715 3,647.675 55 -79.86 -79.80 -9.84 
Case (a3) -842,856.858 67,427.843 11 -156.14 273.41 -81.97 
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5.1.2. Multi-objective deterministic model 

This subsection explores the results obtained from the multi-objective analysis, through cases 

(b1) and (b2). As referred, the multi-objective optimization is developed through the 

application of the ε-constraint method. Case (b1) explores the case for the multi-objective 

optimization, taking into account the profit maximization as the primary objective function and 

the supply chain lead-time minimization as secondly. The main goal of this case is to analyze 

the trade-off between profit maximization and the supply chain lead-time minimization. Case 

(b2) analysis the supply chain network obtained through the annual profit maximization, 

considering the environmental impacts and lead-time minimization simultaneously as 

constraints of the model. 

 

Case (b1) 
In case (b1) the profit maximization and SC lead-time minimization is performed. The 

boundaries of feasibility are define through the maximization of profit and minimization of lead 

time using a mono-objective approach leading to 73 and 11 periods as the results for 

maximization and minimization, respectively. 

Figure 16 presents the Pareto front for case (b1), where the trade-off between annual profit 

and supply chain lead-time is demonstrated and also shows the supply chain network design 

and the distribution structure decisions for each solution along the Pareto front. Note that the 

Pareto frontier represents only the solutions in which the SCN structure or the distribution 

structure is changed, considering changes in the SCN, modes of transportation, number of 

resources used to perform the transportation or only by the distribution activities start in 

different periods. 

 

 
Figure 16 – Pareto front for case (b1). 

 

Solution A corresponds to the results for the supply chain lead-time minimization (case (a3)) 

and the solution J corresponds to the results for the annual profit maximization (case (a1)), 

which have been already explored in subsection 5.1.1. On the other hand, solutions B to I 

present the same supply chain network structure as solution J as well as the distribution 

B - J 
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structure. However, regarding solutions B – J, each solution has a particular distribution 

planning. Figure 17 and Figure 18 represent the distribution planning for solutions J and B, 

respectively. Note that the product flow and the trucks required to perform the transportation 

are the same between the two solutions, however each solution performs the transportation 

activities at different periods, leading to equal annual profit results. 

 

 
Figure 17 – Distribution planning for solution J. 

 

 
Figure 18 – Distribution planning for solution B. 

 

Analyzing the Pareto front (Figure 16), a lower SC lead-time imposes a lower annual profit, 

since a lower lead-time means that the SCN design requires that faster transportation options 

be chosen, which are, typically, associated with higher costs and consequently a lower profit. 

 

Case (b2) 

In case (b2) the three objective functions are explored simultaneously, using the ε-constraint 

method. The annual SC profit is the primary objective function and the environmental impacts 

and the SC lead-time as constraints of the model. Thus, according to Figure 10, the 

maximization and the minimization of each objective function that will be placed as constraint 

has been performed to define the boundaries for the Pareto front. The results are described in 

Table 12. However, regarding the supply chain lead-time, the maximum boundary has been 

considered as 17 periods, since from the analysis of case (b1), it appears that the supply 

chain network structure is the same between 17 periods and 73 periods. 
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Table 12 – Definition of the boundaries for the Pareto front. 

  Minimum Maximum 
Supply chain lead time (periods) 11 73 

Eco99 Indicator (mPt) 3,647.675 2,593,802.357 
 

Figure 19 represents the Pareto front between annual profit and supply chain lead-time and 

also the supply chain network design for each solution analyzed. The trade-off analysis 

shows that a reduction in the SC lead-time leads to a decrease in annual profit. 

 

 
Figure 19 – Profit and supply chain lead-time trade-off for case (b2). 

 

For solutions A and B, the plant facility is installed in Barcelona. In those structures the plant 

facility is located in Barcelona, since the technology associated with this facility is more 

innovative and, consequently, produces the final product in a shorter time. However, the costs 

associated with this facility are higher than the facility located in Madrid, leading to a lower 

profit. In solutions A and B the food hub is installed, which allows reducing the supply chain 

lead-time through an aggregation of flows. In addition, note that in those solutions the faster 

transportation options are selected, such as transportation by air of the raw materials from 

Minas Gerais to Barcelona. Regarding solution C, however the transportation option selected 

for transport the raw materials from Minas Gerais to Madrid is airfreight, the plant facility is 

located in Madrid, where the production of final products takes a longer period than in 

Barcelona. On the other hand, solution D is similar to solution C, however it is possible to 

perform the transport from Minas Gerais to Madrid by air or sea. Finally, solution E is also 

similar, however the transportation of the raw material is performed by sea. 

Table 13 shows the main results for the solutions and Table 14 summarize the facilities and 

DC design. The solutions differ in the following aspects: regarding the design, the solutions 

where the plant facility is located in Madrid instead of Barcelona, presenting a higher cost, but 

a shorter SC lead-time; regarding the distribution structure, solution E selects the cheapest 
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transportation options compared to solution A, such as sea freights instead of airfreights for 

the connection between suppliers and plant facilities, which corresponding to the longest SC 

lead time; finally, regarding the demand satisfaction, solution A satisfies the demand of both 

markets close to the minimum, since solution A is similar to case (a3) regarding SC lead-time 

minimization; while solution E satisfies nearly the maximum demand of both markets. 

 
Table 13 – Main results for the solutions of case (b2). 

 
A B C D E 

Profit -842,523.86 -487,845.09 -121,237.53 848,402.27 1,501,451.71 

Eco99 67,427.84 68,724.08 60,967.56 68,819.65 18,057.31 

LT 11 12 13 16 17 

Profit – m.u.; Eco99 – mPt; LT – periods. 

 

Table 14 –	  Facilities and distribution centers design for the solutions of case (b2). 

  
A B C D E 

Facilities 
Madrid 0 0 120 300 492 

Barcelona 120 120 0 0 0 

DC 
Lisbon 60 60 60 60 192 

Oporto 60 60 60 300 300 

 

Note that solutions A – C represent non-profitable SCN, since the mathematical model 

proposed do not include a constraint on the annual profit, that forces the SCN to present an 

annual profit equal or greater than zero. However, this constraint could be easily added to the 

model. 

On the other hand, Figure 20 and Figure 21 present the Pareto fronts between environmental 

impacts and annual profit; and, environmental impacts and SC lead-time, respectively. 

Although the trade-off being analyzed taking into account two objective functions each time, 

note that in each frontier are described the same solutions for the implementation of the 

model, meaning that point A described in Figure 19, Figure 20 and Figure 21 is the same 

solution point. 

 

 
Figure 20 – Environmental impacts and annual profit trade-off for case (b2). 
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Figure 20 shows that, generally, a decrease in the annual profit leads to an increase in the 

environmental impacts, since the transportation options with lower environmental impacts has 

higher costs associated, leading to a lower annual profit. However, the D solution is an 

exception to this pattern. Note that, when comparing this solution with solution E, although 

solution D transports a smaller amount of products (Table 14), the distribution network uses 

also airfreights to transport raw material from supplier to plant (Figure 19), which has higher 

environmental impacts. Moreover, comparing solutions D and C, it is found that solution D 

transports a higher quantity of products (discussed in Table 14). 

 

 
Figure 21 – Eco-Indicator 99 and Supply chain lead-time trade-off for case (b2). 

 

Finally, Figure 21 analyzes the trade-off between environmental impacts and SC lead-time, 

showing that generally a reduction in the SC lead-time allows an increase in the 

environmental impacts. As the SC lead-time decreases, faster transportation options are 

selected for the distribution network structure, which has normally higher environmental 

impacts associated. In conclusion, generally as the SC lead-time decrease, the annual profit 

decreases and the environmental impacts increases, since in order to decrease the SC lead-

time, faster transportation options are selected, which normally is costly and has higher 

environmental impacts associated. 

 

5.1.3. Mono-objective stochastic model 

This subsection presents the results for the application of the stochastic model, presented on 

Section 4.2, for Example 1. The mono-objective optimization is performed taking into 

consideration the same objective functions as in the deterministic analysis (subsection 5.1.1). 

The annual profit maximization, the environmental impacts minimization and the SC lead-time 

minimization are performed, corresponding to cases (c1), (c2) and (c3). For each case an 

optimal SC network design is obtained under all scenarios, while solutions for distribution and 

production plans are different for each demand uncertainty scenario. 

 

 

 



	  

	  
	  

61	  

Case (c1) 

Case (c1) maximizes the annual profit and selects the plant is in Madrid, which has the lower 

costs associated. The raw material is transported from Minas Gerais through sea, and the 

final product is distributed to markets through trucks. Note that the decisions regarding SCN 

design and the distribution structure is the same as case (a1), represented in Annex H. Note 

that both the SCN design and the distribution network is the same for the three demand 

scenarios considered. However, the distribution and production plan is different for each 

scenario. Figure 22, Figure 23 and Figure 24 shows the distribution and production plan for 

pessimistic, expected and optimistic cases, respectively. Also, those figures represent the 

number of trucks needed to constitute the distribution fleet of the SC. 

 

 
Figure 22 – Distribution and production planning for pessimistic scenario of case (c1). 

 

 
Figure 23 – Distribution and production planning for expected scenario of case (c1). 
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Figure 24 – Distribution and production planning for optimistic scenario of case (c1). 

 

The pessimistic scenario (Figure 22) and the expected scenario (Figure 23) present the 

same SC network and the distribution plan. The transportation of raw material from Minas 

Gerais to Madrid is performed through a combination of road and sea freights, transporting 

132 and 492 tons, requiring 11 and 41 trucks, respectively. This raw material is processed in 

the plant located in Madrid and the final product is transported to Lisbon and Oporto through 

trucks. Regarding Lisbon market, 60 and 192 tons are transported through road, which 

requires 5 and 16 trucks, respectively for pessimistic and expected scenarios. On the other 

hand, for Oporto market 72 and 300 tons are transported, requiring 6 and 25 trucks. Note that 

the tons to be transported are higher in the expected scenario, since the maximum demand is 

higher than in the pessimistic scenario, requiring a higher number of trucks to perform the 

distribution. Also the distribution planning starts at different periods: in the pessimistic 

scenario starts at period 44; and, in the expected scenario starts at period 31. 

Finally, in the optimistic scenario (Figure 24), where the maximum demand is even higher, 

the quantity of products distributed is higher than in the other two scenarios already 

described. The raw material is transported two times from Minas Gerais to Madrid, requiring 

41 and 25 trucks, to transport respectively 492 and 300 tons. Note that the maximum capacity 

of the plant is 500 tons and so there is the requirement to produce the final product into two 

times. Finally, the final products are transported to Oporto and Lisbon through road freight. 

The first requires 37 trucks and the second requires 4 and 25 trucks, transporting respectively 

48 and 300 tons. 

 

Case (c2) 

The minimization of the environmental impacts of the SC is explored in case (c2). Figure 26, 

Figure 27 and Figure 28 represent distribution and production planning for pessimistic, 

expected and optimistic scenarios. The SCN design and the distribution network is also the 

same for the scenarios considered, and is represented in Figure 25. The raw material is 

transported from Minas Gerais to the plant located in Madrid through a combination of road 

41 
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and sea transportation. Note that the sea freight is selected because it is the transportation 

option with lower environmental impacts associated when compared with airfreights. In 

addition, the plant is located in Madrid also because this location represents less 

environmental impacts. Then, the final products are transported to Oporto market through a 

combination of road and rail transportation and to Lisbon market by road freights. 

 

 
Figure 25 – Supply chain network for case (c2). 

 

 
Figure 26 – Distribution and production planning for pessimistic scenario of case (c2). 

 

 
Figure 27 – Distribution and production planning for expected scenario of case (c2). 
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Figure 28  – Distribution and production planning for optimistic scenario of case (c2). 

 

Note that in this case, as in case (c1), the pessimistic scenario carries minor quantities, since 

this scenario considers a lower demand for both markets. On the other hand, the optimistic 

scenario transports larger quantities. Hence, for each scenario, the number of trucks needed 

differs, depending on the quantity transported, as shown in Figure 26, Figure 27 and Figure 28. 

 

Case (c3) 

Finally, the SC lead-time minimization (case (c3)) results consider a SC and distribution 

network for each uncertainty demand scenario. The results regarding the distribution and 

production planning are shown in Figure 29, Figure 30 and Figure 31. Note that in all 

scenarios the transportation options chosen correspond to the faster options. Regarding plant 

locations, both plants are opened in all scenarios. 

 

 
Figure 29 – Distribution and production planning for pessimistic scenario of case (c3). 

 

In the pessimistic scenario, the raw material is transported from Minas Gerais to both plants 

by a combination of road and air. Then, the final products are transported to Lisbon and 

Oporto trough road freights. In this scenario all road transportations requires one truck, since 

the quantity transported are 12 tons, corresponding to the maximum capacity of one truck. 
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Figure 30 – Distribution and production planning for expected scenario of case (c3). 

 

In terms of distribution structure the expected scenario differs from the pessimistic scenario 

on the distribution of final products from plants to DC, since in the expected the food hub is 

installed in Azambuja, a logistic center near Lisbon. So, the final products are transported 

from the plant in Madrid to the food hub through a combination of road and air, which are then 

transported to Lisbon, by road. The final product is transported from the plant in Barcelona to 

Oporto through road. Finally, all the road transportations in this scenario require 5 trucks. 

 

 
Figure 31 – Distribution and production planning for optimistic scenario of case (c3). 

 

Finally, the optimistic scenario differs from the expected, since there is also transportation 

between the plant in Barcelona to the food hub in Azambuja through a combination of road 

and air transportation. The final products are transported from the plant in Madrid to Oporto 

through road freights. Note that the maximum capacity of the air transportation is 137.75 tons 
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and there is only one airplane available, which requires performing the transportation from 

supplier to plants more than once in order to satisfies market demand. 

The distribution structure decisions for cases (c1) and (c3) are shown in Table 15. Note that 

case (c3) is not presented in this Table, since in this case the decisions regarding the SCN is 

not the same for all the uncertainty scenarios. The main results regarding annual profit, 

environmental impacts and SC lead-time are in Table 16. 

 
Table 15 – Distribution structure decisions for cases (c1) and (c2). 

  
Destination 

  
Barcelona Madrid Azambuja Lisbon Oporto 

O
rig

in
 

Brazil - ; -  Sea ; Sea       

Barcelona     - ; -  - ; -  - ; -  

Madrid     - ; -  Road ; Road Road ; Rail 

Azambuja       - ; -  - ; - 
- Case (c1): Profit maximization; - Case (c2): Environmental impacts minimization. 

 
Table 16 – Main results for cases (c1), (c2) and (c3). 

    

 Performance (%) 

Case Profit (m.u.) Eco99 (mPt) LT (periods) Gap (%) Profit Eco 99 LT 

Case (c1) 1,425,648.462 52,106.761 60 0,001 - - - 

Case (c2) 420,590.549 16,240.59 69 0 -70% -69% 15% 

Case (c3) -661,443.818 488,786.528 13 0 -146% 838% -78% 
 

Comparing cases (c2) and (c1), an improvement of 69% regarding the environmental impact 

is attained, at the expense of 70% decrease in profit and an increase of 15% of the SC lead-

time. However, the case (c3) allows a reduction of 78% in SC lead-time, at the expense of 

146% in annual profit and 838% in environmental impacts, comparing with case (c1). Note 

that cases (c2) and (c3) are optimal, since the results for those cases present 0% gap. The 

main results in terms of the design of facilities and DC/WH are described in Tables Table 17 

and Table 18. 

 
Table 17 – Facilities design for mono-objective stochastic optimization cases. 

Facilities 
Volume (tones) 

Case (c1) Case (c2) Case (c3) 

Barcelona - - 132 

Madrid 492 204 132 

 
Table 18 – DC/WH design for mono-objective stochastic optimization cases. 

Market 
Warehouse/DC design (tones) 

Case (c1) Case (c2) Case (c3) 

Lisbon 348 156 156 

Oporto 444 264 264 
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Note that case (c1) corresponds to the case where the plant installed has the higher capacity, 

as well as the DC/WH, since this case corresponds to profit maximization, leading that the 

SCN design almost satisfies the maximum demand of the markets. 

 

5.1.4. Multi-objective stochastic model  

In this subsection the results for two cases are presented: case (d1) and case (d2); 

corresponding to results for the multi-objective optimization, using the stochastic model. The 

first case corresponds to the profit maximization as primary objective function, and SC lead-

time minimization as constraint of the model. Case (d2) considers also the environmental 

impacts minimization as a constraint of the model. 

 

Case (d1) 

The Pareto frontier between profit and supply chain lead-time is represent in Figure 32, 

presenting also the SC network for each solution point. The main results and the relative gap 

for each solution point are presented in Annexes I and J. 

 

 
Figure 32 – Pareto front for case (d1). 

 

The solution point A requires the installation of both plant facilities, in Madrid and Barcelona, 

which are supplied through airfreights from a supplier in Minas Gerais. Both facilities have 

132 tons of capacity and satisfy both markets (Lisbon and Oporto). The supply chain network 

supplies Oporto market with 264 tons and Lisbon market with 156 tons. This solution 

corresponds to a non-profitable option; nevertheless, the Eco indicator 99 is higher than the 

other solution points, since in this solution the distribution structure chooses the faster 

options, which is associated with higher costs and higher environmental impacts. 

On the other hand, solution points B – I have the same SCN design, corresponding also to 

the SCN structure of the case (a1) described in sub-section 5.1.1. However in this case the 

plant facility supplies Lisbon and Oporto market with 348 and 444 tons, respectively, through 

road transportation. The difference between solutions B – I due to the fact that, despite the 

supply chain network design and the distribution structure is the same, the period at which the 

distribution or the production starts are different between solutions, leading to different supply 

chain lead-times. Those solution points represent profitable options, with lower environmental 

B - I 
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impacts, since the distribution structure chooses the options that requires less time, and 

consequently have lower costs and lower environmental impacts. In addition, those solution 

points deliver a higher quantity of products to the market. 

Comparing the Pareto front of this case with the deterministic case (b1), represented in 

Figure 16, it is possible to conclude that the lead time of the SCN obtained in the stochastic 

case is greater, as in this case each solution presented is a supply chain network that 

considers all scenarios – pessimistic, expected and optimistic. Furthermore, it is possible to 

observe that for solution point A the SCN differs between the cases, however the airfreights 

are chosen in both cases, since it is the fastest transportation mode. On the other hand, 

solution points B - I present the same SCN for both cases. 

 

Case (d2) 

As explained, case (d2) explores the annual SC profit maximization considering the 

environmental impacts and the SC lead-time as constraints of the model. The maximum and 

minimum boundaries calculated for case (d2) for both objective functions considered as 

constraints of the model are resumed in Table 19. However, through the analysis made to 

the results of case (d1), it is possible to conclude that the supply chain network structure does 

not change for a lead-time greater than 21 periods. So, the maximum boundary applied to this 

case for supply chain lead-time is 21 periods. 

 
Table 19 – Boundaries applied for case (d2). 

  Minimum Maximum 

SC lead-time (periods) 11 73 

ECO 99 (m.Pt) 16,240.59 7,261,762.059 

 

Figure 33 presents the Pareto frontier between annual SC profit and SC lead-time and also 

the supply chain network design for each solution along the frontier. On the other hand, the 

trade-off between environmental impacts and SC lead-time is presented in Figure 34. Note 

that both Pareto frontiers present the same structure solutions (A – D). 

 

 
Figure 33 – Trade-off between profit and SC lead-time. 
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Figure 34 – Trade-off between environmental impacts and SC lead-time. 

 

In point A, both plants and the food hub facility are opened. The facilities receive raw 

materials from through airfreights. The plant in Madrid supplies both markets by road freight, 

but the Barcelona plant only supplies Oporto market by road. The food hub located in 

Azambuja receives the final products from both plants, through airfreights and supplies 

Lisbon market by truck. This topology has a short lead-time with expensive transportation 

modes leading to a non-profitable structure. Points B and C also require the installation of 

both plant facilities. In point B both plants are supplied through airfreights and Madrid 

receives also through sea, leading to a higher lead-time but a more profitable structure. 

However, in point C the plants are supplied through sea, and the remaining transportation by 

truck. In point B the SCN supplies Oporto and Lisbon market with 444 tons and 156 tons, 

respectively, while point C, supplies 444 tons and 348 tons for Oporto and Lisbon, 

respectively. Finally, solution point D corresponds to point B on the Pareto frontier for case 

(d1) (Figure 32). The distribution centers’ designs are visible in 

Table 20. 

 
Table 20 – Distribution centers’ design, in ton, for case (d2). 

  A B C D 

Lisbon 156 156 348 348 

Oporto 264 444 444 444 

 

Analyzing in terms of trucks used in the most profitable SCN design, point D requires 11, 41 

and 66 trucks to transport raw materials from the port to Madrid, respectively for pessimistic, 

expected and optimistic scenarios. From Madrid to Lisbon 5, 16 and 29 trucks are required 

and from Madrid to Oporto 6, 25 and 37 trucks. 

The results for annual profit and environmental impacts are resumed in Table 21. Points with 

lower SC lead-time present lower annual profit, since the faster transportation options are 

chosen, representing options with higher costs and environmental impacts (higher Eco-

indicator 99). As the lead-time increase more ecological and less expensive transportation 

modes are selected decreasing the environmental impact and increasing the profit. In this 

case all solution points has 0% of relative gap, corresponding to optimal solutions. 
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Table 21 – Main results in terms of annual profit and environmental impacts. 

  A B C D 

Annual profit (m.u.) -494,502 728,822 1,412,756 1,425,648 

ECO 99 (m.Pt) 369,428 263,578 58,338 52,107 

 

5.2. Example 2 
This section presents a generic food SCN producing two families of products (S3 and S4). 

Three potential locations are considered for plants – Madrid, Copenhagen and Rotterdam. At 

each location there is only available a single technological resource that are able to produce 

both S3 and S4. The production process requires only one raw material supplied by two 

potential suppliers, located in Minas Gerais and Hong Kong. Table 22 resumes the process 

time required in each potential plant and the fixed costs corresponding to the equipment 

installed and the operational fixed costs for each plant. The equipment potentially installed in 

Madrid requires more periods to transforms the raw material into final product and has higher 

fixed costs associated, since the technology potentially installed is less innovative than the 

potentially installed in the other sites. In turn, the technology potentially installed in Rotterdam 

is the most innovative. The retailers’ locations are fixed, located in Lisbon, Oporto, Barcelona 

and Paris. The market demand is described in Table 23, per location. 

 
Table 22 – Characterization of potential plants. 

Plant 
Process 

time 
(periods) 

Equipment 
fixed cost 

(m.u.) 

Operational 
fixed cost 

(m.u.) 
Madrid 6 1 100 

Copenhagen 4 1,5 150 

Rotterdam 2 2 200 
 

Table 23 – Market demand, in tones. 

Market Product Demand 

Lisbon S3 40:400 

Oporto S3 35:300 

Barcelona S4 50:500 

Paris S4 65:600 

 

There is also two potential locations for hub facilities installation, respectively in Madrid and 

Azambuja, a logistic center near Lisbon. The hub facility performs cross-docking activities, 

where there is no product storage. The potential entities of the SCN are represented in Annex 

K. The distribution structure is an intermodal network and the transportation options for each 

flow between entities of the SCN is resumed in Annex L. Note that all transportation options 

through air, sea and rail need to be combined with road transportation. 
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5.2.1. Mono-objective deterministic model 

This sub-section presents the results of each mono-objective optimization case. Cases (e1), 

(e2) and (e3) corresponds to the profit maximization, environmental impact minimization and 

the supply chain lead-time minimization, respectively. Note that due to space and time 

limitations, only the deterministic results are shown. 

The main results, regarding profit, environmental impacts and SC lead-time are resumed in 

Table 24. Case (e1) represents the profit maximization and presents the highest SC lead-

time. This case has a relative gap of 0.006%, the cases (e2) and (e3) has reaches the optimal 

solutions. Case (e2) presents the lowest Eco99, corresponding to a reduction of 94% of the 

environmental impacts comparing with case (e1), in expense of 91% of the annual profit. 

Finally case (e3) represents the lowest SC lead-time, in expense of 122% of the annual profit 

and 448% of the environmental impacts, comparing with case (e1). 

 
Table 24 – Main results for mono-objective optimization of Example 2. 

          Performance 

Case Profit (m.u.) Eco99 (mPt) 
LT 

(periods) 
Relative 
gap (%) Profit Eco99 LT 

Case (e1) 5,531,415.285 41,401.342 71 0.005961 - - - 

Case (e2) 488,961.241 2,405.65 53 0 -91% -94% -25% 

Case (e3) -1,231,460 226,698.009 11 0 -122% 448% -85% 
 

The main results for each case depend on the SCN design, which are represented in Figure 

35 and explained bellow.  

   
Case (e1) Case (e2) Case (e3) 

Figure 35 – Supply chain network for cases (e1), (e2) and (e3). 

 

In case (e1), the plants located in Madrid and Rotterdam are installed and receive raw 

material from Hong Kong by sea. The plant located in Madrid supplies Lisbon, Oporto and 

Barcelona. The plant in Rotterdam supplies Paris. All the connections between plants and 

markets are made by road. The SCN for case (e2) differs from case (e1) in terms of the 

distribution of the final products from plants to markets. In case (e2) the plant in Madrid 

transports the products by rail to Barcelona. The plant in Rotterdam supplies Lisbon and 

Oporto by sea and Paris by road. Finally, in case (e3) plants in Copenhagen and Rotterdam 

is opened, receiving materials from Minas Gerais by air. Rotterdam receives materials also 

from Hong Kong by air. The plant in Copenhagen only supplies Paris, by airfreights. The plant 

in Rotterdam supplies Lisbon and Barcelona by air and Oporto through sea. The food hub 
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located in Azambuja is installed, receives products from Rotterdam plant through airfreight 

and distributes products to Lisbon by road. The distribution structures for cases (e1), (e2) and 

(e3) are resumed in Annex M. Finally, the results in terms of capacities of the entities installed 

are resumed in Table 25 for plant facilities and in Table 26 for DC/WH. 

 
Table 25 – Facilities design for mono-objective deterministic optimization cases for Example 2. 

  
Volume (tonnes) 

Case (e1) Case (e2) Case (e3) 

Madrid 396 48 - 

Copenhagen - - 72 
Rotterdam 300 156 144 

 
Table 26 – WH/DC design for mono-objective deterministic optimization cases for Example 2. 

  Volume (tonnes) 
Case (e1) Case (e2) Case (e3) 

Lisbon 396 48 48 

Oporto 300 36 36 
Barcelona 492 60 60 

Paris 600 72 72 
 

Note that in case (e1) the SCN almost satisfies the maximum demand required for each 

market. Hence, the cases (e2) and (e3) satisfies almost the minimum demand per market. 

 

5.2.2. Multi-objective deterministic model 

The results for multi-objective deterministic model application are explained in this sub-

section, which is divided into case (f1) and (f2). Case (f1) corresponds to annual profit 

maximization, taking into consideration the supply chain lead-time as a constraint of the 

model. Case (f2) is similar to case (f1), nevertheless considers also the environmental 

impacts as a constraint. 

 

Case (f1) 

Case (f1) requires the definition of the maximum and minimum boundaries for the supply 

chain lead-time. The minimum boundary is 11 periods and corresponds to the result of case 

(e3), shown in sub-section 5.2.1. On the other hand, the maximum boundary is 73 periods. 

The trade-off between annual profit and supply chain lead-time for this case is represented in 

Figure 36, as well as the SC network for each solution point across the frontier. 
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Figure 36 – Trade-off between annual profit and SC lead-time for case (f1). 

 

In solution point A, the plant facility is installed in Rotterdam and receives raw material from 

the two suppliers, through airfreights. This plant facility satisfies Barcelona, Paris and Lisbon 

markets through airfreights and Oporto market through sea freight. Note that this solution 

point selects the faster distribution options for each transport of raw materials/final products 

between entities, leading to the lowest SC lead-time. 

On the other hand, in solution point B, all the possible plant facilities are installed 

(Copenhagen, Rotterdam and Madrid), receiving raw material from Minas Gerais through sea. 

The plant facility located in Copenhagen supplies Paris and Barcelona, through road. Madrid 

supplies Barcelona and Oporto by road and Lisbon through rail. Finally, the plant located in 

Rotterdam supplies Lisbon through sea and Paris through road. 

In solution point C, both suppliers located in Hong Kong and Minas Gerais supplies the plant 

facilities located in Madrid and Rotterdam, through sea freights. The plant located in Madrid 

supplies the markets located in Oporto, Lisbon and Barcelona; and the plant located in 

Rotterdam supplies Paris and Barcelona. All the distribution of final products between plant 

facilities and markets are made through road transportation. 

Solution D also opens plant facilities in Madrid and Rotterdam, through sea. The plant located 

in Madrid distributed products for Lisbon, Oporto and Barcelona markets; and, the plant 

located in Rotterdam supplies Paris and Barcelona markets. In this solution, all the 

distributions of final products are made through road. Finally, solutions E – K presents the 

same supply chain network, which is similar to solution point D, however in solutions E – K 

the plant facility located in Rotterdam only supplies Paris market. 

Table 27 and Table 28 resumes the capacities of plant facilities and DC/WH. The lowest 

plant facility capacity installed corresponds to solution A, and the highest to solution B. In 

E - K 
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addition, solution A distributes lower quantities of final products to markets than the other 

solution points. Table 29 presents the main results for annual profit and the environmental 

impacts. 

 
Table 27 – Design capacity of plant facilities, case (f1). 

  
Volume (tonnes) 

A B C D E - K 

Madrid - 492 492 492 396 

Copenhagen - 696 - - - 

Rotterdam 216 600 600 408 300 

 
Table 28 – Design capacity of DC/WH, case (f1). 

  
Volume (tonnes) 

A B - K 

Lisbon 48 396 

Oporto 36 300 

Barcelona 60 492 

Paris 72 600 

 
Table 29 – Main results for case (f1). 

  A B C D E - K 

Profit (m.u.) -1196519,11 4764775,21 5437747,37 5511804,1 5531415,29 

ECO99 (m.Pt) 144790,18 79548,62 55239,29 44032,78 41401,34 

 

Case (f2)  

Regarding case (f2), the maximum and minimum boundaries are indicated in Table 30. 

However, through the analysis made to the results of case (f1), it is possible to conclude that 

the supply chain network structure does not change for a lead-time greater than 35 periods. 

So, the maximum boundary applied to this case for supply chain lead-time is 35 periods. 

 
Table 30 – Boundaries applied for case (f2). 

  Minimum Maximum 

SC lead-time (periods) 11 73 

ECO 99 (m.Pt) 2,405.65 9,869,215.63 

 

Figure 37 and Figure 38 represent the Pareto frontiers defined for case (f2), showing, 

respectively, the trade-off between annual profit and SC lead-time and between 

environmental impacts and SC lead-time. Figure 37 also represents the SCN for each 

solution of the Pareto frontier. 
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Figure 37 – Trade-off between profit and SC lead-time for case (f2). 

 

In point A the plant located in Rotterdam is opened, receiving material from both suppliers, by 

air. This plant distributes final products by road to Barcelona and Paris, and by sea to Lisbon 

and Oporto. This solution presents the lower lead-time, since it selects the fastest modes of 

transportation, and consequently corresponds to a greater environmental impact when 

compared to other solutions (Figure 38). In solution point B, the plant in Madrid is also open 

and receives raw materials from Minas Gerais by sea. The plant located in Rotterdam 

receives the raw material from both suppliers by sea. As in solution point A, the plant located 

in Rotterdam supplies Lisbon and Oporto by sea and Paris by road. Finally, Barcelona 

receives the final products from Madrid, by rail. 

In point C the supplier in Minas Gerias supplies the plants in Copenhagen, Madrid and 

Rotterdam, by sea. The supplier in Hong Kong supplies Rotterdam, by sea. Afterwards, 

Oporto market in supplied by plants in Copenhagen and Madrid; the Lisbon market is 

supplied by Madrid; and, the plant in Rotterdam supplies the markets in Barcelona and Paris. 

Note that all transportations between plants and markets are made through road distribution. 

Generally, a SCN with a higher lead-time corresponds to a lower environmental impact 

generated (Figure 38). However, note that point C represents a greater environmental 

impact than point B, since the SCN of point C supplies all markets with higher quantities of 

final products. The SCN of point D is similar to the point C. The difference refers to the 

allocation of markets to each plant. The allocation in point D is as follows: the Madrid plant 

F - H  
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supplies Lisbon and Oporto markets; Copenhagen plant supplies only Barcelona market; and, 

the Rotterdam plant supplies Barcelona, Oporto and Paris markets. It should be noted that in 

this solution the transportation between plants and markets is also made by road. 

In solution E, two plants are opened – Madrid and Rotterdam. Both suppliers, located in Hong 

Kong and Minas Gerais, supply both plants, by sea. The plant located in Rotterdam 

distributes products to Barcelona and Paris, by road; and, the plant located in Madrid supplies 

Oporto, Lisbon and Barcelona, also by road. Finally, solutions F – H presents the same SCN 

design, consisting in the opening of the plants in Madrid and Rotterdam. Both plants receive 

raw material from Hong Kong by sea. The Paris market is supplied by Rotterdam and the 

others are supplied by Madrid. The connections between plants and markets are performed 

by road. 

 

 
Figure 38 – Trade-off between ECO99 and SC lead-time for case (f2). 

 

The results in terms of volume design for plants facilities and WH/DC installed are resumed in 

Tables Table 31 and Table 32. Normally, solution points with higher annual profit have 

higher volume installed in each entity. Note that solution point A correspond to the lowest 

annual profit and also to the lowest capacities installed, for both plant facilities and DC/WH. 

 
Table 31 – Plant facilities volume design, in tones. 

  Volume (in tones) 

  A B C D E F G - H 

Madrid - 48 492 492 492 492 396 

Copenhagen - - 204 96 - - - 

Rotterdam 216 300 600 600 600 408 300 

 
Table 32 – DC/WH volume design, in tones. 

  Volume (in tones) 

  A B C - H 

Lisbon 48 48 396 

Oporto 36 300 300 

Barcelona 60 60 492 

Paris 72 72 600 
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Annex N resumes the main results for all solution points for case (f2), regarding the results for 

the three objective functions (annual profit, environmental impacts and supply chain lead-

time), the relative gap for the optimality, and the performance of each solution compared with 

solution point H, which is the solution with the greater annual profit. Comparing solution A 

with solution H, note that there is a decrease of 58% of the supply chain lead-time with an 

expense of 106% of the annual profit, leading to a non-profitable solution; and an increase of 

204% of the environmental impacts. Nevertheless, comparing solution E with solution H, it is 

possible to decrease the supply chain lead-time on 26%, at the expense of 2% of the annual 

profit and an increase of 33% on the environmental impacts. In addition, regarding the relative 

gap of each solution, solutions A – D and F has no relative gap, referring to optimal solutions. 

 

5.3. Conclusions 
Chapter 5 presents the results for the application of the mathematical model proposed in 

Chapter 4. Two examples for the supply chain network design and planning problem are 

presented. Example 1 corresponds to the motivational example, which is a smaller case in 

order to test the model applicability (section 5.1) and Example 2 corresponds to a more 

complex food supply chain network (section 5.2). For each example a set of cases are 

presented and explored. 

Regarding Example 1, ten cases are explored, analyzing the implementation of the 

deterministic and the stochastic model. First the mono-objective optimization is performed 

regarding each objective function, in order to understand the impact of each objective function 

in the supply chain network and multimodal transportation structure decisions. Then the multi-

objective optimization is implemented to analysis the trade-off between the objective functions 

considered – annual profit; environmental impacts; and, supply chain lead-time and its impact 

in the design, planning and distribution impact. On the other hand, for Example 2 only the 

deterministic analysis is performed, due to space and time limitations, since this SCN is a 

more complex example and thus it increases the computational requirements. However, the 

mono- and multi- objective optimization is also performed and explored, over five cases. In 

conclusion, analyzing the results of the cases presented, in general, a lowest SC lead-time, 

leads to a lower annual profit and higher environmental impacts. Usually this trend is mainly 

due to the impact of the SC distribution structure, as the fastest transportation means are 

associated with higher costs and greater environmental impacts. Also, there is evidence that 

reduce the SC lead-time allows to preserve the freshness and quality of food products. 

Regarding the multi-objective optimization, it is possible to conclude that this type of analysis 

allows to analyze how much will be necessary to spend from an objective function to increase 

or decrease in another. Thus, this type of analysis allows a more integrated decision based 

on the analysis of the trade-off between the objective functions defined in the mathematical 

model, according the relevance of each objective function for the decision-maker. 

In conclusion, the mathematical model presented in Chapter 4, allows an integrated analysis 

of the three objective functions considered and a better decision-making process.   
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6. Conclusions and future work 
Globalization and rapidly changing consumer preferences have been putting more and more 

challenges in the design and planning of supply chains. The supply chain network should be 

robust and resilient, to allow company survival. Thus, the design and planning process should 

take into account the various uncertainties. Moreover, whereas in the past the optimization of 

this process was carried out taking into account the economic benefits, nowadays, also takes 

into account environmental and social aspects. Legislation constraints and consumer 

preferences required the analysis and minimization of the environmental and social impacts. 

Finally, the design and planning of a food supply chain is even more challenging, since the 

majority of the products are perishable and has short shelf lives, these characteristics should 

be taken into account when optimizing the logistics structure. 

The literature review shows that there are many authors developing mathematical models to 

address the problem of the supply chain network design and planning under uncertainties or 

considering the optimization of the supply chain integrating environmental impacts concerns. 

However, there are few authors studying the supply chain network design and planning 

problem in food industry. Furthermore, was not detected in the literature review, a model that 

integrates all these issues in a mathematical model. 

The main goal of this master dissertation is to analyze and contextualize the problem 

proposed for study, conduct a literature review regarding the subjects related with the studied 

problem, and develop the integrated mathematical model to address the supply chain network 

design and planning problem under demand uncertainty, integrating the minimization of the 

environmental impacts. Finally, this master dissertation analyzes an application of the model 

to a case study of the food industry. Regarding the literature review, this master dissertation 

presents the relevant literature about the supply chain network design and planning problem, 

uncertainties within this decision process and the consideration of the environmental impacts, 

presenting the relevant aspects and characteristics of the food industry.  

The main result of the proposed mathematical model involves identifying the optimal location 

of each entity of the supply chain network (warehouses, plants, DC/hubs), the transportation 

mean used to distribute products between suppliers and customers and quantify, and its 

economic and environmental impacts. Consequently, the decisions taken regarding the 

logistics structure of a supply chain must be supported by a model that integrates: strategic 

decisions (location and allocation of infrastructure and resources); and, tactics (planning the 

distribution of products). 

Thus, an optimization model is developed in this master dissertation to fill the gap identified in 

the literature review, through an extension of the model proposed by Pinto-Varela et al. 

(2011b). This model addresses the supply chain network design and planning issue through a 

mixed integer linear programming model, considering annual profit maximization and 

environmental impacts minimization, leading to a bi-objective formulation. The environmental 

aspects are quantified through the Eco-indicator 99 methodology and the supply chain 

network structure is represented by a resource-task-network methodology. On the other 
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hand, this master dissertation extended this model, considering demand uncertainty, which 

leads to a stochastic approach, through the implementation of a two-stage stochastic model. 

In order to maintain the computational requirements, the demand uncertainty is handled 

through considering three scenarios – optimistic, expected and pessimistic.  

Finally, since this work is applied to the food industry, it is necessary to maintain the 

freshness of the products across the supply chain network. So, there is a need to minimize 

the total lead-time throughout the supply chain network, leading to a multi-objective 

formulation. Furthermore, the model developed in this master dissertation is called Food 

Stochastic Sustainable Supply Chain Design and Planning (FSSSCDP) model. 

Due to the complexity of certain aspects of the case study, some simplification strategies had 

to be defined in order to reduce the computational complexity of the model, regarding the 

temporal scale, locations and distances and transportation process. 

Two examples are presented to implement the mathematical model proposed in this master 

dissertation. Example 1 corresponds to the motivational example, which is a smaller case in 

order to test model validity. Example 2 corresponds to a generic food supply chain network. 

For each example some cases are presented and explored. Regarding Example 1, the cases 

analyzing the implementation of the deterministic and the stochastic model. For each 

implementation, the mono-objective optimization is performed regarding each objective 

function, in order to analyze the impact of each objective function in the decisions regarding 

supply chain network and transportation structure. Afterwards the multi-objective optimization 

is implemented to analysis the trade-off between the objective functions. Finally, comparing 

the Pareto front of the deterministic and the stochastic case, it is possible to conclude that the 

lead time of the SCN obtained in the stochastic case is greater, since those solutions 

considers all scenarios – pessimistic, expected and optimistic. Furthermore, it is possible to 

observe that regarding the SCN and distribution structure, it is not the same comparing 

deterministic and stochastic solution points. On the other hand, since the supply chain 

network of the Example 2 is more complex, only the deterministic analysis is performed, thus 

it increases the computational requirements. Analyzing the results of the cases presented for 

each Example, in general, a lowest lead-time across the supply chain network, leads to a 

lower annual profit and higher environmental impacts. Due to the fact that the supply chain 

network with a lower lead-time chooses the fastest transportation means, which are 

associated with higher costs and greater environmental impacts. Also, there is evidence that 

reduce the supply chain lead-time allows to preserve the freshness and quality of food 

products. Regarding the multi-objective optimization, this type of analysis allows a more 

integrated decision based on the analysis of the trade-off between the objective functions 

defined by the decision-maker, according the relevance of each objective function. Thus, the 

proposed mathematical model, allows a better decision-making process. 

As future work, some areas should be analyzed and explored, as suggested next. Regarding 

environmental impacts, the proposed mathematical model considers only diesel and 

electricity consumption and focuses only on human health damage, so it is proposed that 
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future studies introduce other types of contributions to environmental impacts, in order to 

develop a generalized model. On the other hand, as referred by Peidro et al. (2009) all 

uncertainties should be considered on the supply chain-planning model, since they can affect 

the supply chain operation. Thus, future work should analyze and characterize the various 

sources of uncertainty and define the most significant to include in the stochastic model. On 

the other hand, usually, the mathematical formulation of supply chain network design and 

planning problems translates into large mixed-integer programs. Thus, studies should be 

conducted to improve the effectiveness of the solution through, for example, heuristic 

methods. Furthermore, other methods for modeling the uncertainty must also be analyzed, for 

example, the fuzzy set theory. Also, a sensitivity analysis of the most critical parameters of 

the model should be done, in order to understand the impact of potential changes of these 

parameters in the results of the model. Regarding the food industry characteristics, some 

future work should also be done. As already mentioned, shelf-life is a concept associated with 

perishability and deterioration and is defined as the time during which the product still has the 

characteristics required for the intended use (Food and Drug Administration, 1991). On the 

other hand, the termination of shelf life is the expiration date, after which the product may no 

longer function as intended use (Food and Drug Administration, 1991). Soysal et al. (2014) 

model perishability restricting the number of periods that the product can be stored in 

facilities. Although, in this master dissertation is assumed that the shelf life is integrally and 

directly dependent on the time of transportation of products between suppliers and final 

customer, along the supply chain network. Regarding this, a constraint that states that the 

total duration of transporting the product from the supplier to the end customer shall not 

exceed the maximum duration defined, according the product shelf life, should be 

implemented in the model. Finally, the mathematical model proposed in this master 

dissertation considers the possibility to use more than one resource to perform the 

transportation of a product between two entities, in case of the road transportation. However, 

the mathematical model is prepared to extend this possibility to the other transportation 

options. 

In conclusion, the work developed into this master dissertation contribute to the existing 

literature in the way that it develops an integrated mathematical model to address the supply 

chain network design and planning decisions. 
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Annex A - Summary of the literature review conducted on supply chain network design and planning models under uncertainties. 
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Santoso et al. (2005)  P P  
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Annex B – Summary of the literature review conducted on supply chain network 

design and planning models integrating environmental concerns. 

Author Model type Objectives Others 
Nagurney and Toyasaki 
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Multi-criteria 
framework 

Maximize profit and 
minimize emissions   

Hugo and Pistikopoulos 
(2005) MILP 

Maximize NPV and 
Minimize environmental 
impact 

LCA and Eco-
Indicator 99 

Nagurney et al. (2007) Multicriteria supply 
chain network model 

Maximize profit and 
minimize environmental 
impacts 
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chain network model 
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programming 
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Guillen-Gosalbez and 
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emissions 

Include different 
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transportation 
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integer model 
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Chaabane et al. (2011) Multi-objective linear 
programming model 
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Pinto-Varela et al. (2011a) MILP 
Maximize profit and 
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Fuzzy-like 
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Indicator 99; EPS; 
and RTN 

Chaabane et al. (2012) MILP Minimize costs and GHG 
emissions LCA 

Sadrnia et al. (2013) Multi-objective 
optimization model  

Minimize costs and CO2 
emissions   

Suyabatmaz et al. (2014) Hybrid simulation-
analytical model Minimize costs Uncertainty 
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Annex C - Summary of the literature review conducted on food supply chain models. 
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Eksioglu and 

Mingzhou (2006) Generic MILP P P P  

Minimization the sum of production costs, 
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Van der Vorst et al. 
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distribution and product quality   P P 
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Ahumada and 

Villalobos (2011) 
Tomatoes and 

peppers MILP P P   Maximization of revenues P  P   
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Amorim et al. 
(2011b) Yogurt MILP P    Minimization of production costs and maximization 

of the customer value for fresh products P     

Susarla and Karimi 
(2012) 

Pharmaceutical 
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Ahumada et al. 
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Annex D - Summary of the literature review conducted. 

Author Uncertainty Environment Food 
SC Industry 

Sabri and Beamon (2000) P    
Gupta and Maranas (2000) P    
Tsiakis et al. (2001) P    
Wouda et al. (2002)   P Dairy products 
Nagurney and Toyasaki (2003)  P   
Gupta and Maranas (2003) P    
Hugo and Pistikopoulos (2005)  P   
Santoso et al. (2005) P   Cardboard packages 
Guilleén et al. (2005) P    
Eksioglu and Mingzhou (2006)   P  
Nagurney et al. (2007)  P   
Goh et al. (2007) P    
Snyder et al (2007) P    
Cruz (2008)  P   
Frota Neto et al. (2008)  P  Pulp and paper sector 
Ramudhin et al. (2008)  P  Steel manufacturer 
Azaron et al. (2008) P   Wine industry 
Van der Vorst et al. (2009) P P P Pineapples 
Bojarski et al. (2009)  P  Maleic anhydride 
Guillen-Gosalbez and Grossmann (2009) P P  Chemical industry 
Wassick et al. (2009) P   Chemical industry 
Nagurney and Nagurney (2010)  P   
Pan and Nagi (2010) P    
Ahumada and Villalobos (2011)   P Tomatoes and peppers 
Rong et al. (2011)   P Bell peppers 
Wang et al. (2011)  P   
Chaabane et al. (2011)  P   
Pinto-Varela et al. (2011a)  P  Portuguese SC network 
Pinto-Varela et al. (2011b)  P  Pulp and paper 
Longinidis and Georgiadis (2011) P   Foods and personal care 
Bidhandi and Yusuff (2011) P    
Amorim et al. (2011b)   P Yogurt 
Susarla and Karimi (2012)   P Pharmaceutical products 
Ahumada et al. (2012) P  P Tomatoes and peppers 
Pinto-Varela et al. (2012)  P   
Chaabane et al. (2012)  P  Aluminum industry 
Nickel et al. (2012) P    
Sadrnia et al. (2013)  P  Automotive industry 
Singh et al. (2013) P    
Pimentel et al. (2013) P   Iron ore industry 
Baghalian et al. (2013) P  P Rice industry 
Cardoso et al. (2013) P    
Suyabatmaz et al. (2014) P P 

 Paper recycling industry 
Zhang and Xu (2014) P    
Soysal et al. (2014)  P P Beef industry 
Amorim and Almada-Lobo (2014)   P  
Etemadnia et al. (2015)   P Fruit and vegetables 
Soysal et al. (2015)   P Tomatoes 
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Annex E – Indices, sets, parameters, variables and abbreviations of the food sustainable 

stochastic supply chain design and planning  (FSSSCDP) model.  

 

Indices 

𝑟 resources 𝑡 time 𝑝 pollutant 𝑑 damage 

𝑘 task 𝑚 scenario 𝑢 utility   

 

Sets 

𝐶 {r: set of all nonrenewable resources} 𝑈 {u: set of utilities} 

𝐶! {r ∈ 𝐶: set of final products} 𝑊! {r: set of resource technologies} 

𝐶! {r ∈ 𝐶: set of raw materials} 𝑊! {r ∈ 𝐶: set of WH for final products} 

𝑇 {r: set of all renewable resources} 𝑊! {r ∈ 𝐶: set of WH for raw materials} 

𝑘! {k: set of technological processes related to food hub activities} 

𝑘!  {k: set of technological processes related to processes} 

𝑘! {k: set of technological processes related to connection between two entities} 

𝑘!" {k: set of technological processes related to connection with road transportation options} 

𝑇!  {r ∈ 𝑇: set of resource technologies associated with plant facilities} 

𝑇!  {r ∈ 𝑇: set of resource technologies associated with hub facilities} 

𝑇!"  {r ∈ 𝑇: set of dedicated warehouse and distribution centers} 

𝑇!"#!  {r ∈ 𝑇: set of resource technologies associated with plant facilities} 

𝑇!"  {r ∈ 𝑇: set of resource technologies associated with connection with road transportation } 

𝑇!" {k: set of technological processes k that use resource r} 

𝑇! {k: set of resource technologies associated with food hub facilities} 

𝑇𝑤ℎ!" {k: set of technological processes that transfer material to warehouse resource r} 

 

Parameters 

Monetary parameters 

𝐶𝐶!! Fixed cost of SC resources 𝑝𝑟!"!#$ Price of electricity 

𝐶𝐶!! Variable cost of SC resource 𝑝𝑟!"#$#% Price of diesel 

𝐶𝐶𝐹 Capital charge factor 𝛿!! Variable transportation costs for task k 

𝑝𝑟! Price of raw material 𝛿!! Fixed transportation costs for task k 

𝛽! Selling price of final products 𝛼!! / 𝛼!! Fixed and variable cost coefficients for 

technological processes 
Technical parameters 

𝐻 Planning horizon per year 𝑀 Large number 

𝐻𝑜𝑢𝑟𝑠𝑌𝑟 Number of work hours per year 𝑎 Small number 
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𝐾𝑚! Distance between two entities 𝑦!!"# Maximum number of r available 

𝑅!! Quantity of r initially available 𝜋! Probability of scenario m 

𝑁!!"#  Maximum number of task k, occurring in an instant t 

𝑅!"!"#/ 𝑅!"!"# The minimum/maximum demand of the resource r, for each scenario m 

𝑉!!"#/ 𝑉!!"# Minimum/maximum capacity available for resource r 

𝜇!"#/ 𝑣!"# Consumption/production of a renewable (−1,1)/nonrenewable (−1,0) resource r, at 

the start/end of θ  

∅!"!"#/∅!"!"# Resource technology size factor – minimum/maximum utilization coefficient of task 

k in resource r 

𝝉!  Duration of technological process (task) k 

Environmental impact parameters 

𝑁𝑜𝑟𝑚𝐹 Weighted value of the human health damage 

𝛼!"!  / 𝛽!"!  Fixed and variable utility consumption coefficients for the technological process 

𝛼!"!" / 𝛽!"!" Fixed and variable utility consumption coefficients for dedicated WH and DC 

𝛼!"!  / 𝛽!"!  Fixed and variable utility consumption coefficients for hub facilities 

Ω!,! Quantity of pollutant emitted to generate an unit of utility u consumed 

𝜻!" Impact factor coefficient per damage d and pollutant p 

ŋ!  Amount of fuel consumed, 𝑚!/𝑘𝑚 

 

Variables 

Continuous variables 
Operational design related variables 

𝑅!"#  Excess of resource r at time t, during scenario m 

𝑉!  Capacity of resource technology r 

𝜀!"# Production/storage size of technological process k at time t, under scenario m 

Environmental related variables 

𝑈𝐸! Total amount of utility consumed by taks 

𝑄𝐸! Total amount of pollutants emitted from fuel and electricity consumption within SCN 

𝐷𝑎𝑚 Damages on human health 

𝐸𝑐𝑜99 Environmental indicator (milliPoints) 

 

Integer variables 

Operational design related variables 

𝐸𝑐𝑟!"# Number of resource r required to transport task by road at time t, under scenario m 

𝑦!  Quantity of resource technology r used 
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Food SC related variables 

𝐿𝑇 Supply chain lead time 

 

Binary variables 

𝐸𝑡!=1 If there is dedicated storage/distribution centers; 0 otherwise 

𝐸𝑐! = 1   If there is food hub facilities; 0 otherwise 

𝑁!"# = 1  If the technological process k at time t, during scenario m is selected; 0 otherwise 
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Annex F – Deterministic programming model. 

 

Objective functions 

𝑀𝑎𝑥  𝑃𝑟𝑜𝑓𝑖𝑡 𝑀𝑖𝑛  𝐸𝑐𝑜  99 𝑀𝑖𝑛  𝐿𝑇 

 

Constraints 

Excess resource technology balance 

𝑅!" = 𝑅!!|!!! + 𝑅!",!!!|!!! + 𝜇!"#𝑁!,!!! + 𝑣!"#𝜉!,!!!

!!

!!!!

,∀𝑟 ∈ 𝑇, 𝑡 = 1…𝐻 + 1 

 

Operational constraints 

𝑁!"′ ≤ 𝑦!
!∈!!"

!

! ′!!!!!!!

,∀𝑟 ∈ 𝑊! 

0 ≤ 𝑦! ≤ 𝑦!!"# ,∀𝑟 ∈ 𝑊! 

𝑁!" = 𝑗Ñ!"#

!!
!"#

!!!

,∀𝑘 ∈   𝑘! , 𝑡 = 1…𝐻 

Ñ!"#

!!
!"#

!!!

= 1,∀𝑘 ∈   𝑘! , 𝑡 = 1…𝐻 

0 ≤ Ṽ!"#$ ≤ 𝑉!!"#Ñ!"# ,∀𝑘 ∈ 𝑇!" , 𝑟 ∈ 𝑇, 𝑗 = 1…𝑁!!"# , 𝑡 = 1…𝐻 

Ṽ!"#$

!!
!"#

!!!

= 𝑉! ,∀𝑘 ∈ 𝑇!" , 𝑡 = 1…𝐻 

∅!"!"# 𝑗Ṽ!"#$

!!
!"#

!!!

≤ 𝜉!" ≤ ∅!"!"# 𝑗Ṽ!"#$

!!
!"#

!!!

,∀𝑘 ∈ 𝑇!" , 𝑡 = 1…𝐻 

𝑉!|!∈!!"
!"# 𝐸𝑐𝑟!" ≤ 𝜉!" ≤ 𝑉!|!∈!!"

!"# 𝐸𝑐𝑟!" ,∀𝑘 ∈ 𝑘!" , 𝑡 = 1,… ,𝐻 + 1 

 
 

Resource technology capacity and design constraints 

𝑉!!"#∆!≤ 𝑉! ≤ 𝑉!!"#∆! ,∀𝑟 ∈ 𝑇!"#! 

 

Food hub constraint 

𝜉!" −𝑀𝐸𝑐! ≤ 0,∀𝑘 ∈ 𝑘! , 𝑡 = 1…𝐻 

𝑉!!"#𝐸𝑐! ≤ 𝜉!" ≤ 𝑉!!"#𝐸𝑐! ,∀𝑘 ∈ 𝑘! ,∀𝑟 ∈ 𝑇! , 𝑡 = 1…𝐻  
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Dedicated warehouse and distribution center capacity and design constraints 

𝑉!!"#𝑉!𝐸𝑡! ≤ 𝑉! ≤ 𝑉!!"#𝑉!𝐸𝑡! ,∀𝑟 ∈ 𝑇!" , 𝑡 = 1…𝐻 

𝑉!!"# 𝑗Ṽ!"#$

!!
!"#

!!!

≤ 𝑉! ≤ 𝑉!!"# 𝑗Ṽ!"#$

!!
!"#

!!!

,∀𝑘 ∈ 𝑇𝑤ℎ!" , 𝑡 = 1…𝐻 

𝑅!! − 𝑅!"
!∈!!

≤ 𝑉!|!∈!! , 𝑡 = 1…𝐻 + 1 

𝑅!"
!∈!!

≤ 𝑉!|!∈!! , 𝑡 = 1…𝐻 + 1 

 
Market demand constraint 

𝑅!!"# ≤ 𝑅!" ≤ 𝑅!!"# ,∀𝑟 ∈ 𝐶! , 𝑡 = 1,… ,𝐻 + 1 

 

Non-negativity constraints: 

𝑅!" = 0,∀𝑟 ∈ 𝐶, 𝑡 = 1,… ,𝐻 + 1 

𝑅!" ≥ 0,∀𝑟 ∈ 𝑇, 𝑡 = 1,… ,𝐻 + 1 

 

Economic metrics formulation 

𝑂𝑅 = 𝑅!"𝛽!
!∈!!

, 𝑡 = 1,… ,𝐻 + 1 

𝐼𝑂𝐶 = 𝑦!𝐶𝐶!! + 𝑉!𝐶𝐶!! + 𝐸𝑡!𝐶𝐶!! + 𝑉!𝐶𝐶!!
!∈    !!"

+ 𝐸𝑐!𝛼!! + 𝑉!𝛼!!

!∈    !!!∈    !!

 

𝐷𝑂𝐶 = 𝑅𝑀𝐶 + 𝐹𝐶 + 𝑇𝐶

= 𝑅!! − 𝑅!" 𝑝𝑟!
!∈!!

+ 𝛼!!𝑁!" + 𝛼!!𝜉!"
!∈!!!

+ 𝛿!!𝑁!" + 𝛿!!𝜉!"
!∈!!

+ 𝑝𝑟!"#$#%ŋ! 𝑘𝑚!𝑁!"
!∈!!"!

, 𝑡 = 1,… ,𝐻 

𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑂𝑅 − 𝐷𝑂𝐶 − 𝑈𝐷𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 

 

 

Sustainable formulation 

𝑈𝐸! = 𝛼!"! 𝑁!"!! + 𝛽!"! 𝜉!"!!

!!

!!  ∈!!!

+ 𝛼!"!"
!"!!"

𝐸𝑡! + 𝛽!"!"𝑅!"
!"!!"#!

+ 𝛼!"!

!"!!

𝐸𝑐!

+ 𝛽!"! 𝜉!"#
!"!!!!

, 𝑢  𝜖  𝑈, 𝑡 = 1… 𝑇 
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𝑄𝐸! = Ω!,!𝑈𝐸!
!

+ Ω!,!ŋ!𝑘𝑚!𝑁!"
!∈!!!

,∀𝑝 ∈ 𝐸, 𝑡 = 1…𝐻 

𝐷𝑎𝑚 = 𝛇!"𝑄𝐸! 

𝐸𝐶𝑂99 = 𝑁𝑜𝑟𝑚𝐹×𝐷𝑎𝑚 

𝑈𝐷𝐶 = 𝑈𝐸!×𝑝𝑟!"!#$ 

 
Food formulation 

𝑁!" 𝑡 + 𝛕! ≤ 𝐿𝑇,∀𝑘, 𝑡 = 1,… ,𝐻 + 1 

𝑁!"!

!

!!!!!𝛕!!!

≤ 𝑁!!"# ,∀𝑘 

𝜉!" − 𝑎𝑁!" ≥ 0,∀𝑘, 𝑡 = 1,… ,𝐻 + 1 

𝜉!"
𝑉!|!∈!!"
!"# − 𝐸𝑐𝑟!" ≥ 0,∀𝑘 ∈ 𝑘!" ,∀𝑟 ∈ 𝑇!" , 𝑡 = 1,… ,𝐻 + 1 

𝜉!" −𝑀𝑁!" ≤ 0,∀𝑘 ∈ 𝑘!" , 𝑡 = 1,… ,𝐻 + 1 

𝐿𝑇 ≤ 𝐻 
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Annex G – RTN representation for the motivational example. 
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Annex H – Supply chain network for mono-objective deterministic cases, Example 1. 

Case (a1) 

 

Case (a2) 

 

Case (a3) 

 
 

Annex I – Main results for each solution point of case (d1). 
  A B – I 

Profit (m.u.) -210,230.62 1,425,648.46 

ECO99 (m.Pt.) 363,533.28 52,106.76 

 

Annex J – Relative gap (%) for each solution point of case (d1). 

A B C D E F G H I 
0 0 0 0.004496 0.006720 0.002294 0.004532 0.012664 0.005997 
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Annex K – Potential entities of the supply chain network. 

 
 

Annex L – Transportation options for the intermodal distribution network. 
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Annex M –Distribution structures for cases (e1), (e2) and (e3). 
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- (e1): Maximize profit; - (e2): Minimize environmental impacts; - (e3): Minimize SC lead-time. 
 

Annex N – Main results for solutions point for case (f2). 

          Performance (%) 

Solution 

point 

Profit  

(m.u.) 

ECO99 

(m.Pt) 

LT 

(Periods) 

Relative 

gap (%) Profit ECO99 LT 

H 5,531,415.29 41,401.34 31 0.006694 - - - 

G 5,531,415.29 41,400.86 30 0.006390 0% 0% -3% 

F 5,511,804.10 44,032.78 25 0 0% 6% -19% 

E 5,437,747.37 55,238.33 23 0.001368 -2% 33% -26% 

D 5,382,549.37 64,799.32 20 0 -3% 57% -35% 

C 5,310,934.18 76,828.64 18 0 -4% 86% -42% 

B 440,795.82 70,013.99 15 0 -92% 69% -52% 

A -312,710.99 126,048.30 13 0 -106% 204% -58% 

 

 


