
1 
 

 
Optimization of supply chain network design and planning under recent 

trends – A food supply chain 
Ana Carla de Souza Marques Gomes 

Department of Engineering and Management, Instituto Superior Técnico 
 
Abstract 
Food supply chains (FSC) have been receiving increased attention throughout the recent years. 
The inherent products’ characteristics associated with the logistics activities require an approach 
beyond the traditional one, where specific FSC characteristics need to be considered namely 
customer perception of freshness, which appears as an intangible value but with a high impact in 
sales, as well as environmental aspects associated with these systems. This work propose a 
comprehensive approach for design and planning of a FSC, where supply chain lead times are 
explored while being integrated with transportation mode selection, environmental impacts, and 
demand uncertainty. A multi-objective approach is developed considering the maximization of an 
economic indicator, and the minimization of environmental impacts as well as FSC lead time. An 
example is used to show the methodology application. 
Keywords: Food Supply Chain; Design Planning; Multimodal; Environmental impacts; Shelf life. 
 
1. Introduction 
Supply Chain (SC) Management is defined as 
the coordination of the physical, logical and 
financial flows management between the supply 
chain networks (SCN) (Brandenburg et al., 
2014) and its ultimate goal is to deliver the right 
product, in the right amount, at the right time, 
for the right customer, which means 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 SC performance (Papageorgiou, 
2009). In addition, since business environment 
is constantly changing (Gupta and Maranas, 
2003), account for uncertainty in SCN design 
and planning is crucial (Klibi and Martel, 2010). 
Traditionally, SCN design and planning 
optimization has been based on economic 
benefits (Brandenburg et al., 2014). However, 
due to increased competitive and government 
pressures, as well as increased consumer 
awareness, many companies have to take into 
account the environmental impacts 
(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 SC (Wang et al., 
2011); sustainable SC management 
(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 SC (Seuring, 2013). Moreover, it is 

stated that models that include sustainability 
should also include uncertainties and different 
transportation modes (Wang et al., 2011). 
As mentioned before, the SCN design and 
planning is a complex process, however FSC 
management is even more challenging due to: 
limited and short shelf lives, temperature and 
humidity requirements, restrictions regarding 
time windows for product deliveries, high 
customer expectations, low profit margins 
(Akkerman et al., 2010), perishability, long SC 
lead times, supply and demand uncertainties, 
need of great investments in technology, 
facilities and labor (Ahumada and Villalobos, 
2011), maintain product quality and safety 
(Aung and Chang, 2014). Thus, due to the 
complexity of the product characteristics and 
related processes, few researchers have 
analyzed the management of the FSC (Rong et 
al., 2011). Finally, the environmental impacts 
are also a concern in FSC management 
(Shukla and Jharkharia, 2013; Aung and 
Chang, 2014), and there is evidence that 
improve the operational activities, such as 
transportation, contributes to reduce the post-
harvest wastage (Shukla and Jharkharia, 2013). 
In conclusion, there is still a lack regarding 
mathematical models addressing FSC network 
design and planning problem, integrating 
uncertainty and environmental issues, as well 
as the trade-off between environmental and 
economic objectives. This gap stems primarily 
from the fact that the relative complexity of each 
of these themes, which is increased by the 
difficulty of integrating them effectively.  
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In current work, a multi-objective approach is 
explored, through the ε-constraint method. A 
mixed integer linear formulation (MILP) is 
developed based on the generic Resource-
Task Network (RTN) representation where 
environmental impacts associated with 
transportation modes and FSC energy 
consumption are quantified through the Eco-
indicator 99. Market uncertainty is dealt through 
the use of a two-stage stochastic approach.  
A relevant aspect to be explored in FSC is the 
SC lead-time, which nowadays, has an 
important impact in consumer perception of 
products’ freshness.  The FSC lead-time in this 
context is defined as the total length required to 
deliver all products to final consumers. The 
objectives considered explore the relation within 
multimodal distribution scenarios, between the 
FSC lead time and its environmental impact 
and the economic indicator (profit) under an 
uncertain market environment.  
The remaining of this article is structured as 
follows: section 2 presents the state-of-the-art 
literature; section 3 describes the model 
framework, presenting the methodologies and 

techniques used; in section 4 the SC design 
problem is summarized; section 5 defines the 
model formulation; in section 6 the main results 
are presented. Finally, section 7 presents the 
conclusions and further researches. 
2. State-of-the-art literature 
On the related literature, Soysal et al (2014) 
have suggested a multi-objective model to 
minimize the total logistics costs and the total 
amount of greenhouse gas emissions caused 
by transportation. Later on, the same authors 
extended this work to deal with demand 
uncertainty (Soysal et al 2015). Amorim and 
Almada Lobo (2014) propose a model that 
considers products freshness when dealing with 
logistics transportation and Etemadnia et al 
(2015) presented a MILP model that integrates  
the location of a food hub with bimodal 
transportation decisions. 
Summarizing, Table 1 presents a brief 
comparison between the recent state-of-the-art 
research and the proposed work, highlighting 
the gaps in the subject and what the proposed 
work aims to contribute with.  

Table 1 – Comparison between recent state-of-the-art literature proposed models. 
 Objective functions Uncertainty Transport 

options  Economic Environment Food 
Soysal et al. (2014) P P    
Amorim & Almada Lobo (2014) P  P   
Etemadnia et al. (2015) P    P 
Soysal et al. (2015) P   P  
Proposed model P  P  P  P  P  

 

3. Model framework 
This work explores different methodologies and 
techniques – the RTN representation, the Eco-
indicator 99, a two-stage stochastic approach, 
the ε-constraint method. 
3.1. The Resource-Task Network 
The RTN representation is a general and 
conceptually simple methodology constituted by 
tasks and resources that form a bipartite 
directed graph (Pantelides 1994). The 
resources are defined uniformly, with no 
differentiation between them, and are classified 
as renewable and non-renewable. The non-
renewable resources characterize all sorts 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. A task represents 
operations that consume and/or produce a 
specific set of resources, such as, a set of 
operations that constitute a production process 

of a product. Finally, the interaction between 
tasks and resources constitute the RTN. 
3.2. The Eco-Indicator 99 
The Eco 99 characterizes a damage function: 
human health, ecosystem quality and resource. 
This approach involves three main steps: 
inventory of all relevant emissions, resource 
extractions and land-use of all processes within 
the life cycle; calculate the damages that these 
emissions cause to Human Health, Ecosystem 
Quality and Resources; and, finally, weight of 
these three damage categories. For the 
inventory a LCA approach is used. In this paper 
the damage to human health is calculated, 
considering all processes and activities over the 
FSC network that consume fuel and electricity. 
3.3. The Two-stage stochastic model 
The two-stage stochastic approach is used to 
account for uncertainty on the demand 
uncertainty. The resulted model is an extension 
of the deterministic model proposed by Pinto-
Varela et al. (2011), and incorporates demand 
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uncertainty, through the definition of three 
possible scenarios – optimistic, expected and 
pessimistic. This model approach divides the 
decision variables into two types: first stage and 
second stage. 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, WH, food hub, DC) 
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 SC. The 
second stage is defined by the continuous 
variables that can be reviewed after the 
scenario occurrence.  Those variables are 
related with the FSC entities design, production 
planning, distribution planning and inventory. 
3.4. The ε-constraint method 
The ε-constraint method is used to solve the 
multi-objective model developed. A Pareto 
efficient front is generated where the different 
objective solutions are considered. This allows 
the decision maker to select any solution of the 
Pareto frontier, depending on the worthiness of 
each objective function. The procedure to 
formulate the ε-constraint method is described 
as follows (based on Pinto-Varela, 2015): 
- Maximize and minimize 𝐹! and 𝐹! (objective 

functions) to set the lower (𝑏!!"# and 𝑏!!"#) 
and upper bounds (𝑏!!"# and 𝑏!!"#); 

- Define the number of steps, nsteps; 
- Define the ε interval: 

( )max min

2,3i ib b
i
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−

Δ = =    
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- Define the Pareto frontier through the 
efficient solution set characterization. 

4. Design problem 
The problem in study can be summarized as: 
Given:  
FSC design and planning aspects: A 
superstructure with all the possible locations of 
each FSC entity, which means all technological 
resources such as food plants, WH, DC and 
food hubs. The latter is focused in cross 
docking activities; a set of food products; the 
RTN representation of the FSC network; 
maximum and minimum capacity for each 

technological resource; a set of markets where 
products are available to final costumers within 
uncertain market demand; a fixed time planning 
horizon, where one time unit in the timeline 
characterize 5 days; 
Economic aspects: fixed and variable costs for 
each plant, WH, food hub and DC; raw material 
costs; products selling prices in each market; 
transportation costs;  
Environmental aspects: environmental 
specifications and parameters associated with 
each logistic activity within the FSC; 
environmental specifications and parameters 
for each transportation mode. Electricity and 
fuel consumption in FSC entities activities and 
transportation mode;  
Determine: The FSC network, characterized 
by: network design - how many plants, WH, 
food hubs and DC are to be open, their 
locations and capacities; the quantity of 
products sold per market/scenario; 
transportation food path along the SC;  
The distribution, characterized by: the 
transportation mode selection defined in terms 
of number and type of transportation resource; 
its environmental impacts and the lead-time.  
In order to: Define the Pareto frontier for the 
Food FSC design and planning exploring 
multimodal transportation under an uncertainty 
market demand, considering three objectives: 
economic indicator maximization, FSC lead 
time and its environment impacts minimization. 
5. Model formulation 
Indices 
𝑟 resources 𝑝 pollutant 
𝑘 task 𝑑 damage 
𝑡 time 𝑢 utility 
𝑚 scenario   

Sets 
𝐶 {r: all nonrenewable resources} 
𝐶! {r ∈ 𝐶: final products} 
𝐶! {r ∈ 𝐶: raw materials} 
𝑇 {r: all renewable resources} 
𝑈 {u: utilities} 
𝑊! {r: resource technologies} 
𝑇!"  {r ∈ 𝑇: dedicated WH and DC} 
𝑊!  {r ∈ 𝐶: WH for final products} 
𝑊! {r ∈ 𝐶: WH for raw materials} 
𝑘!  {k: technological processes related to 

food hub activities} 
𝑘! {k: technological processes related to 

processes} 
𝑘!  {k: technological processes related to 

connection between two entities} 
𝑇!"  {k: technological processes k that use r} 
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𝑘!"  {k: technological processes related to connection between two entities by road} 
𝑇!  {r ∈ 𝑇: resource technologies associated with plant facilities} 
𝑇!  {r ∈ 𝑇: resource technologies associated with hub facilities} 
𝑇!"#!  {r ∈ 𝑇: resource technologies associated with plant facilities} 
𝑇!"  {r ∈ 𝑇: resource technologies associated with connection between two entities by road} 
𝑇! {k: resource technologies associated with food hub facilities} 
𝑇𝑤ℎ!" {k: technological processes that transfer material to warehouse resource r} 

Parameters 
Monetary parameters 

𝐶𝐶!! Fixed cost of the SC resources 𝑝𝑟!"!#$ Price of electricity 
𝐶𝐶!! Variable cost of the SC resources 𝑝𝑟!"#$#% Price of diesel 
𝐶𝐶𝐹 Capital charge factor 𝛼!! / 𝛼!! Fixed and variable cost coefficients for k 
𝑝𝑟! Price of raw material 𝛿!! Variable transportation costs for task k 
𝛽! Selling price of final products 𝛿!! Fixed transportation costs for task k 

Technical parameters 
𝐻  Planning horizon per year 
𝐻𝑜𝑢𝑟𝑠𝑌𝑟 Number of work hours per year 
𝑀 Large number 
𝑎 Small number 
𝐾𝑚!  Distance between two entities 
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 

𝑦!!"#  Maximum number of resource r available 
𝑅!!  Quantity of resource r initially available 
𝝉!  Duration of technological process (task) k 
𝜋! Probability of scenario m 

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 
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 
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𝐸𝑐𝑟!"# 
Number of resource r required to perform the road transportation task at time t, 
under scenario m 

𝑦!  Quantity of resource technology r used 
Environmental related variables 

𝑈𝐸! Total amount of utility consumed by taks 
𝑄𝐸! Total amount of pollutants emitted from fuel and electricity consumption 
𝐷𝑎𝑚 Damages on human health 
𝐸𝑐𝑜99 Environmental indicator (milliPoints) 

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 

Constraints 

𝑅!"# = 𝑅!!|!!! + 𝑅!"#,!!!|!!! + 𝜇!"#𝑁!",!!! + 𝑣!"#𝜉!",!!!

!!

!!!!

,∀𝑟 ∈ 𝑇,𝑚 ∈ 𝑀, 𝑡

= 1…𝐻 + 1 

(1) 

𝑁!"#! ≤ 𝑦!
!∈!!"!∈!

!

!!!!!!!!!

,∀𝑟 ∈ 𝑊! (2) 

0 ≤ 𝑦! ≤ 𝑦!!"# ,∀𝑟 ∈ 𝑊! (3) 

∅!"!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

≤ 𝜉!"# ≤ ∅!"!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

,∀𝑘 ∈ 𝑇!" ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (4) 

𝑉!|!∈!!"
!"# 𝐸𝑐𝑟!"# ≤ 𝜉!"# ≤ 𝑉!|!∈!!"

!"# 𝐸𝑐𝑟!"# ,∀𝑘 ∈ 𝑘!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (5) 
𝑉!!"#∆!≤ 𝑉! ≤ 𝑉!!"#∆! ,∀𝑟 ∈ 𝑇!"#! (6) 

𝑉!!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

≤ 𝑉! ≤ 𝑉!!"# 𝑗Ṽ!"#$%

!!
!"#

!!!

,∀𝑘 ∈ 𝑇𝑤ℎ!"   ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (7) 

𝜉!"# −𝑀𝐸𝑐! ≤ 0,∀𝑘 ∈ 𝑘! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (8) 
𝑉!!"#𝐸𝑐! ≤ 𝜉!"# ≤ 𝑉!!"#𝐸𝑐! ,∀𝑘 ∈ 𝑘! ,∀𝑟 ∈ 𝑇! ,𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 (9) 

𝑅!! − 𝑅!"#
!∈!!

≤ 𝑉!|!∈!! ,∀𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 + 1 (10) 

𝑅!"#
!∈!!

≤ 𝑉!|!∈!! ,∀𝑚 ∈ 𝑀, 𝑡 = 1…𝐻 + 1 (11) 

𝑅!"!"# ≤ 𝑅!"# ≤ 𝑅!"!"# ,∀𝑟 ∈ 𝐶! ,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (12) 
𝑅!"# = 0,∀𝑟 ∈ 𝐶,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (13) 
𝑅!"# ≥ 0,∀𝑟 ∈ 𝑇,𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (14) 
𝑁!"# 𝑡 + 𝛕! ≤ 𝐿𝑇,∀𝑘,∀𝑚 ∈   𝑀, 𝑡 = 1,… ,𝐻 + 1 (15) 

𝑁!"#!

!

!!!!!𝛕!!!

≤ 𝑁!!"# ,∀𝑘,∀𝑚 ∈   𝑀 (16) 

𝜉!"# − 𝑎𝑁!"# ≥ 0,∀𝑘,∀𝑚 ∈   𝑀, 𝑡 = 1,… ,𝐻 + 1 (17) 
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𝜉!"#
𝑉!|!∈!!"
!"# − 𝐸𝑐𝑟!"# ≥ 0,∀𝑘 ∈ 𝑘!" ,∀𝑟 ∈ 𝑇!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (18) 

𝜉!"# −𝑀𝑁!"# ≤ 0,∀𝑘 ∈ 𝑘!" ,∀𝑚 ∈ 𝑀, 𝑡 = 1,… ,𝐻 + 1 (19) 
𝐿𝑇 ≤ 𝐻 (20) 
The mass balance for each resource 
technology (Equation (1)) must be satisfied at 
every instant t and states that the amount of 
resource at instant t is related with the amount 
of resources in the previous instant and the 
amount produced or/and consumed at instant t, 
for each scenario m. 
On the other hand, Equation (2) ensures that 
each technological process (task) can perform 
different products, so the SC 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. Note that 
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 SCN with an upper bound, 
𝑦!!"#, representing the maximum availability of 
the resource r (Equation (3)). 
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 (4). Note that this equation is already 
linearized as proposed by Barbosa-Póvoa and 
Pantelides (1997). Nonetheless, 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 
and a maximum capacity, multiplied by the 
number of resources that will be used to carry 
out the transportation task, under uncertainty 
scenario m (𝐸𝑐𝑟!"#) (Equation (5)). 
Equations (6) and (7) limit, respectively, the 
capacity for plants and distribution resources; 
and, WH and DC. Regarding food hubs, 
Equation (8) models the decision to install the 
facility and (9) models the capacity. 
On the other hand, Equations (10) and (11) 
define the required capacity to store the raw 
material in WH and the final products in DC, 
respectively. 
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 (Equation (12)). 
Equation (13) assures that for the non-storage 
materials, the excess resource is zero; and 
Equation (14) ensures that the excess resource 
is zero or positive, for the other materials. 
Equation (15)–(20) refer to constraints related 
to food characteristics. Equation (15) defines 
the lead-time as the time span instant that a 
task starts plus its duration, when 𝑁!"# = 1. On 
the other side, equation (16) 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 equation (17), 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 the 
Equation (18) that models those cases, where 
𝐸𝑐𝑟!"# is the number of resource r required to 
perform the transportation task, 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 (19) assures that if 
there is any flow in the road transportation 
connection (𝜉!"# > 0), this connection must 
exist (𝑁!"#=1), considering that parameter M is 
a large number, corresponding to the maximum 
material flow. 
In addition, the SC lead-time (LT) should not 
exceed the planning horizon defined H 
(Equation (20)). 
Objective functions 
𝑀𝑎𝑥  𝐸 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝐸 𝚯 𝑦,𝑚 − 𝑓𝑦 (21) 
𝑀𝑖𝑛  𝐸𝑐𝑜  99 (22) 
𝑀𝑖𝑛  𝐿𝑇 (23) 
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Equation (21) corresponds to the annual profit 
maximization, obtained through minimize the 
sum of the first-stage costs, which are 
deterministic, and maximize the expected value 
of the second-stage variables. Thus, a SCN 
that performs well under all scenarios is 
attained. The SC annual profit is defined in 
Equation (24). 

𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑂𝑅 − 𝐷𝑂𝐶 − 𝑈𝐷𝐶 ×
𝐻𝑜𝑢𝑟𝑌𝑟

𝐻
− 𝐼𝑂𝐶×𝐶𝐶𝐹 

(24) 

Operational revenues, OR, is defined in 
equation (25) and correspond to the expected 
income obtained from selling the final products 
to the markets in period t, as function of 
uncertainty scenarios m.  

𝑂𝑅 = 𝑅!"#𝛽!𝜋!
!∈!!∈!!

, 𝑡 = 1,… ,𝐻 + 1 (25) 

Regarding operational costs, OC, there are two 
types: indirect operational costs, IOC, and 
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 (26). 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!!

!∈  !!

 

(26) 

On the other hand, the DOC contains the costs 
associated with raw material purchasing (RMC), 
operating costs related to each facility (FC), 
utilities consumption costs (UDC) and 
transportation costs (TC), defined in Equations 
(27), (28), (29) and (30), respectively. Note that 
regarding FC, each process chosen to be 
operating presents a fixed operating cost (𝛼!!) 
and a variable production cost (𝛼!!). The UDC 
quantifies the direct costs associated to the 
purchase of electricity. Finally, the TC considers 
a variable cost depending on the quantity of 
product flow (𝛿!!), a fixed cost (𝛿!!) and the costs 
associated with the diesel consumed in road 

transportation. All the terms that define the 
direct costs depend from each scenario m.  

𝑅𝑀𝐶 = 𝑅!! − 𝑅!"# 𝑝𝑟!𝜋!  
!∈!!∈!!

   , 𝑡

= 1,… ,𝐻 

(27) 

𝐹𝐶 = 𝛼!!𝑁!"# + 𝛼!!𝜉!"#
!∈!!∈!!

𝜋!
!

 (28) 

𝑈𝐷𝐶 = 𝑈𝐸!×𝑝𝑟!"!#$ (29) 
𝑇𝐶

= 𝛿!!𝑁!"# + 𝛿!!𝜉!"# 𝜋!
!∈!!∈!!!

+ 𝑝𝑟!"#$#%ŋ! 𝑘𝑚!𝑁!"#𝜋!
!∈!!∈!!"

 

(30) 

On the other hand, Equation (22) corresponds 
to the minimization of the environmental 
impacts calculated through the Eco-Indicator 
99. In the SCN the utilities consumption is 
related with the electricity consumed from the 
actual operation of the resources technologies 
and from the WH and DC.  
Equation (31) characterizes the operating 
process utilities consumption in the first term; 
the WH and DC fixed and variable consumption 
in the second and third terms, respectively; and, 
the fixed and variable consumption regarding 
food hub facilities in the last terms. This 
equation corresponds 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 

(31) 

The sum of all pollutants emitted (Equation 
(32)) considers the electricity consumption 
within the SCN (first term) and from the raw 
material and product transportation (second 
term). Note that this equation assumes that the 
only sources of pollutants emitted are: (i) the 
electricity consumed in all the activities 
associated with the SCN; and, (ii) fuel 
consumption associated with raw material and 
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final product transportation, which depend on 
the distance between entities (𝑘𝑚!).  
𝑄𝐸!
= Ω!,!𝑈𝐸!

!

+ Ω!,!ŋ!𝑘𝑚!𝑁!"#
!!∈!!!

,∀𝑝 ∈ 𝐸, 𝑡

= 1…𝐻 

(32) 

The total amount of pollutants (𝑄𝐸!) should be 
normalized by the impact factor using 𝛇!" 
(Geodkoop & Spriensma, 2011), in order to 
calculate the global impact to the HH (equation 
(33)). 
𝐷𝑎𝑚 = 𝛇!"𝑄𝐸! (33) 
Then, the Eco-Indicator 99 is calculated in 
equation (34), through the weighting of the 
environmental damage category (Ministry of 
Housing et al., 1999). 
𝐸𝐶𝑂99 = 𝑁𝑜𝑟𝑚𝐹×𝐷𝑎𝑚 (34) 
Finally, the Equation (23) corresponds to the 
minimization of the lead-time (LT) across the 
SC, which is considered as the total time from 
the delivery of raw materials from the supplier 
to the distribution of finished products to the 
retailer. 
6. Main results 
Two examples are presented in the master 
dissertation (E1 and E2) and a set of cases is 
explored, considering mono- versus multi-
objective optimization and deterministic versus 
stochastic models (described in Table 2).  
Table 2 – Comparison of the cases characteristics. 

  Objective 
function 

Model 
constraint Type 

U
nc

er
ta

in
ty

 

Case 

P
ro

fit
 

E
co

99
 

LT
 

E
co

99
 

LT
 

M
on

o 

M
ul

ti 

E
 1

 

a1 ✓     ✓   
a2  ✓    ✓   
a3   ✓   ✓   
b1 ✓    ✓  ✓  
b2 ✓   ✓ ✓  ✓  
c1 ✓     ✓  ✓ 
c2  ✓    ✓  ✓ 
c3   ✓   ✓  ✓ 
d1 ✓    ✓  ✓ ✓ 
d2 ✓   ✓ ✓  ✓ ✓ 

E
 2

 

e1 ✓     ✓   
e2  ✓    ✓   
e3   ✓   ✓   
f1 ✓    ✓  ✓  
f2 ✓   ✓ ✓  ✓  

However, due to space restrictions, the 
extended abstract only presents the results for 
case d2, which implements the stochastic 
model, through multi-objective optimization, 
since this is the most complex case in terms of 
result analysis. The Example 1 (E1) presents a 
FSC producing and distributing a family of 
products to two main retailers. Two potential 
locations are considered for plants: Barcelona 
and Madrid. At each location there is available 
a set of technological resources to install. The 
production processes require raw materials 
supplied from Minas Gerais, Brazil. The 
equipment to be installed at Barcelona 
transforms the raw materials into final products 
in one period. In turn, the plant of Madrid takes 
two periods, since the technology potentially 
installed in Madrid is less innovative, but has 
the benefit of 50% lower the fixed costs. The 
two retailers’ locations are fixed in Lisbon and 
Oporto. The demand uncertainty is defined 
through three scenarios (described in Table 3), 
with an associated probability value, of 0.4, 0.3 
and 0.3, respectively.  
Table 3 – Market demand per uncertainty scenario, 

min: max in t. 
Market Pessimistic Expected Optimistic 
Lisbon 5:60 50:200 150:350 
Oporto 2:75 60:300 255:450 
There is also the possibility to install a food hub 
facility in Azambuja, logistic center near Lisbon, 
where cross-docking activities are performed. 
Each connection between the SC entities has 
the possibility of using more than one 
transportation mode option, leading to a 
multimodal SCN. Regarding the distribution 
centers, the fixed and variable costs are similar. 
The General Algebraic Modeling System 
(GAMS) 24.4.6 with the CPLEX 12.3 was used 
to implement the developed model. For 
simplicity only the Pareto frontier between profit 
and SC lead-time is presented, Figure 1, but 
the environmental values are shown in Table 5. 
In point A the SC topology considers the 
installation of both plants and the hub. The 
facilities receive raw materials from Minas 
Gerais through airfreights. The Madrid plant 
supplies both markets, but the Barcelona plant 
only supplies Oporto. Both plants use road 
transportation. The hub located in Azambuja 
supplies Lisbon market by truck. In this case, 
Lisbon receives 156 t and Oporto 264 t. This 
topology presents the shortest SC lead-time 
with expensive transportation modes leading to 
a non-profitable structure. Points B and C are 
also characterized by the installation of both 



9 
 

 
Figure 1 – Trade-off between profit and LT. m.u. – monetary unit; t.u. – time unit (1 t.u. = 5 days) 

– Supplier;      – Plants;      – Food hub;      – Retailers 
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. 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 t and 156 t respectively, while 
point C, supplies 444 t and 348 t. Finally, the 
SCN for point D involves a single plant facility, 
this located in Madrid. The raw materials are 
transported through sea freight to the plant. The 
plant supplies both markets, through road 
transportation, with 348 t and 444 t, for Lisbon 
and Oporto, respectively. The retailers’ WH 
designs are visible in Table 4. 

Table 4 – Retailers warehouses, in ton. 
  A B C D 
Lisbon 156 156 348 348 
Oporto 264 444 444 444 

The most profitable Food SC, structure D, is 
obtained at the expense of the highest lead-
time. It 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 needed and from Madrid 
to Oporto 6, 25 and 37 trucks.  
The results regarding annual profit and 
environmental impacts are resumed in Table 5. 
Points with lower SC lead-time present lower 
annual profit, as faster transportation modes 
are chosen, representing options with highest 
costs and highest environmental impact (higher 
ECO 99). As the lead-time increases more 
ecological and less expensive transportation 
modes are selected reducing the environmental 
impacts while increasing the profit. 

Table 5 – Main results per solution point. 
  Profit (m.u.) ECO 99 (mPt) 
A -494,502 369,428 
B 728,822 263,578 
C 1,412,756 58,338 
D 1,425,648 52,107 

7. Conclusions 
FSC network design and planning is explored 
through a multi-objective model considering the 
identification of alternative optimal FSC 
networks, characterized by the number and 
type of transportation modes, its environmental 
impacts and the SC lead-time. The latter 
translated the consequent customer products 
freshness perception.  Uncertainty on market 
demands is also modeled, this time with a two-
stage formulation where only three scenarios 
are considered.  
The present work appears as a starting point on 
the work to be developed on FSC. This should 
be considered in more detail the presence of 
uncertainty, lead-time quantification and 
environmental impacts calculation. Moreover, 
more representative instances should be 
solved, aiming to deal with real FSC. 
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