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Résumé
L’objectif de cette thèse est d’identifier la configuration optimale d’une chaîne
d’approvisionnements, afin de fournir un aperçu de l’emplacement et de la taille
des entrepôts pour un ensemble de produits. Un cas réel dans l’industrie des
lubrifiants est abordé ici, afin de représenter une chaîne d’approvisionnements
dans des circonstances réalistes. Le présent cas prend en compte à la fois les
produits en vrac et en lots, ce qui doit être expédié via différents modes de
transport afin d’atteindre les clients. Divers scénarios jugés réalistes par
l’entreprise sont évalués, avec pour objectif d’identifier la meilleure solution en
termes monétaires. L’impact de la variation de certains coûts est analysée afin
d’identifier la sensibilité des résultats face à ces variations de coûts, ce qui est
difficile à prévoir dans l’horizon de dix ans présenté dans le cas étudié.
Afin de représenter la chaîne d’approvisionnements dans laquelle l’entreprise
devra distribuer ses produits, un modèle de réseau logistique flexible fut adapté au
cas étudié. Ce modèle optimise les coûts fixes et variables liés à l’entreposage et
le flux des produits à travers toute la chaîne d’approvisionnements. Au regard du
modèle dans son ensemble, plusieurs paramètres furent retenus tandis que
d’autres furent rejetés, en gardant à l’esprit l’emplacement et la taille optimal en
tant qu’objectif principal de cette étude.
Les résultats liés à l’implantation du modèle, à l’aide des données fournies par
l’entreprise, mesurent le coût total de fonctionnement du réseau logistique avec les
emplacements sélectionnés, tout en s’assurant que la demande demeure
satisfaite. Ces emplacements sont présentés comme faisant partie intégrante de la
solution, ainsi que le transfert de clients aux emplacements appropriés, l’affectation
des produits aux emplacements correspondants, et le mode de transport choisi
pour acheminer les produits entre les différents points. Enfin, le volume
d’entreposage propre à chaque produit contribue à définir la taille des installations
afin de faire fonctionner l’entreprise efficacement.
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Abstract
The purpose of this thesis is to identify the optimal configuration of a supply chain
in order to provide insights about the location and size of facilities for a set of
products. A real case in the lubricants industry is addressed so as to represent a
supply chain under realistic circumstances. The case considers both bulk and
packaged products, which have to be shipped by different modes of transportation
to reach the customers. Different scenarios deemed feasible by the company are
evaluated with the aim of identifying the optimal solution in monetary terms. The
impact of varying some costs is analyzed to identify the sensitivity of the results to
cost variations, which are hard to predict in the ten-year horizon presented in the
case.
To represent the supply chain that requires the company to distribute its products,
a flexible logistics network design model was adapted to the case. The model
optimizes the fixed and variable cost of storing and the flow of products through the
entire supply chain. From the complete model some parameters were retained
while others dismissed, having in mind the optimal location and size of facilities as
the main objective of the study. Particularities of the industry and the case were
embedded into the model to ensure a faithful representation and reliable results.
The output of implementing the model, with the data provided by the company,
indicated the total cost of running the logistics network with the locations selected
while making sure that demand is satisfied. It presents the locations that are part of
the solution, the assignment of customers to locations, the assignment of products
to locations, and the transportation mode to move products between the different
nodes. Finally, the quantity to store for every product contributes to define the size
of the facilities to efficiently operate the business.
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1. Introduction
1.1. Supply Chain General Overview
A supply chain refers to the entire network of entities taking part in the activities to
make a service or good available to customers. These activities ensure the flow
and transformation of goods from raw materials to finished products. It is becoming
increasingly difficult to ignore the relevance of the linkage between the
organizations in the network as a main source of benefit for the supply chain.
One can talk about supply chain management when there is a proactive
relationship between buyer and supplier in all the tiers across the supply chain
(Cox, 2004). Integration of independent entities leads to larger benefits to the
whole network compared to individual performance optimization. The integration
consists in the ability to share information efficiently, resulting in favorable aspects
aligned with the main supply chain objective, which is to maximize the overall value
generated. The benefits of integration have been largely discussed since the birth
of the supply chain concept. The reduction of the so-called bullwhip effect, where
variability in orders increases when we move upstream in the supply chain
(Forrester, 1962), is one of the most widely known benefits. Other benefits are
related to reduction in processes execution costs, lead-times and employee
workloads (Groznik, 2006).
Representing a supply chain in order to capture the benefits mentioned above has
become a central issue for logistics research in recent years. Among the steps
required to draw the complete network, defining the entities and the connections to
each other is the first and most relevant step. Typically, entities are in one of the
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following categories: suppliers, manufacturers, distributors, retailers or customers.
The connection is made by modes of transportation depending on the flow of
materials or goods. Furthermore, many third-party logistics providers may be
involved in performing different activities throughout the supply chain. The result of
such an analysis should be a graphic representation that allows the understanding
of the network to continue with the analysis of the variables to optimize. The
number of entities, tiers and links depend on the scope of the problem to solve.
The dilemma between model complexity and reality should be addressed by the
model builder in order to represent reality while keeping it simple enough to solve
(Hokey & Gengui, 2002).
Independent of the type of products or nature of organizations interacting in the
supply chain, two processes are always present to make it work: Inbound and
outbound logistics. Inbound logistics has also been described as material
management. It accounts for the activities concerning the acquisition of raw
materials, such as storage, quality control, and warehousing of products (Johnson
& Malucci, 1999). On the other side, outbound logistics has also been described as
physical distribution, which encompasses the activities related to providing finished
products to customers. Some of these activities are receipt ordering and
processing,

product

handling,

consolidation,

and

outbound

transportation

(Bowersox & Closs, 1996). A simple representation of the supply chain process is
shown in Figure 1.
Figure 1: The Supply Chain Process

Source: (Hokey & Gengui, 2002)
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The horizontal representation above may be complemented with a vertical
structure. While the horizontal structure refers to the tiers forming the network, the
vertical one responds to the number of entities at each tier (Lambert, Cooper, &
Pagh, 1998). The possible connections between all the entities create a web that
is sometimes difficult to represent graphically; nevertheless, it has to be modeled
mathematically since that is the supply chain network itself. Such representation is
known as supply chain modeling, which has been an object of research since the
earliest efforts of Glover, Jones, Karney, Klingman, and Mote (1979) to build an
integrated model. A two-structure representation of the supply chain is shown in
Figure 2, where a manufacturer makes again the division between the tiers of raw
material suppliers and the tiers of customers.
Figure 2: The Supply Chain Network Structure

Source: (Lambert et al., 1998)
The middle position for the manufacturer plays an important role in the figure
above since it is the entity transforming the raw materials into finished goods.
Although all the tiers add value to the product, after the manufacturer no further
value is usually added. This middle point is also known as the value offering point
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(VOP), where customers’ allocated demand is aggregated, and quantities required
of raw materials are known (Holmstrom, Hoover Jr., Eloranta, & Vasara, 1999).
The VOP is also useful to define the scope of the problem to address. Some
problems may consider the entire network from supplier to customers, whereas
others can focus on only one segment. The first part of the supply chain, prior to
the VOP, is denoted as the upstream segment. Similarly, the tier responsible for
the consumption of the product is known as the downstream segment.
Modeling a supply chain network requires three key elements: decision variables,
an objective function and constraints. Decision variables represent the main
decisions, such as defining if and where facilities should be located, the number of
facilities or equipment needed, the volume of a product to purchase, to produce or
to store. The objective function defines the aim of the optimization problem
expressed with the decision variables. Traditionally, objective functions attempt to
minimize the costs or maximize the profit of the logistics network. Finally, the
constraints represent the restrictions or limitations imposed over the range of
decisions alternatives, and determine the feasibility of a solution (Hokey & Gengui,
2002).
Despite the increased interest in building optimization models to solve different
aspects of the supply chain, the literature about the potential use of using existing
models is limited. A variety of modeling tools are now available in the market.
However, building a new model requires an expertise that is not common in
enterprises that model their supply chains only once in a while. Companies may
prefer to leverage on third parties rather than training their people in issues outside
their core competencies. Re-using or adapting a supply chain model arises as an
unexplored option that can yield benefits to companies. Modifying an existing
model according to the requirements of the network has the potential to consume
fewer resources than the traditional modeling fashion. Moreover, companies may
focus their efforts in executing the model and analyzing results. Furthermore,
companies can take advantage from the experience embedded in existing models
(Bell, De Cesare, Lycett, Mustafee, & Taylor, 2007).
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In this thesis, we used a flexible model that is capable of representing a wide
variety of supply chains. The model was selected because it had the conditions
required to solve the realistic supply chain problem in our case. As the human
process of creating the model was already done, we focused on the preparation of
data and analysis of results. For customizing the model easily accessible computer
tools were used. The model was set to represent the supply chain of a lubricants
company that requires identifying the optimal location for its distribution centers
(DCs) within the United States. Moreover, the resulting configuration of the network
indicates the assignment of customers to every DC for every product demanded
throughout the country. The solution also provides the volume per product to flow
between facilities and by which transportation mode. Finally, the volume per
product to store in DCs is the input to calculate the size of facilities in a ten-year
horizon. Therefore, defining locations, assignments of customers to DCs,
assignments of products to DCs, determining the optimal flow through the network
with the optimal transportation modes, and sizes of DCs are the main objectives of
this thesis. Some particularities of the industry and the company make this case a
unique attempt to provide solutions that facilitate decision-making for managers. A
description of the case is presented in the next section.

1.2. The Lubricants Case Description
1.2.1. Introduction
Many energy companies worldwide specialize in exploration and production of oil
and gas among other sources of energy. Extraction of crude oil is one of the main
activities of these companies with operations in the oil industry. After the refinery
process, a set of valued products can be produced from crude oil such as gasoline,
diesel, kerosene, and lubricants, among others. When a 42-gallon barrel of crude
oil is processed, the expected average outputs are 19 gallons of gasoline, 12.1
gallons of diesel and 3.9 gallons of kerosene. These three products account for
83% of the initial barrel, while lubricants represent only 1% (LNG Publishing

6

Company, 2014). Companies in the lubricants industry have a significantly large
portfolio of products to serve two target markets: commercial and industrial. The
former demands car engine oils and transmission fluids, the latter demands
industrial engine oils, processed oils, and general oils used in industries as diverse
as chemicals, printing, mining, manufacturing, food, and pharmaceutical, among
many others.
Figure 3: Global Lubricants Demand by Region in 2013

Source: Lubricants Industry Factbook (2014)

Figure 3 presents the percentage by region of the global demand of lubricants
worldwide. The total demand for 2013 was around 35.3 million metric tons, where
North America appears as the second largest market for this industry. Even if sold
quantities in this region remained flat for the period between 2008 and 2013, the
price for finished lubricants experienced a 30% increase in the same time period,
confirming an upward trend that has been present since 2000. A market of this size
represents a huge opportunity for lubricants manufacturers located in North
America, where their geographical location gives them an advantage with respect
to Persian Gulf countries or South Korea, the main external sources of lubricants
for the region.
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The case addressed in this thesis is based on one of those manufacturers, whose
name is not mentioned in this thesis for confidentiality reasons. It will be simply
called “the Company” in the coming sections. As a reference, it is worth mentioning
some of the most considerable finished lubricants manufacturers in North America.
Table 1 presents those companies sorted by their production capacity, and the
number of refineries dedicated to lubricants they possess.
Table 1: North America Lubricants Refinery Capacity

Source: Lubricants Industry Factbook (2014)

The supply chain network studied in this case is limited to the one serving the
American market, namely the United States. After having studied the market in that
country, the Company decided to undertake a project to efficiently fulfill the
demand of its customers for the next 10 years. The objective is to optimize the
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logistics network to enable long term growth plans. The new network has to
guarantee the minimum possible cost of operation, while ensuring full shipments to
customers. The first phase of this project started in 2013 brainstorming ideas inside
the Company. Concepts were transformed into data to be analyzed, and
preliminary decisions about the scope of the project were made. Much data about
the American market were analyzed in order to identify demand patterns and
forecast it for the coming years.
Figure 4: U.S. Consumption of Lubricants in 2012

Source: U.S. Energy Information Administration (2014)

Figure 4 presents the distribution of the total demand in the United Stated,
aggregated by region. North eastern states of the country represent the highest
demand with 24%, where Pennsylvania is the leader of the region with a strong
concentration in industrial lubricants. This state shows the third highest demand in
the country. Afterwards, the two central regions account for 43% of the total, the
north central states consumption being led by Ohio. In the south central states,
Texas represents more than 40% of the demand of the eight states forming this
region and it is the state with the highest demand in the country. With respect to
the western regions, California accounts for more than 60% of the demand in all
the states in the western area, and the second highest demand in the country.
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Table 2: Forecast of U.S. Lubricant Demand for 2018

Source: Lubricants Industry Factbook (2014)

To finish with the general context of the industry addressed in phase 1 of the
project, a forecast of the demand was analyzed. Table 2 presents real demand of
lubricants on 2008 and 2013 in the United States, for products designed for both
commercial and industrial purposes. The estimated demand for 2018 is also
presented, and it is compared to the demand of 2013, which is the last year with
real values in the table. From Table 2, we can see that the demand in the
forecasted period is expected to experience an increase of less than 1% annually,
but at least it shows a change in the trend seen from 2008 to 2013. This slight
growth encourages the Company even more to improve its current distribution
network, which is composed of eight DCs, since tough competition requires an
efficient network to better meet customer expectations. Moreover, optimizing its
supply chain will lead to cost reductions, which gives another advantage with
respect to competitors, since demand can be boosted by the competitive price for
its products. Finally, the environmental impact, a variable that is becoming
increasingly important for customers, can be reduced by selecting the optimal
mode of transportation.
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1.2.2. Objectives and Key Decisions
The second phase of the project took place in early 2014, when the Company
evaluated the relocation of its DCs that currently cover the American territory.
During that phase, many possible locations for new DCs were assessed. Some
attributes were taken into account, such as accessibility from the plant, location of
customers, modes of transportation available and ease of building or renting
suitable facilities for the industry. Quantitative aspects were also analyzed to finally
define a narrow set of candidate locations that matched all the requirements of the
Company. Identifying the optimal location of facilities among the candidates arises
as the first main decision of this study. Regardless of their location, all the DCs
have to be supplied from the unique lubricants plant located in Ontario. Unlike
DCs, the plant cannot be relocated, thus is a fixed starting point in the supply
chain. According to concepts presented in Section 1.1, in this case the plant
represents the value offering point (VOP), and after this point, products do not
undergo any transformation until reaching the final customer. As the case focuses
on the distribution network of lubricants, we can say that we are coping with an
outbound logistics problem. Relocating facilities entails a new assignment of
customer to DCs. This means defining the DC responsible for delivering the
products to each customer, once a shipping order is received. The answer to this
question implies not only identifying the assignment of customers to DCs, but also
the products that should be received, stored and dispatched from every DC.
Furthermore, modes of transportation from plant to DCs and from DCs to
customers must be selected among the possible options. These decisions related
to the assignment of customers, assignment of products and selection of
transportation modes set boundaries on the product flow in the network. Identifying
the optimal flow of products through the supply chain becomes the second main
decision of this study. Finally, the third decision of the case requires knowing the
quantity of product flowing through the DCs every year in order to determine the
volume needed in stock. This volume will allow the Company to perform
calculations to set the size of the facilities to build or rent for the next ten years.
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Figure 5: Plant and Potential Locations for New DCs

Figure 5 presents the location of the lubricants plant site in Ontario, the first point of
the supply chain in this case. Additionally, the set of potential locations for future
DCs is indicated. The geographical coordinates of these points as well as customer
locations were given in order to have an accurate measure of distances within the
supply chain. It is worth mentioning that geographical distances are just initial data
that need to be turned into cost, because the optimal solution has to provide the
configuration of the network that satisfies customer demand at the minimal cost.
Obtaining the configuration of the network involves determining the three main
decisions stated before. These can be summarized as selecting the location of the
DCs, identifying the optimal flow of products through the network, and defining the
quantities stored in every DC. To the Company, having this level of detail is one of
its objectives for the phase 3 of the project. From this, the Company will be able to
design an implementation plan, which completes this phase. Phase 3 will be
completed in 2016, to be continued with the implementation and monitoring, which
is the last phase of the project, expected to end in 2017.
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Figure 6: Network Structure to Optimize

Figure 6 presents the network structure addressed in this case, with a graphical
representation of the supply chain to optimize. Here, we can see all the possible
paths a product can follow to reach the final customer. The solution of this problem
involves identifying the least costly route to reach every customer while respecting
the constraints. One way to do this is to evaluate all the possible routes in terms of
costs for all the products demanded. In our case, we cope with scenarios holding
more than 800 customers and more than 600 stock keeping units (SKUs). Every
SKU has its own identification code and needs to be treated as an independent
product. Moreover, when multiple modes of transportation exist between two
points, each mode has to be evaluated to guarantee the optimality of the solution.
The resulting number of combinations, in turn, increases with the number of years
to consider in the problem. Before presenting the costs involved in this supply
chain, it is important to go over the specifications of the products to distribute, and
their main characteristics.
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1.2.3. Type of Products and Modes of Transportation
Two types of products have to be distributed by the resulting network: bulk
products, and packaged products. Bulk refers to products manipulated in large
volumes and without any sort of packaging process. These products are stored in
independent tanks and transported by truck tanks or rail tank cars. Regarding the
tanks, their size usually ranges between 9 000 USG1 and 40 000 USG. Once a tank
is dedicated to store one product, only that product can be put inside to avoid
contamination. As for modes of transportation, there are two options to include in
the supply chain depending on the origin and destination of the products: to ship
products from the plant to any DC, the mode of transportation is by railway, with a
maximum capacity of 23 483 USG per trip, and to deliver the products to a
customer from any DC, the mode of transportation is by truck, with a full truck load
capacity of 6 193 USG per trip.
Packaged products are available in a wide range of small packs ready for
consumption, or in steel and plastic drums. They can be grouped in pallets for ease
of transportation by forklift truck, and stored in common warehouses. Pallets in turn
can be loaded into regular trucks and trains. With respect to the modes of
transportation, there are three options to include in the supply chain: rail, truck, and
a combination of both, known as intermodal. Similar to bulk products, packaged
products travel by rail from the plant to any DC, and from any DC to the customer
by truck. However, the intermodal option is available for the trip from the production
plant to Los Angeles, and from the production plant to Denver. Regardless of the
product or mode of transportation, packaged products have to be moved in pallets,
which have a maximum capacity of 1 800 lbs. Although there are many package
sizes and presentations, they can be consolidated to optimize the cubic volume of
the pallet. Maximum product accumulation level and security specifications have to
be respected in all the cases.

1

U.S Gallon = 3.79 Liters
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For the sake of simplicity, the names of the products are presented with a short
structure in this thesis. It allows differentiating the type of product and the total
number of products, which is 99 for bulk products, and 613 for packaged products.
Table 3 presents the structure of the names used in the coming sections.
Table 3: Types and Names of Products

After understanding the concept of bulk and packaged products, we can see that
the case might easily be extended to other industries distributing these two types of
products. In general, bulk products are those that have completed all processing
stages, but not including, final packaging. As they cannot be measured by eye,
physical measurements such as volume and weight are needed to define
quantities of the product. Storage is usually made in large quantities and special
facilities. Transportation is ensured by large vehicles built to fit the specific
requirements of the product. Moreover, bulk product carriers are limited to
transport one bulk product during the haul to meet health and safety regulations
issued by regulatory authorities. Examples of bulk products can be found in
different industries. Bulk food products are those of the commodity grain market
such as corn, soybeans, canola, and rice, among others. Bulk chemicals are
usually liquids as ethylene, propylene, acetone and others used for the production
in the chemical industry. In the construction industry, products such as sand,
gravel, concrete, and coal are also examples of bulk products.
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In packaged products, storage facilities and trucks can be filled with several
different products that can be inventoried as individual units. Examples of these
products are appliances or furniture. Other items are distributed and sold in the
packaging unit in which they are handled. For example, paper is managed in
reams and in boxes to make storing and handling more convenient. Overall,
packaged products can be hand counted, which makes the main difference with
respect to bulk products. Many different industries can distribute products in this
category, which additionally allows mixing cargo to increase the efficiency of the
truck.
By considering the broad concept of bulk and packaged product, the rest of this
thesis could be seen as a general bulk and packaged products case, rather than a
specific lubricants industry case.

1.2.4. Operational Costs and Constraints
As mentioned before, the optimal solution of this case has to provide the
configuration of the network that satisfies customer demand at the minimal cost.
Therefore, it is imperative to mention all the costs that are involved in the operation
of the supply chain to be optimized in this case, and the constraints that the
solution must satisfy. First, the cost structure for both bulk and packaged products
is listed as follows:


Manufacturing cost: The total cost of producing one USG of the product. It
includes all the manufacturing costs of the plant in Ontario.



Transportation cost from the plant to DCs: The total cost of preparing and
moving one USG from the plant to the DC. It includes the freight rate of the
carrier and the fuel surcharge (FSC), a charge that was designed to allow
transportation companies to adjust to the uncertain prices of fuel.
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Transportation cost from DCs to customers: The total cost of preparing and
moving one USG from the DC to the customer. The type of truck depends on
the type of product. Some customers within a distance of 160 miles from the
DC may not require delivery.



Handling cost: The cost of receiving one USG of product in the DC and
preparing a shipment for the customer. It includes movements of products and
pick-up processes.



Holding cost: The cost of storing and maintaining one USG of product in the
DC for a period of time.



Tank preparation cost: Initial fixed cost in period 1 for opening a tank for bulk
products. There is no fixed cost for packaged products as per the information
provided by the Company.

Regarding the constraints, the Company wants to make sure that customer
demand is satisfied for the next ten years. Capacities of facilities and modes of
transportation cannot be exceeded. Additionally, minimal quantities to store or
transport are provided by the Company according to agreements with third-party
logistics providers, infrastructure restrictions or regulatory compliance.

1.3. Problem Statement
In order to better state the aims of this thesis, the objectives are described as
follows:


Preparing and validating the data to represent the logistics network required by
the Company to distribute lubricants throughout the United States.



Adapting the existing optimization model to the specific case. This includes the
following steps: presenting the values to assign to the needed parameters,
accommodating the data into the optimization model, and selecting the
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constraints of the model to ensure the accurate representation of the supply
chain.


Presenting and analyzing the results yielded by the model. This includes
solutions for the following decisions: selecting the location of DCs, identifying
the optimal assignment of customers to DCs, the assignment of both bulk and
packaged products to DCs, determining the optimal transportation mode, and
defining the quantity of product to store in every DC in order to estimate the
size of the facilities.

1.4. Thesis Outline
After the introductory part of this thesis, the thesis is structured as follows: an
overview of the most relevant literature related to the case is presented in Chapter
2, a description of the original mathematical model, of the variables, and of the
possible extensions is given in Chapter 3. The preparation of the model to the case
and cost structure is presented in Chapter 4. The accommodation and
transformation of the data into the model is presented in Chapter 5. The results
and the analysis of the numerical experiments are provided in Chapter 6, finally,
the conclusion and future research directions are presented in Chapter 7.
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2. Literature Review
This chapter presents a brief overview of the literature and previous research
related to logistics network design problems. The objective is to make reference to
the main contributions that allow a better understanding of the problem addressed
in this thesis. This literature review provides a starting point for representing the
logistics network of the lubricants company, and solving the problem previously
described. Finally, the scarce literature about cases coping with bulk products, and
attempts to solve problems in the lubricant industry or similar industries is
discussed.

2.1. Supply Chain Network Design
In order to enhance customer satisfaction and control costs in the business, an
efficient and effective supply chain network is needed. Integration of suppliers,
manufacturers, distributors, and customers are essential for the efficient
management of the supply chain. Planning activities have to ensure collaboration
between all the entities in the supply chain, including customers, in order to meet
their demand and increase the value of products and services offered. To achieve
this main objective of the supply chain, a proper network design is required while
costs and quantities in the entire network are optimized (Sha & Che, 2006).
The first efforts to optimize and design distribution systems attempted to identify
the optimal warehouse locations by minimizing the transportation cost from the
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warehouse to the customer. Many contributions, extensions, and modifications
have been proposed to this classical facility location problem.
2.1.1. Facility Location
The first broad concept to address is related to facility location problems, which aim
at finding the optimal location to carry out the purpose of the facility. Some
applications are related to the location of fire stations, schools, waste disposal
facilities or hospitals among a list of multiple real situations that require a solution
(Daskin, 2008). In more typical situations, the objective is to serve a group of
customers with certain demand. The basic problem consists in locating a single
facility that minimizes the total travel distance to reach the customers in a
continuous solution space (Weber, 1929). This is known as the Weber problem
due to its author, who is considered as one of the pioneers of location modeling
(Daskin, 2008). The problem becomes more complex when the number of facilities
increases from one to several.
With many different types of problems and solution methods, a classification of
possible situations arose as taxonomy of location models. Daskin (2008) presents
a classification of models based on geographical assumptions about where the
facilities can be located. The classification contains four types of models. The first
one is the group of analytical models, which assume that customer demand is
dispersed uniformly throughout an area and facilities can be placed anywhere
inside the area. These models are the simplest but are not necessarily realistic.
However, they provide the basis for the second category: continuous models. In
this case, the models assume that the demand occurs at some specific points
(nodes) in a region, thus lines (edges) connecting a single facility to customers can
be drawn, and the solution is the location that minimizes the distance between the
facility and the demand nodes. However, as analytical models, the facilities can be
located anywhere in the plane. Even though this category is closer to real market
situations, the solution is still unrealistic due to the lack of constraints on the
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locations. The third type consists of network models. They assume that both
demand and facilities are located only on nodes or links of the network; thus the
optimal solution is the location permitting the minimal distance between the facility
and the customers. This represents an even more realistic situation. Edges are
equivalent to the routes available to join a couple of customers between
themselves or with the facility. Finally, the last category and most relevant for our
case is the discrete models, where demand is present on the nodes and, unlike the
third type of models, facilities can be selected only from a pre-defined set of
potential locations (Daskin, 2008).
Among discrete models, we find the p-median model (Hakimi, 1964), where p
facilities must be located to serve all the customers and minimize the total
weighted distance between facilities and customers. The weight of a customer
usually corresponds to its demand. Due to this weighted sum, the solution is likely
to propose locations near the nodes with high demand. With respect to the
constraints of the model, they guarantee that every customer is assigned to one
potential facility, that the facility is open if customers are assigned to it, and that
exactly p facilities are selected. Its solution, according to the objective function and
constraints mentioned above, often looks like the one presented in Figure 7.
Figure 7: Example of a Solution to a p-Median Problem with p = 10

Source: (Daskin, 2008)
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Although the p-median model provides a rational solution in several real contexts, it
ignores that the fixed costs of opening and operating each location can be
different. When including this aspect, a new problem arises: the problem is called
the Uncapacitated Fixed Charge Location Problem (UFLP) (Balinsky, 1965). This
problem minimizes the sum of the fixed cost and the variable transportation cost.
This is done by simply adding a fixed cost for every facility that is open to the
objective function. Moreover, a cost per mile can be added to the original
formulation of the p-median problem which considers only distances. The
constraints, also similar to those of the p-median model, ensure that every
customer is assigned to one facility, and that the facility is open if customers are
assigned to it. The number of facilities to open is usually not restricted in this case
as the objective is to minimize the total cost.

2.1.2. Configuration of the Network
After the broad concept of facility location problems, the next step in supply chain
design is the concept of network configuration. Apart from defining the optimal
location of warehouses to serve customers, the logistics network considers a wider
number of decisions. These decisions usually involve the number and capacity of
plants and warehouses, the assignment of products to plants, the selection of
suppliers and transportation modes, and the flow of products through the network.
A first effort to design and optimize a distribution network was proposed by
Geoffrion & Graves (1974). Their contribution aimed to represent a distribution
system formed by 14 plants, 45 possible distribution centers (DCs), and 121
customer zones. Moreover, the linear programming model managed 17
commodities, which are the equivalent of finished products. The DCs to open are a
decision variable to be selected by the model while the objective function
minimizes the total cost. The optimal assignment of customers to DCs is also part
of the solution, which determines the quantity to ship of every product from the
plant to the DCs, and from the DCs to customers. The total cost results from the
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sum of fixed and variable costs. A fixed cost is incurred when a DC is opened.
Variable costs are calculated according to the quantity of units produced at every
plant, plus the cost of transporting the commodity to the DC and then to the
customer. The constraints of this model ensure that customer demand is satisfied,
that capacity of plants and DCs are respected, and that each customer is assigned
to one DC (Geoffrion & Graves, 1974).
A couple of relevant features of the work described above are worth mentioning
since they are still valid today. Firstly, the authors allow the case where
commodities are shipped to customers directly from the plants rather than from
DCs. This is done by adding a fictitious DC where the cost is adjusted so that only
the cost of the real trip, i.e. from the plant to the customer, is accounted for.
Therefore, the fixed cost and transportation cost from the plant to this DC is set to
0, and the transportation cost from this fictitious DC to the customer is now set to
original transportation cost from the plant to the customer. Secondly, the model
does not allow any customer to be served from more than one DC or one plant.
This single sourcing constraint is imposed with binary variables that represent the
assignment of customers to DCs.
An extension of the distribution model presented before was proposed by Pirkul &
Jayaraman (1996) where plants, and not only the DCs, were included as decision
variables. Here, plants to be opened are selected among a set of candidates plants
with different capacities, and each plant has a fixed cost for establishing and
operating the plant. Therefore, the total cost to be minimized includes fixed cost for
both plants and DCs, and all the variable costs to distribute products through the
network. The authors claim that including plants in the problem benefits
productivity in manufacturing activities since the results of the model can be used
as an input for the manufacturing plan. This is possible because the solution of the
problem includes the units to produce for every product at every plant. Moreover,
this production plan ensures that total production of all the plants will satisfy
customer’s demand, while previous models met this constraint only from the DCs
(Pirkul & Jayaraman, 1996).
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Going backward in the logistics network, the missing link to complete the chain is
related to the selection of suppliers responsible for the procurement of raw
materials to the plant. An integrated model that addresses procurement,
manufacturing and distribution was presented by Cohen & Lee (1988). With
regards to procurement and manufacturing, the two stages that make their
contribution relevant, the authors consider the transformation of raw material into
finished products. To make this transformation possible, a set of suppliers has to
provide the items required for the bill of materials (BOM) defined for each product.
The items must be in stock to pass through the production process, resulting in
another stock of finished products. Multiple stocks at every stage lead to an
inventory control system that impacts the entire network. The model considers also
the cost of holding and handling inventory, as well as the shortage cost related to
delays in the manufacturing stage (Cohen & Lee, 1988).
After the emergence of the key concept of integration, much literature has been
written about supply chain network design. An effort to aggregate and analyze a
huge portion of literature as a whole was done by Melo, Nickel & Saldanha-daGama (2009). The authors selected articles published between 1998 and 2008 to
be analyzed. The selection criteria led to articles integrating multiple stages in the
supply chain and excluding simple location facility articles. Moreover, only discrete
models were taken into account, and finally a relevant research contribution in
logistics was necessary to be in the scope. A resulting list of 98 articles from 19
journals was sorted and classified in order to obtain global conclusions. Of this list,
56 articles were published in 2004 or later and 44 articles were issued in the
European Journal of Operational Research. A classification of optimization models
showed that in the objective function 75% aim to minimize the costs involved in the
model, 16% maximize profits, and 9% can be used for either minimizing or
maximizing purposes (Melo et al., 2009). Under the profit maximization criterion,
satisfying the demand might not be compulsory for the company. Companies could
be willing to lose customers in order to increase profits, while satisfying the
demand is a constraint in cost optimization models. Regarding the method used to
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solve the problems with a single objective, the literature was sorted in two main
categories: specific algorithm and general solver. The former refers to algorithms
tailored to solve problems with multiple objectives. The latter is based on
mathematical optimization software that uses mixed integer programming models
to solve a given formulation. Each category can solve a problem to optimality,
which is classified as an exact solution, or in a heuristic way, which means that an
optimal solution cannot be guaranteed.
According to the classification done by Melo et al. (2009), the category “specific
algorithm, heuristic solution” is present in most of the literature in the study. This
method is used to solve more complex problems with many variables in the
objective function. Variables are related to the decisions to be made in the different
layers of the logistics network. Although the heuristic method does not guarantee
optimality, it provides a satisfying result for most common logistic network design
problems. The category “specific algorithm, exact solution” is used in 30% of the
literature. It includes solution techniques such as branch-and-bound and branchand-cut, in which optimality can be reached. The third category is “general solver,
exact solution”, where the software can find either, an optimal solution or a near
optimal solution, for which a gap is defined in advance. In the “general solver,
heuristic solution” the optimization software keeps running for the time specified.
When the software stops the best solution found at that moment is taken as the
result. The division of these categories among the literature analyzed by the
authors is summarized in Figure 8.
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Figure 8: Solution Methods for Supply Chain Network Problems

Source: (Melo et al., 2009)

The model we used in this thesis can be classified in the category general solver,
exact solution. For our case, the optimality tolerance was set in 1%, which means
that the mathematical solver is required to find a feasible solution within 1% of
optimality. The model also presents an option to set the time limit to solve the
problem. By setting this parameter, the model could be executed as a heuristic.
From the literature surveyed by Melo et al. (2009), the papers more relevant for our
case are discussed next in further detail. Even if none of the articles deals with a
lubricants industry case or similar, many of them present contributions in terms of
solution approach and methodology.
A real-world case about the relocation of warehousing facilities is presented by Min
& Melachrinoudis (1999). In the case, an American manufacturer of aluminum bars
wants to relocate its current distribution facility from Boston to one of ten proposed
sites. In the paper, the name of the manufacturer is disguised with the name
“Alpha”, a request from the managers in order to avoid any impact on their
employees’ morale. Alpha’s candidate locations are cities in the states of Maryland,
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Pennsylvania, and West Virginia, places that allow a good level of transit time to
customers. Locations have also the land space needed and the suppliers to build
the facility. Proximity to intermodal transportation, tax incentive packages, and
access to skilled workers were attributes of the ten locations. The problem for
Alpha is to select the location that maximizes long term profitability. This involves
analyzing the trade-offs among all the variables, and evaluating the sensitivity of
relocation decisions when priorities change. The authors used a decision-aid
method known as analytic hierarchy process (AHP). This method required to
identify 33 location factors that were aggregated in six categories: site
characteristics, cost, traffic access, market opportunity, quality of living, and local
incentives. Then, every category received a weight according to its relative
importance in the relocation decision, and finally, facilities were ranked by each
criterion. Calculations yielded a score per facility resulting in a general ranking of
candidate locations. A sensitivity analysis was later performed by changing the
weights of categories according to possible changes in priorities. Efficiency and
simplicity of the proposal to support facility relocation decisions are the main
contributions of this paper.
A mathematical model to optimize a multi-product multi-echelon distribution system
was proposed by Lin et al. (2006). Here, the system is composed of plants,
consolidation centers (CC), distribution centers (DC), and customers. As multiple
products can be produced in independent plants dispersed in a region, the CC
consolidates products that are then sent to DC. However, the inventory is held only
at DCs. The decisions considered the number and location of CCs and DCs, the
inventory level of products at the DCs, and the routing of shipments from plants to
customers. The results include also a measure of service level as a percentage of
customers covered within a certain time or distance. Due to this service measure,
there is a trade-off with the number of DCs, since more facilities can provide a
higher service level, which in exchange also results in a higher cost. The objective
of the model is to minimize the sum of the transportation costs, the fixed costs for
opening a CC or a DC, the inventory costs, and the penalty costs for customers out
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of the range of service. To define the inventory level, the authors set a constraint
that ensures that for each product the DC holds enough inventory to avoid a stock
out during the replenishment time. Stocking out is defined as the probability of
having a higher demand than the amount in inventory during the needed lead time
to replenish the DC. This integrated view of transportation cost, inventory cost and
level of service, is the main contribution of the paper.
Another model that combines location decisions with inventory and flow variables
was presented by Syam (2002). With a supply chain structure more similar to our
case, the author copes with a case of three factories, three warehouses, and two
destinations. The objective is to identify the optimal locations to be opened and the
optimal paths to reach the final destination at the minimal distribution cost. The
objective function includes the inventory ordering cost, holding cost, handling cost,
transportation cost and manufacturing cost. There is also a fixed cost for opening a
facility. The ordering cost is incurred every time a movement of products between
facilities is done. A variable defined as “cycle time” represents the frequency of
shipments per product between two facilities. Then, the holding cost is computed
as a percentage of the value of the products in the warehouses. The percentage
can be set differently for each warehouse. Finally, the handling cost results from a
unit handling cost per product and per warehouse times the quantity of the product
flowing through the warehouse. The focus on inventory costs by the author is the
main relevant aspect for our case.
A production and distribution network with suppliers, plants, and warehouses is
optimized with a combined model proposed by Jang et al. (2002). Decisions about
the selection of suppliers, location of plants, and warehouses were addressed with
three fragmented models. The first model optimizes the transportation cost for
outbound logistics, which connects warehouses and customers. Its results are
used in the second model, which focuses on inbound logistics. This model
minimizes the cost of operating plants and transportation of raw material from
suppliers to plants. Here, a bill of materials (BOM) is incorporated; therefore, a
product can be produced by assembling multiple products in specific quantities.
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Finally, a third model is composed of the two initial sub-problems, with more
capacity constraints. This yields a better solution by removing the most expensive
warehouse from the initial solution. The value of this paper is the use of
fragmented models, which integrates production and distribution sub-problems that
are difficult to solve simultaneously due to the number of integer and binary
variables.
An aspect that was not considered in the four previous papers that have been
discussed is the possibility of optimizing a supply chain with multiple periods. Melo
et al. (2006) proposed a model to cope with the relocation of facilities over a longterm planning horizon with fluctuating demand. The model solves many decision
variables simultaneously related to the location and capacities of warehouses. As
the authors claim that network planning decisions should always consider several
time periods, they focus their attention on decisions that can be influenced by
future demand. The model offers the possibility of dynamic facilities than can be
relocated from one period to another. It also considers capacity expansion or
reduction for warehouses and the option to close or open a new location among a
set of candidates. As the total cost to minimize is based on this flexible attribute,
the model includes not only transportation and holding cost, but also fixed
maintenance cost, relocation cost, installation cost, and shutdown cost. Installation
costs, which are charged the period prior to the setup, account for property
acquisitions, facility constructions, preparation of new infrastructure and traffic
access. All these dynamic aspects appear when dealing with a multi-period
problem, which are relevant for our case which considers a ten-year horizon.
Another aspect for which little literature is available is the use of multiple modes of
transportation. Eskigun et al. (2005) proposed a model that considers the location
of warehouses, lead times and transportation modes. The objective is to minimize
the transportation cost, lead time related cost, and fixed cost of opening a facility.
The outbound supply chain considers rail to send products from the plant to
warehouses, and trucks to ship products from warehouses to customers. This
transportation structure is similar to the one of our case. Additionally, in both cases,
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the products can be dispatched to customers from the plant by truck when
profitable. The combination of the two modes of transportation, rail and truck, has a
direct impact on the location of warehouses due to cost differences. As rail is
usually cheaper, it is optimal to come as close to the customer as possible by this
mean, and travel short distances by truck. However, for customers located
between the plant and the warehouse, the solution might result in travelling first to
the warehouse and then to the customer. This would be a longer distance but
would also be a cheaper alternative. In the model, this trade-off between cost and
lead time is optimized.

2.2. Research Background in Similar Cases
After having reviewed some of the abundant literature on network design, we now
move on to discuss some of the scarce work done in supply chain optimization with
bulk products. Literature pertaining to the lubricants industry and similar industries
is then presented.

2.2.1. Proposals with Bulk Products
As mentioned in Section 1.2.3, our case might be extended to other industries with
bulk and packaged products. Here, we make reference to literature with proposals
to solve problems that deals with bulk products.
Huang et al. (2010) presented a proposal to minimize the cost of a future supply
chain of bioethanol, an energy source obtained from the distillation of corn, rice,
and wheat, among other biomasses. The case study considers eight candidate
feedstock field locations in California. The aim was to identify the potential
requirement of infrastructure to serve the state demand, which is aggregated by
cities. Moreover, depending on the cost of operating the supply chain, the
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distributor could know if the gallon of bioethanol might be offered at a competitive
cost. This aspect is relevant to define the feasibility of the project to reduce oil
dependence in the long term. The resulting supply chain configuration provides
location of feedstock, refineries, and storage centers to efficiently serve the cities.
The case deals with two types of bulk products: first, bulk solids that have to go
from the feedstock fields to the refineries, second, bulk liquids, which is the ethanol
leaving from the plant until it reaches the final customers. The former are
measured in tons and the latter in gallons. Every product requires a different truck,
which entails different capacities, cost of transportation, and cost of loading and
unloading. Besides all these variables that are included in the objective function,
the long term is also considered in the model through the forecasted demand and
future procurement of raw materials. When demand of ethanol exceeds the supply
of the feedstock in one period, the ethanol has to be imported from other states.
The multi-period attribute ensures that the cost is minimized for the entire planning
horizon. With the resulting supply chain of this model, the authors showed that with
the optimal configuration, the cost of producing and distributing one gallon of
ethanol could be as low as $1.1 in the midterm. This cost makes the project
feasible, a goal that according to the author is only possible with the optimization of
the entire supply chain over the whole planning horizon.
Another case in literature is related to BP’s strategy to introduce liquid hydrogen as
a clean source of energy worldwide. Hugo et al. (2005) presented a model to
evaluate the cost, operability, reliability, and environmental impacts of this
alternative. The model provides the optimal solution to satisfy the forecasted
demand with the minimal infrastructure investment level in the long term horizon.
The model optimizes the trade-off between the investment and the impact on the
environment. The distribution network is essential to achieve the goal of the
project. Gaseous hydrogen can be distributed in pipelines, while liquefied hydrogen
can be transported by ship, rail, or truck tanks. As it is for every bulk product,
transportation modes and storage facilities require specific conditions. This means
that investments in new infrastructure across the supply chain are the main criteria
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to consider the feasibility of a project of this magnitude. The case deals with
hydrogen demand forecast from 2004 to 2038 for regions. Three stages are
considered during this period of time: market introduction, wider commercialization,
and maturity. The model selects the optimal configuration of the network for the
long-term horizon, which includes the amount of liquid hydrogen to be shipped by
truck, and the gaseous hydrogen moved by pipelines at every period.

2.2.2. Proposals in the Lubricants and Oil Industry
Regarding the lubricants industry itself, Fanchao et al. (2009) presented a model to
optimize inventory lubricants costs while considering the level of service. The
trade-off between costs and level of service is achieved by a what-if analysis. The
model allows to represent a complete supply chain with suppliers, plants and
warehouses, with all the costs related to hold inventory. Then, after setting up the
variables for likely stochastic situations, the software runs multiple simulations for
predefined scenarios, and yields the average resulting cost of each scenario.
Finally, the model selects the network configuration with the minimal average cost
while satisfying the desired level of service, which is measured as the fill rate of
customers’ orders. Although the model neither optimizes the entire supply chain
nor supports location facility decisions, it provides a good approach to make
decisions about inventory management such as inventory level and safety stock.
The contribution to our case is the particular variables of the industry it takes into
account. In order to simulate a real system, the model allows setting parameters as
number of plants, cost factors, plant efficiency, assignment policies and scheduling
policies. Moreover, since dealing with considerable-volume materials with slight
differences among themselves, the customer orders can be defined by the types of
products, the grades, the packaging, and the delivery windows. Products that
customers receive out of the time window can have a penalty. Finally, as lubricants
require expensive and sophisticated transportation equipment and storage
facilities, the impact of technology can be included in the tool to be simulated.
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Another approach that considers supply chain optimization in a similar industry is
presented by Lasschuit & Thijssen (2004). The authors presented a tool based on
a mixed-integer non-linear programming (MINLP) that supports decisions related to
supply, manufacturing, and distribution in the oil industry. The novelty argued in the
paper is that the model is designed for an industry where there are more products
than raw materials, and prices are highly volatile. To manage this aspect a flexible
price can be assigned to each product with an elasticity function. The objective of
the model is to minimize the distribution cost by optimizing manufacturing volumes,
rationalizing plants, warehouses and transportation modes. The costs included are
transportation, handling, and holding costs among other variable costs. Fixed costs
of processing lines, operating warehouses, and initial investments to start a facility
are also taken into account. Although many useful aspects for our case are
presented in the paper, the authors focus their attention on presenting the
attributes and benefits of their tool to users, rather than explaining the
mathematical model providing all those virtues. This fact can be attributed to the
commercial purposes of the tool, rather than a research driven contribution.
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3. General Optimization Model
This chapter describes the original model used to represent and optimize the
logistics network of the Company. First, we comment the origin of the model. Then,
the mathematical formulation is explained, and finally, a set of possible extensions
to the original model are presented. This model is based on the work of Cordeau et
al. (2006) and was later extended by Cordeau (2014).
3.1. Origin and Conception of the Model
Cordeau et al. (2006) introduced a flexible formulation for the logistics network
design problem (LNDP). The model addresses a deterministic context and can
solve single-country and single-period problems.
The flexible formulation presented in the paper allows to define the quantity,
location, and capacity of suppliers, plants and warehouses. Also, multiple
transportation modes with their own capacity can be used to link the points.
Additionally, from the set of products flowing through the network, a range can be
assigned to each facility and transportation mode. This functionality allows to
represent that a specific raw material can be provided by only a set of suppliers,
moved using only some transportation modes and stored at only some
warehouses. The same applies to finished products that can be manufactured at
only some plants or distributed to customers in a limited area. As the minimal size
of a set can be one, a range of products could be forced to flow through a
particular point or mode of transportation. All these variables make it possible to
represent virtually any logistics network in order to optimize the total cost by using
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the model presented by the authors. Moreover, the model can support decisions
related to the improvement of a logistics network. In their paper Cordeau et al.
(2006) classify those decisions in three categories that can be summarized as
follows:

Category

Strategic

Tactical
(Medium-Term)

Operational
(Short-Term)

Decisions Involved
Choices about the number, location and capacity
of manufacturing plants and warehouses as well
as the technology to use.
Selection of suppliers, distribution channels and
modes of transportation as well as assignment of
products to plants and warehouses.
Selection of raw materials, semi-finished and
finished products flowing through the network.

Source: Summarized from Cordeau et al. (2006)

The LNDP provides a solution for all the categories while minimizing the sum of
both fixed and variable costs needed to operate the logistics network. Satisfying
demand is imposed as a constraint in the model to ensure useful results. The
formulation considers the stages of procurement, production, warehousing and
distribution simultaneously. Due to the integration of the solution, larger benefits
are yielded for the entire network compared to the results when every stage is
solved independently (Cordeau et al. 2006).
Cordeau (2014) extended the formulation of the LNDP to include more possible
configurations, and more possible constraints. Firstly, among the new variables,
the most relevant one refers to the amount of inventory to have in the warehouses
at the end of each period. This variable quantity multiplied by the unit holding cost
of the product is present in the objective function, leading to consider the inventory
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cost as a new tactical decision. Secondly, regarding the new possible
configurations, the model includes the value of the gross revenue of selling the
products to the customers. This allows the objective function to maximize profit
instead of minimizing cost. Lastly, a limit on CO2 emissions produced by the entire
network can be imposed. This environmental constraint meets recent trends in
logistics and anticipates coming governmental regulations, since maximum
amounts of gas emissions can be adjusted for every future period in the model.
Among the improvements in the more recent model compared to the initial
formulation of the LNDP, there are two aspects that are relevant to solve the case
of the Company. First, the inventory available at the end of each period permits to
create the link with the next period. This attribute makes the model a multi-period
one instead of a single-period model. A key condition for our case is that we must
consider a ten-year planning horizon. Second, bounds can be imposed on
inventory levels for each individual product and also for a set of products that are
stored together in the same warehouse. In our case, bulk products are stored
individually in big tanks, while packaged products are stored on traditional pallets
inside the same facility.
Due to the features mentioned above, the model of Cordeau (2014) is the one
used in this thesis to represent the logistics network of the Company and to provide
a solution to the points mentioned in Section 1.3. The detailed formulation is
presented in the next section.

3.2. Mathematical Model
We now summarize the original model introduced by Cordeau et al. (2006) and
extended by Cordeau (2014).
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3.2.1. Notation
Different products flow through a supply chain. The raw materials going from
suppliers to the plants are aggregated into a subset R. Two or more raw materials
assembled in the plant may produce items that belong to subset A, which
represents the assemblies. The combination of two or more assemblies, which are
intermediate products in the manufacturing process, form another assembly or a
final good. The subset of final goods is denoted as F. Additionally, combining
assemblies with raw materials can also lead to final products. As final products are
the items demanded by customers, they are the products going from the plant to
the warehouses and then delivered to customers. The whole set of commodities
within the supply chain is denoted as K, thus K = R ∪ A ∪ F.
Among all possible values for k ∈ K, some items k ∈ R ∪ A may be required to make
an item k ∈ A ∪ F. The subset of items required to make k is Bk ⊆ R ∪ A. Similarly, for
every raw material or assembly l ∈ R ∪ A, there is a subset of products that require l
for their production. This subset, denoted with K l ⊆ A ∪ F, allows to define the
number of items requiring l in their bill-of-materials. In order to represent the units
needed of l ∈ Bk to produce one unit of k ∈ K, let bkl be the quantity of units of l
required to produce one unit of k. The option of having intermediate products in the
bill-of-materials of other products makes it possible to recreate multi-level bill-ofmaterials, which are useful for complex manufacturing process.
Regarding the entities that participate in a supply chain, a notation is assigned to
suppliers, plants, warehouses and customer. Let S be the set of suppliers that are
in charge of providing raw materials. As only some suppliers can provide certain
items, the subset S r ⊆ S represents the suppliers that can supply raw material r ∈ R
to the plants. The set of plants is denoted as P, where each plant p ⊆ P can produce
a set of items. The subset of plants that can produce item k ∈ K is Pk. Alike, the set
of warehouses is denoted as W and the subset of warehouses that can store and
handle item k ∈ K is W k. Finally, let C be the set of customers demanding final
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goods as they are at the end of the supply chain. Every customer c ∈ C may
represent a point of demand with a specific location or a zone of demand if
aggregation is considered adequate. Defining the correct level of the size of the
zone depends on the optimization purpose, since aggregation might impact the
accuracy of results.
In order to determine the feasible flow of commodities within the supply chain,
points of origin and destination have to be defined. First, points of origin can be
suppliers, plants and warehouses. If O is denoted as the set of points of origin, thus

O = S ∪ P ∪ W. Second, the set of points of destination D, can be plants,
warehouses and customers, thus D = P ∪ W ∪ C. Once the nodes of the network are
defined, the next step requires indicating the subset of origins and destinations of
every commodity k ∈ K. The subset Ok ⊆ O and Dk ⊆ D represent potential origins
and destinations for item k, respectively. Additionally, the items k ∈ K that can be
received or dispatched from node o ∈ Ok ∪ Dk, is represented as subset Ko. The
adequate definition of these subsets ensures that items can flow through the nodes
and reach their final destination.
As nodes in the network usually have a capacity, upper bounds need to be
imposed. The capacity of one node is defined by two variables: the amount that
can be received of each item, and the amount that can be dispatched. The output
capacity of every node o ∈ O is denoted as qo, and

is the amount of units of

capacity required by one unit of item k ∈ Ko to be dispatched from node o. As the
unit of measurement of the node can be different than that of the items,

may be

used as a transformation factor to convert all measures into equivalent units.
These variables allow assigning a maximum general capacity to the point of origin.
However, a specific capacity for each item k ∈ K is often required. This upper
bound of the units of item k that can be dispatched by point of origin o is denoted
as

. This value limits the output of the item for one node regardless of the

destination. For situations where the amount of item k to be dispatched from origin

o to destination d ⊆ D must be limited, the value

can be used as a bound.
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Once the points of origin and destination are defined as well as their capacity, the
transportation modes linking the nodes of the network have to be included. Let Mod
be the set of modes of transportation available between point o and d. To indicate
if a mode of transportation m ∈ Mod is selected among the options to link the two
points, the binary variable

takes the value of 1. Many modes m can be used to

link two points. Although the selection depends on the cost, the load capacity
available for every item might lead to use more than one mode. With respect to the
cost, every mode of transportation may consider a fixed and a variable cost. Let
be the fixed cost of using mode m from origin o to destination d, while
represents the cost of transporting one unit of item k, between o and d. With
respect to the capacity, the variable

represents the capacity of mode m from

the origin to destination indicated, where ukm is the capacity required by one unit of
item k in mode m. Additionally,

⊆ Mod represents the subset of transportation

modes available between o and d for item k. Then, as the amount of products to
move may change from one period of time to another, every period needs to be
defined as t ∈ T. The number of units going from point o to d of item k by mode m
at period t is defined as

. This value multiplied by the unit transportation cost

gives the total variable cost for every period. For example, the variable cost of
transporting finished product f by mode m at period t from warehouse w to
customer c is given by

.

When coping with node w ∈ W it is important to consider that a warehouse is the
only location that can hold stock from one period to the next. This entails a final
inventory at the end of period t for which a holding cost has to be paid. To
represent this, let

be the amount of inventory of item k at the end of period t at

location w. Similarly, let

denote the cost of holding one unit of item k for one

period of time at location w. The inventory ensures the link between period t-1 and

t ∈ T. The length of the period impacts the demand of the period. Let

be the

number of units of finished product f in period t demanded by customer c .
Finally, other binary variables take the value of 1 when the node is selected, which
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permits to include the fixed cost for opening a candidate location, which can be a
plant or a warehouse. For node o ∈ O the variable Uo is equal to 1 if the point of
origin needs to be open; therefore, the fixed cost denoted as co has to be
considered. Similarly, for supplier s ∈ S, the variable Us take the value of 1 if
supplier s is selected to be part of the network. Then, to identify the assignment of
items to the nodes where they have to be produced or stored, the binary variable
equals 1 if item k ∈ K is assigned to node o. The cost related to this assignment
is denoted as

. A final binary variable

takes the value of 1 if item k ∈ K is

dispatched from point of origin o ∈ Ok to destination d ∈ Dk. The cost of activating
that link between points o and d for the commodity k is denoted as

.

We conclude this section by providing a summary of the notation mentioned
before. Table 4 contains the sets within the network, Table 5 the parameters
required by the model, and Table 6 the decision variables.
Table 4: Summary of Notation for Sets
A

Set of assemblies

Bk

Set of items needed to make item k

C

Set of customers

Cf

Set of customers that require product f

D

Set of destinations. D = P ∪ W ∪ C

Dk

Set of potential destinations for item k

F

Set of finished products

K

Set of all items. K = R ∪ A ∪ F

Kl

Set of items that require item l

Ko

Set of items that may originate or be destined to o

Mod

Set of transportation modes between o and d
Set of transportation modes between o and d for item k

O

Set of origins. O = S ∪ P ∪ W

Ok

Set of potential origins for item k

P

Set of potential plant locations
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Pk

Set of plant locations where item k can be made or used

R

Set of raw materials

S

Set of potential suppliers

Sr

Set of potential suppliers providing raw material r

T

Set of time periods

W

Set of potential warehouse locations

Wk

Set of warehouse locations where item k can be stored
Table 5: Summary of Notation for Parameters
Demand of customer c for product f in period t
Amount of item k needed in one unit of item l
Fixed cost of selecting origin o
Fixed cost of assigning item k to origin o
Fixed cost of providing item k to destination d from origin o
Fixed cost of using transportation mode m between o and d
Unit cost for providing item k to d from o with mode m
Cost of holding one unit of item k in node w during one period of time
Capacity of origin o in equivalent units
Capacity of mode m between o and d in equivalent units
Upper limit on the amount of item k shipped from origin o
Upper limit on the amount of item k shipped from o to d
Amount of capacity required by one unit of item k at origin o
Amount of capacity required by one unit of item k using mode m
Table 6: Summary of Notation for Decision Variables
Inventory of item k in location w at the end of period t
Amount of item k provided by o to d with mode m in period t
= 1 if the origin o is selected, 0 otherwise
= 1 if item k is assigned to origin o, 0 otherwise
= 1 if origin o provides item k to destination d, 0 otherwise
= 1 if mode m is selected between o and d, 0 otherwise
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3.2.2. Formulation
The original model to optimize the total cost of the supply chain presents the
following formulation:
Minimize
∑[

∑

∈

∈

∑

]

∑ ∑[

∈

∈

∑ [

∈

∈

∑ ∑
∈

]]

∈

∑ ∑ ∑
∈

(1)

∈

∈

Subject to:

∑ ∑
∈

∑
∈

∑

∈

∈

∑

∑

∑
∈

(2)

k ∈ K; w ∈ Wk; t ∈ T

(3)

k ∈ K; c ∈ Ck; t ∈ T

(4)

∈

∑ ∑
∈

∑ ∑ ∑
∈

l ∈ R ∪ A; p ∈ Pl; t ∈ T

∈

∑

∈

∈

∑

∈

∈

o ∈ O; t ∈ T

(5)

k ∈ K; o ∈ Ok; t ∈ T

(6)

k ∈ K; o ∈ Ok; d ∈ Dk; t ∈ T

(7)

o ∈ O; d ∈ D; m ∈ Mod; t ∈ T

(8)

∈

∑

∑

∈

∈

∑
∈

∑
∈
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The objective function (1) minimizes the sum of both fixed and variable costs
resulting from operating the supply chain with a specific configuration. The first
parenthesis contains the parameters co and

to calculate the fixed cost of

selecting a node in the network, and choosing a mode of transportation. The fixed
cost is considered when the binary variable takes value 1, otherwise the cost
becomes 0. The next parameters in the function are
associated to their respective binary variables

and

and

, both fixed cost

. The fixed costs co and

usually represents land acquisitions, facility building, equipment investment and
government fees. Besides, they are assumed to be paid only once in period 1.
Then, parameter

is associated with a continuous variable to yield the cost of

moving items between two nodes. This parameter represents the variable cost per
unit, as the total value depends on the amount of items flowing in the network. The
cost

is not limited to transportation cost. It may also include the cost of raw

materials when dealing with suppliers, the production cost when the origin is the
plant, and handling cost when the warehouse delivers to customers. Finally, the
variable cost

is also associated to a continuous variable. The result indicates

the cost of carrying inventory in the warehouse, such as capital cost, storage space
cost, inventory service cost, and inventory risk cost.
Constraint (2) is the first of the three constraints that ensure the adequate flow of
items through the network. This constraint guarantees that the amount of items
received in one plant from all possible sources is equal to the amount required by
the plant to meet its production. Thanks to this, the items flow from supplier to plant
in required quantities and to the right destination.
Constraint (3) ensures that the amount of items received in the warehouse plus the
initial amount in inventory at the beginning of the period is equal to the amount
leaving the warehouse plus the final inventory at the end of the period. This
constraint ensures consistency in the inventory of the warehouse and guarantees
the flow of items through the warehouse. Moreover, the fact that the final inventory
of one period is equal to the initial inventory of the next period enforces the link
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between the periods. This link allows considering as many periods as needed for
the network.
Constraint (4) ensures that the total amount of items delivered to a customer is
equal to the demanded amount. This demand constraint guarantees that the items
reach the final point of the supply chain that is the customer. Besides, since the
objective function minimizes cost, demand constraints avoid that the solution takes
the value of zero by simply circulating no item within the network.
Constraint (5) ensures that the capacity needed by suppliers, plants and
warehouses to manage the assigned quantities to the node is less than or equal to
the global capacity available at the node.
Constraint (6) is connected to previous constraint as both ensure that the capacity
of the node is enough to manage the quantity assigned. Complementing global
capacity, this constraint refers to availability of specific capacity for each item.
Constraint (7) ensures that the amount of items moved between two nodes is less
than or equal to the upper limit imposed on the flow from one node to the other.
The constraint also guarantees that the point of origin has been selected to
dispatch to the point of destination.
Finally, constraint (8) ensures that the amount of items moved between two nodes
by a mode of transportation is less than or equal to its capacity.

3.2.3. Extensions
In addition to the original model, Cordeau (2014) proposed several extensions to
cope with different situations. Here, we present the extensions that are relevant to
our case.
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Lower Bounds
Similar to capacity bounds imposed by constraints (5) to (8), the amount of units
moving between two nodes can also has a minimum. Many situations may require
a lower limit on the amount to dispatch. For example, a production batch usually
requires a minimum size to cover fixed cost, or warehouses may demand a
minimum quantity in the orders they receive from their customer to justify delivery
service. These constraints have a similar structure as constraints (5) to (8), but in
order to represent these lower bounds, the inequality sign has to be reversed.
Moreover, the parameters denoted with q are now substituted with , indicating the
minimum amounts. This results in these new constraints:
∑ ∑
∈

∑

∈

o ∈ O; t ∈ T

(9)

k ∈ K; o ∈ Ok; t ∈ T

(10)

k ∈ K; o ∈ Ok; d ∈ Dk; t ∈ T

(11)

o ∈ O; d ∈ D; m ∈ Mod; t ∈ T

(12)

∈

∑

∑

∈

∈

∑
∈

∑
∈

Inventory Level Constraints
Constraints (5) and (6) impose a limit on the total amount of units that can flow
through each node in a period of time. However, warehouses are nodes with
capacity to hold inventory between two periods. That capacity can also be subject
to an upper or lower bound. Similar to capacity constraints (5) and (6), the upper
limit on inventory capacity at the end of the period t for the warehouse w is
represented by ̂

as a specific capacity for each item ̂ . Constraints (13) and

45

(14) ensure these upper bounds respectively.
∑

̂

w ∈ W; t ∈ T

(13)

̂

w ∈ W; k ∈ K; t ∈ T

(14)

∈

In order to impose lower bounds, we need to determine the minimum amount to
have in inventory at the end of the period. This amount may represent a safety
stock or a point of replenishment, and it is defined with a turnover ratio denoted as
. This parameter indicates the times the inventory of item k is “turned” or sold in
period t at warehouse w. Therefore, the quantity in stock is the inverse of

times

the total amount of product flowing through the warehouse.

∑
∈

∑

w ∈ W; k ∈ K; t ∈ T

(15)

∈

For example, if the total amount to be dispatched from the warehouse is 1200 units
and the turnover ratio is 12, thus the amount to have in inventory on average will
be 100 units. In this example the 100 items in stock are sold every month;
therefore, we can say that the average inventory was sold 12 times during the
period.

Single-sourcing Constraints
Finally, to ensure that the total demand of each customer for one product is
dispatched from a unique warehouse, the following constraint can be imposed.

∑
∈

k ∈ K; d ∈ D

(16)
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4. Preparation of the Model to the Case
This chapter explains how the model presented in the previous chapter is fitted to
represent the lubricants company case. After having analyzed the model and its
possible extensions, we defined the values to assign to the selected parameters,
while other parameters are dismissed. After assigning all the values of the case to
represent the supply chain to optimize, the resulting model is summarized.

4.1.

Selection of Decision Variables

As mentioned in Section 1.1, decision variables represent the possible options for
the problem. In other words, the value obtained for the decision variable is the
solution to the case. To make sure the variables will provide the answer needed by
the Company, we firstly need to review the questions of the case and identify which
variables will give the answer. Decision variables of the model were summarized
previously in Table 5.
Regarding the questions of the problem, we defined that the objective of the case
was to identify the configuration of the network that yields the lowest operating
cost. The configuration entails selecting the optimal location of DCs, identifying the
optimal assignment of customers to DCs, and selecting the mode of transportation
between the nodes. Besides, the solution must consider the products to be stored
at and dispatched from every DC, as well as the quantity of product to hold at the
end of each period in every DC. For practical purposes, the DC will be treated as a
warehouse.
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Table 7: Link of Decision Variables to the Case
The solution given by this variable will represent the quantity to
have in stock in every w at the end of period p for every product k.
As the index k will represent 99 products for bulk products with a
ten-year horizon, we can expect 990 variables per DC. With 5
DCs among candidate locations, there are 4 950 such variables in
the model for the bulk products. Similarly, packaged products
dealing with 613 product and 4 DCs should yield up to 24 520
variables as part of the result.
The solution given by these variables will represent the quantity of
each product to flow between two specific nodes by a mode of
transportation in every period. If the amount of product going from
a DC to a customer is higher than 0, it also indicates that the
customer has been assigned to the DC. Also the mode of
transportation has been selected as the optimal one between the
two nodes. Assignment of products and customers might change
from one period to another depending on changes in the demand.

Table 7 explains the decision variables that contribute to the solution of the case
once the model is solved. It contains the two continuous variables in the model.
Continuous means that they can take any fractional value in a certain range. The
lower and upper bound of the range are imposed by the constraints. Note that the
possible number of values that

and

can take is infinite anyway since they

are continuous variables. Unlike continuous variables, binary variables
and

,

,

,

can take only the value of 0 or 1; however, they are also part of the

optimization process and the output contributes to the solution of the case. For
example, if the variable

takes the value of 1 when origin o represents the

warehouse in Denver, we know that this location was selected to be part of the
resulting network. Moreover, binary variables are linked to the continuous variables
through some of the constraints. For example, the continuous variable

can

take a strictly positive value when o represents the warehouse in Denver, only if
variable

is equal to 1, due to constraint (7). This constraint ensures that units of
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item k are not transported from o to d unless origin o is selected as part of the
network. Both continuous and binary variables are needed to answer the questions
of our case.

4.2.

Assignment of Parameters

Although all the decision variables are relevant to the solution of the case, not all
the parameters have to be used to represent the supply chain of the Company.
This occurs because the flexibility of the model allows to represent many different
networks. The model can solve problems considering more levels in the supply
chain and including more decisions to make, such as the selection of suppliers or
assignment of products to multiple plants. Due to these reasons, the second step
performed was identifying the parameters requiring input of data. All parameters
were analyzed before dismissing any. As the data available in companies can
usually exceed the data needed to solve the problem, attention was paid to avoid
putting data in parameters that do not contribute to the solution of the case.
Similarly, if a required variable is missing information, results will be far from
optimality. Finding the right parameters enforced logical thinking, which is one of
the major advantages of using models to optimize a supply chain. To verify the
functionality of the model with the selected parameter, we used a simple example
of the supply chain. In simple networks, results may be anticipated and total cost
calculations may be performed.
In the case of the Company, there are two types of products that must flow through
the network: bulk and packaged products. As there is not any link or relation
between them, we can indeed optimize the bulk and packaged goods separately.
Even if bulk and packaged products can be in the same location, they cannot share
facilities or modes of transportation; therefore, there are no costs subject to
economies of scales, or decisions of one type affecting the other.
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4.2.1. Assignment of Parameters for Bulk Products
In this section we select the parameters that are required to represent the supply
chain of bulk products, and the data to be associated to each parameter.
Parameters of the model were summarized previously in Table 4.
The first parameter to be used is

, which represents the quantity demanded of

each finished product at every period. This parameter is used in the demand
constraint to ensure all customers can be served with the resulting network. The
total forecast demand for the next ten years is presented in Figure 9:
Figure 9: Forecasting Demand for Bulk Products

Although total demand shows an expected increase in the demand, the detail per
product and customer is required as an input to the parameter. Detailed data was
provided by the Company so that the demand per customer and per product is
available. As the solver can handle a large amount of input parameters and
variables, we did not need to aggregate any data related to the demand. Thanks to
this, we can expect higher accuracy in the results. For confidentiality reasons, just
an extract of the data is presented in Table 8.
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Table 8: Extract of Detailed Demand for Bulk Products

For the total demand table for bulk products we cope with 99 products, which are
demanded by 168 customers during the 10 periods. By a simple multiplication, we
know that the table must contain 166 320 values. This is also the number of input
values for the

parameter. Even for customers not demanding a set of products,

the value 0 must be indicated. In Table 8, there are examples of customers with
increasing demand in some products, other customers demanding products only in
some periods, and some customers whose demand for a product decreases with
the time.
The next parameter we need to use is

, which is the fixed cost of assigning an

item to an origin. In our case this fixed cost is related to the preparation of the tank.
Although fixed cost usually refers to the construction cost of the facility, in this case
the Company chooses to rent the facilities. One condition among candidate
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locations was to have a potential facility supplier with adequate infrastructure. In
the case where the construction of a new tank is required, the supplier is
responsible for the initial investment while preparation cost of the tank for the
Company remains fixed. As the fixed costs may vary from one location to another,
it may change the decision of the products to hold at every facility. The product
assignment decision may also depend on the number of periods the product needs
to be at the location. For example, it may be optimal economically speaking to
have product BulkP1 in Denver from period 1 to period 3, but due to a reduction in
the demand it is not from period 4 to period 10. As fixed costs would be sunk costs
after period 1, the model takes this into account in order to evaluate the trade-off in
the long-term. The total cost to optimize is not period per period, but the total cost
for the ten- year horizon. Table 9 presents an extract of the fixed cost per product
and per location. For comparison purposes, the basis cost equals 100 000.
Table 9: Extract of Fixed Cost for Bulk Products

Then, the next parameter we need to incorporate is

, which is the unit cost of

providing an item between two nodes by a mode of transportation. This is indeed
the parameter for which we need to provide many input values, since it depends on
four indices. Moreover, this parameter can represent the costs at the point of
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origin; for example, the production cost of the plant can be added to the trip from
the plant to the warehouse. However, as it is a constant cost in our case and
products are manufactured in only one plant, the manufacturing cost does not need
to be considered. Therefore, it is not added to the parameter. Accordingly,
parameter

represents only the transportation cost. First, the cost to move

products from the plant to every warehouse is presented, followed by the cost to
move products from warehouses to customers.
Table 10 contains the cost of transportation from the plant in Ontario to every
warehouse by rail, which is the only mode of transportation to use in the case. This
was another criterion that was taken into account when candidate locations were
selected. For bulk products, the potential locations are Memphis, Los Angeles,
Denver and Burnaby. Ontario is always considered as it is the main source of
products. Although truck transportation is also an alternative to ship products from
the plant, it should be used only for rush shipments arising during daily operation.
As the supply chain configuration we pursue is designed for strategic and tactical
purposes, short-term circumstances should not alter the result. Another aspect to
consider is that cost structure has to be expressed in the same unit of
measurement to be consistent. Until now, the demand has been expressed in
USG, and the cost in US dollars, thus the transportation cost needs to be
expressed in US dollars per USG.
Table 10: Transportation Cost from the
Plant to Warehouses for Bulk Products
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As transportation rates are usually expressed in distance units, some calculations
were needed to turn them into cost per USG. First, the cost per mile for a rail tank
car was provided for the rail company according to the country and state of
destination. Then, the total transportation cost with all the charges was obtained.
Finally, the cost of every trip was divided by the capacity of the rail tank, which is
23 483 USG, in order to obtain the cost of moving one USG from the plant to a
warehouse. As the cost remains the same for every product due to similar
characteristics, the parameter may take only 5 different values, one for every
warehouse. This is so because in

parameter k does not affect the cost,

parameter m represents only rail, origin o is only one plant, and d is the one giving
the value of the 5 warehouses. A last point to outline in Table 10 is that the cost
from Plant to Ontario is 0. This is to represent that both the plant and warehouse
are located in the same place; however, the plant needs to be represented as a
warehouse to give it the attribute of holding inventory.
Similar calculations were performed to obtain the cost of transportation from
warehouses to customers. In this case we had the geographical coordinates of the
candidate warehouses and the 168 customers. By using a premium distance
calculator software, we obtained the driving distance from every warehouse to
every customer. With 5 points of origin to 168 points of destination, the resulting
table contains 840 distances expressed in miles. The freight rate of the carrier
depended on the state of origin and considers the go and return trip. Although
some cases showed that the destination affected the rate, it happened in less than
5% of cases, and hence we considered that our approach was acceptable. Since
we assume full truck loads, the total cost of every trip was divided by the capacity
of the truck, which is 6 193 USG, in order to obtain the cost per USG. Table 11
presents an extract of the cost of transportation from warehouses to every
customer by truck.
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Table 11: Extract of Transportation Cost from
Warehouses to Customers for Bulk Products

A final remark on Table 11 is the case of trips with zero cost. This occurs because
most of the customers within a distance of 160 miles from the warehouse are
willing to use their own fleet to pick up the product, leading to a cost of zero for the
Company. This aspect may have a significant effect on the results, since the model
will strive to assign products demanded by customers inside this ratio to the
warehouses near the customers, motivated by this “zero cost”.
A last parameter to incorporate is

, which represents the cost of holding one unit

of product k at location w for one period of time. However, as there is another cost
related to handling activities, such as the manipulation of the products, the
parameter ̂

is used to represent the cost of handling one unit of product k at

location w. These independent parameters are associated with every warehouse.
Parameter

affects the final inventory at the end of each period, and ̂

affects

all the units flowing through the warehouse. The 5 different holding and handling
costs are presented in Table 12.
.
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Table 12: Holding and Handling Cost per
Warehouse for Bulk Products

4.2.2. Assignment of Parameters for Packaged Products
Similar to bulk products, we had to select the required parameters to represent the
supply chain of packaged products. As most of the costs refer to the same
concepts, the parameters are briefly presented with the costs data to be associated
to each parameter. The fixed cost of preparing the facilities we had in bulk products
is not needed for packaged products. A more standard operation and facilities
permit to avoid this cost to the Company. As for bulk products, the facilities will be
rented from a third party having already the facilities. Although there is no direct
interaction between the two types of products, some locations are able to store
both bulk and packaged products. These locations are Ontario, Los Angeles,
Denver and Memphis. Having the two types of product at the same location in any
way contributes to simplify administration and managerial tasks.
To continue with the same order of Section 4.2.1, the expected demand to be
associated to parameter

is presented in Table 13.
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Table 13: Extract of Detailed Demand for Packaged Products

The cost of transportation from the plant to every warehouse is denoted by
parameter

. Similarly to bulk products, the origin is always the production plant,

while the destinations are the suitable warehouses for packaged products. The
candidate locations for this type of products apart from Ontario are Los Angeles,
Denver, Portland, and Salt Lake. In this case, the shipments that have Ontario as
their destinations are always considered with zero cost. This occurs because there
is no real distance between the plant and the warehouse in Ontario. Finally, to
dispatch a product to Los Angeles and Denver, intermodal transportation is an
available option. Thus the costs have to be taken into account. Table 14 presents
the cost of transportation from the plant to every warehouse by rail or by intermodal
means when the option exists.
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Table 14: Transportation Cost from the
Plant to Warehouses for Packaged Products

Parameter

also represents the cost of transportation from warehouses to every

customer by truck. With 6 candidate warehouses and 894 customers for packaged
products, the resulting table contains 5 364 distances expressed in miles, the cost
rate per mile per USG, and the total transportation cost per USG. Table 15 shows
the cost of moving one USG for a mile. In this case, transport suppliers provided
the cost by USG since unlike bulk products, the truck might transport different
products to maximize the truck load if regulation allows it. In order to maintain
consistency in all the information, we obtained the cost per USG from all possible
points of origin to all possible destinations. Table 15 presents an extract of the cost
of transportation. Similarly to bulk products, customers within a distance of 160
miles from the warehouse are willing to use their own fleet to pick up the product,
leading to zero cost for the Company.
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Table 15: Extract of Transportation Cost from
Warehouses to Customers for Packaged Products

The values for the last parameters

, and ̂ , which represent the holding and

handling cost respectively at every warehouse, are presented in Table 16.
Table 16: Holding and Handling Cost per Warehouse for Packaged Products
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4.3.

Selection of Constraints and Extensions

After having assigned the costs of the supply chain to the parameters needed in
the objective function and in the constraints of the original model, we selected the
additional constraints needed for the case. The subset of constraints that can be
removed while achieving a feasible solution was presented in Section 3.2.3. To
ensure a faithful representation of the supply chain of the Company, we verified all
the constraints before dismissing any of them. Selecting the right constraints
ensures the solution will comply with the limits of the case.
Among the constraints of the original model, presented in Section 3.2.2, some of
them are needed to ensure a feasible solution. Those constraints are: the inventory
consistency constraint (3), and the demand constraint (4). It is worth mentioning
that constraint (2) is a must for problems including the flow of items from suppliers
to the plant to ensure the flow conservation. For our case, constraint (3) ensures
also the flow of items from the plant to the customers. To properly model the
supply chain of our case, we need to incorporate other four constraints.
The first set of constraints to include is the lower bound for the amount to transport
between the plant and the warehouses for bulk products. As rail tank cars are used
in this trip and as they are exclusive for one product, a minimum filled level of 10%
is required for security reasons. This is 2 348 USG per product that must be
assigned to parameter

in constraint (12). This minimum amount does not apply

for the products dispatched from the plant to Burnaby, since shipments below the
minimum level can be filled and then used to serve local market.
The second constraint to add is the inventory level constraint of the warehouse.
The lower bound to impose to each item is presented in constraint (14). With this
constraint we can impose the minimum desired capacity usage of the tank for bulk
products, which is 9 000 USG. This value has to be assigned to parameter ̂

and

has to be repeated for every item and period in the problem. Note that we need to

60

reverse the inequality sign in the constraint to ensure we are imposing a lower
bound instead of an upper one.
Although a minimum capacity usage is defined, we still need to set the level of
inventory to have at the end of the period at every warehouse. We can do this by
assigning the desired turnover ratio per product to parameter

and enabling the

constraint (15), related to inventory level. The expected turnover ratio has been
provided by the Company according to its inventory policies. Table 17 presents an
extract of the turnover ratio assigned to every product.
Table 17: Extract of Turnover Ratio per Product

Then, the single sourcing constraint (16) is needed to ensure that customers will be
served from only one warehouse for every product demanded. This is a
requirement of the Company to provide a better level of service to customers,
avoiding product consolidation and different time arrivals for the same item.
Finally, we need constraint (6) to correctly model the

binary variable, which in

the objective function is associated with the fixed cost of preparing a tank, denoted
by

.
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4.4.

Resulting Model

After having selected the decision variables, assigned values to the parameters to
use, and selected the adequate set of constraints, the model is now ready to solve
the problem. Even if the model we are going to run is the complete one presented
in Section 3, we are using neither all the parameters nor all the constraints.
Therefore, we can say that we are using a reduced version fitted to the case.
Reduction occurs because when some parameters are dismissed, they need to
take the value of zero or infinity in the original model. Indeed, one of those values
needs to be assigned to every dismissed parameter to avoid any impact in the
result. When parameters take the value of zero, some expressions disappear in the
objective function. After assigning values to variables and parameters, we can
summarize the simplification of the model as composed of the objective function
(1), and the constraints (3), (4), (6), (12), (14), (15), and (16).
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5. Data Set up in the Model
This chapter presents how the data assigned to every parameter in Chapter 4 is
embedded into the model presented in Chapter 3. A user-friendly tool developed in
standard software to accommodate data in the proper structure is presented. Once
the data is sorted, the model is executed for the scenarios selected to evaluate.
Finally, the transformation performed to the data before it could be used by the
model is discussed.

5.1.

Model Implementation Overview

When implementing an optimization model, a software is always needed to make
possible the considerable amount of calculations in the problem. First, the
mathematical model has to be written in the language required by the software.
Then the data has to be put into the model to finally perform calculations and
obtain a result. Cordeau (2014) implemented the model presented in Chapter 3 by
using the C callable library of CPLEX. The C language is a general purpose
programming language that allows building computer instructions through
functions. CPLEX is a solver that optimizes integer programming and linear
programing problems. Currently developed by IBM, CPLEX provides an interface
with C to execute and debug optimization problems. In the model in reference, the
C code was used to arrange the data of the problem, validate its structure, and
make the link with the solver to upload the data to the problem.
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Figure 10: Extract of C Language Programming of the Model

Source: Cordeau (2014)

Figure 10 presents an extract of the original C language code as a reference. More
than 1 000 lines of code in this file are a good example of the work required to
implement an optimization model. Some other files had to be created to upload the
data into the model and make the link with CPLEX. As the modeling exercise has
been done in advance since we are dealing with an existing model, no more
attention will be paid on modeling matters. Because of this, during the execution of
the model in this thesis, the developments in C and CPLEX were used as a black
box. This means that we executed the model without the need to access the code
to modify or adapt it to our case. All the assignment of values to parameters, and
selection of constraints presented in Chapter 4 were performed only through the
input data file to be read by the code. The input file is a text file with a specific
order of characters that includes all the data of the problem to be solved. The
format has also to respect a convention to make the data readable by CPLEX.
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The input file is composed of eight sections: scenarios, periods, items, suppliers,
plants, warehouses, customers and modes of transportation linking the nodes.
Each section of the text file requires following the structure and format that is
presented in the Appendix 1. The parameters have the same notation as the one
used in the mathematical model, and summarized in Table 4 of Chapter 3.

5.2.

Matching Tool Development

Having analyzed the format required for the text file, which is presented in
Appendix 1, we opted for building a spreadsheet to easily sort the data. A
spreadsheet can be turned into a text file by simply changing the extension of the
file to .txt. For practical purposes, we chose the standard version of Microsoft Excel
2010. Unlike working in C code environment or CPLEX, Excel is a software much
more common to people, thus creating a tool like the one presented here is more
practical.
The file follows almost the same structure as the eight sections demanded by the
input file. One tab contains the structure of scenarios and periods. Then, there is
an independent tab for each of the other sections, which are items, suppliers,
plants, warehouses, customers and modes. The structure and functionality of each
tab is presented here.
The first spreadsheet is called “TXT”, since this is intended to gather the data in the
required format to then be converted into a txt file. In order to monitor the progress
of the file, the commands of the file are also in this sheet. The commands
summarize the three main steps required to build the txt file. The first step starts
with the “Create File” button, the second step is performed with the “Complete
File”, and finally “Export File” creates the input file with the required extension.
Figure 11 presents a display of the file and the first sheet.
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Figure 11: Display of Excel File and TXT Sheet

The “Create File” button calls on two new forms to select the number of scenarios
and the number of periods in the problem. The sum of the probability of all the
scenarios must be equal to 1, a simple validation that is done by the Excel file to
avoid inconsistency in the data. The complete model including the possibility to
have multiple scenarios is given in Cordeau (2014). In our further experiments, we
will always consider only one scenario. Then, the form for the periods requires an
emission level parameter to set the upper bound of emissions for each period. This
parameter was not presented before as it belongs to a set of extensions that are
not taken into consideration in our case. We entered zero to avoid any impact of
this upper bound. Once the parameters have been entered, the structure required
by the text file appears in the beginning of the sheet. Figure 12 shows the initial
structure of the file when it is created and the instructions of the first button have
been successfully executed. Although this structure could be written manually,
here we built an Excel-Macro to do it faster and guarantee that the structure for the
txt file is respected. The macro becomes useful when running many scenarios, so
our attention may be focused on the consistency of the data rather than on format
issues.
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Figure 12: Display of Create File Button Functionality

The next command button, “Complete File”, performs the instructions to
accommodate the data of the missing sections in the right format. As the data is
imported from the other six tabs, the content of those is first presented. As shown
in Figure 11, the next tab from left to right is “Items”. This tab contains only one
column with a list of all the products to consider in the supply chain. No more
columns are needed in this case, because billing of materials is not an issue in our
case. The next tab is “Suppliers”, whose structure is similar to the other four
sheets, and it is available for future cases considering more tiers. In our case, we
go directly to tab “Plants” to comment its structure.
The “Plants” sheet was built to serve two basic purposes: providing a familiar
environment to easily accommodate the data of the case, and ensuring that data
can be exported to the first tab of the file. To make sure that all the parameters
related to plants are taken into account, the columns were placed in the same
order as they are required by the text file. A short description of the parameter is in
the title of the column. This structure is presented in Figure 13.
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Figure 13: Plants Structure Representation in the Spreadsheet

The equivalent structures permit to easily put data into the cells, and let data with
the order needed to be taken to the “TXT” sheet. Putting data into the cells is
equivalent to assigning values to the parameters as presented in Section 4.2. In
the example presented in Figure 13 we can see that all cells need a character. To
avoid impact of dismissed parameters on results, either the value of zero or
expression NAV must be entered into the cells of unused parameters. Then, as
scenarios and periods have to be included in the text file, another Excel-Macro was
created to consider these parameters. A button called “Duplicate Data”, which is in
the sheet “Plants”, displays a form to select the number of scenarios and periods to
consider. The initial data is assumed to be assigned to scenario one and period
one. These values are over the titles of the parameters. Once the selection is
entered into the form, the Macro duplicates the data into a new block, but the rows
Scenario and Period are updated. For example, if the selection is 1 scenarios and
5 periods, 5 new blocks of data will be created with the same content. As the
structure of the sheet is ready to enter new data, updating columns with new data
for the new periods can easily be done.
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Figure 14: Display of Duplicate Data Button

Figure 14 presents an example of the form created to execute the Macro
described. Similarly to previous commands, the objective is to minimize the time of
sorting the data manually, which is indeed the objective of a Macro. Moreover,
duplicating the data for the next scenario or period offers an advantage to the user,
since in many cases most of the data might not vary significantly from one year to
the other. In the case of no variation in the data, the new blocks of data would be
ready to be taken to the first tab. In our case, for example, data of the plant is used
only to represent that products are manufactured and thus available to be shipped
to warehouses; however, neither costs nor capacity bounds are added to the
problem. In this case by simply executing the Macro, the data in sheet “Plants” is
ready for the one scenario and ten periods we are considering in the case. The
same structure and the same functionality are in tabs for warehouses, customers,
and modes. In the “Customers” tab, for example, the values of the demand have to
be updated, since the demand is different from period to period. However, updating
the demand column is the only task that needs to be done manually. Figure 15
gives an example of the structure of the missing tabs.
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Figure 15: Display of Warehouses, Customers, and Modes Tabs

Once the data of the problem is entered into the six tabs, the command button
“Complete File” can be executed. This button displays a new form that presents the
five sections that need to be imported to “TXT” sheet with its respective button to
be executed. There is no button for the tab “Items”, since instructions to import the
list of items are in the “Suppliers” button. The buttons in the form have to be
executed in the order they appear to ensure the text file will have the adequate
structure to be read by CPLEX. Each button has an Excel-Macro that imports the
data from the indicated tab to the “TXT” sheet. Accommodating the data in the right
structure might be an endless task if performed manually. Note that the structure
requires entering the values of one parameter per period and per scenario
(⌈ ⌉

| | . This implies that every line needs to import data from every period and

scenario in the data sheet. This way to sort the data required developing the
Macros, and overall developing this tool to adequately represent our case. Figure
16 presents the form created to execute the Macros described.
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Figure 16: Display of Complete File Button

After executing the five buttons in the form, the TXT sheet will have all the data of
the problem in the required structure. The buttons allow to import the data
gradually from the other sheets, so that after executing every Macro, the data can
be verified before executing the next section. Besides, if a change is needed in a
specific sheet, the instruction for the sheet can be executed independently of the
others. This provides flexibility when dealing with a significant amount of data.
Finally, the last command button can be executed. The Export File button activates
an Excel-Macro to save the TXT sheet as a file with the extension .txt. A new form
appears to enter the name desired for the resulting file, which will be then saved in
the folder specified in the Macro. The name assigned to the file should be the
name to identify the problem, since after executing the model in CPLEX, the output
file with the solution will have the same name. Finally, the Macro also ensures that
during the conversion, the data in different cells are separated by an empty space
as required by the input file format. Figure 17 represents the functionality of the
Macro described.
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Figure 17: Display of Export File Button

5.3.

Model Execution

Execution of the model is the process that uploads the data from the text file to
CPLEX, runs the solver in order to optimize the problem, and provides a file with
the solution. This process requires compiling the C code used for the
implementation of the model. The code can be compiled in both Unix or Microsoft
Windows environments, and for the execution, ILOG CPLEX 10.0 or newer has to
be available to the computer. The standard instruction “make” runs the process
taking the input data from the text file. After a few seconds some files are
automatically created alerting about inconsistencies in the data, or exposing
reasons that made the problem infeasible. If the problem is feasible, the CPLEX
model is generated and solved, and a new output text file is created with the
solution of the problem. The content of this solution file will be presented in
Chapter 6.
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As mentioned in Section 2.1.2, the model we used in this thesis can provide an
exact solution, or can be executed as a heuristic by imposing a time limit to solve
the problem. For all the problems presented in this thesis, the model was executed
with no time limit. However, the tolerance to optimality was set to 1%, which we
considered adequate for the purposes of this work. Regarding the computation
times, it is worth mentioning a general range for both bulk and packaged problems.
A standard bulk products problem contains around 325 000 variables, and the
computation time ranged from 30 to 60 seconds. A standard packaged products
problem contains around 2 200 000 variables, and computation time ranged from
120 to 180 seconds. The model was executed on a standard 4Mb-RAM laptop
using Windows 7. No more detail about computation times will be provided, since
these times are very low and do not have any impact on our objectives.

5.4.

Selected Scenarios to Evaluate

With the model adapted to our case and the matching tool prepared, the final step
before executing the model is defining the scenarios to evaluate. Each scenario
represents a possible future event that we want to analyze. Scenarios are also the
elements that determine the data to be entered into the model. Putting the right
data ensures a right execution of the model and a reliable solution. In our case, the
Company selected the scenarios to evaluate, which are considered as feasible
from a qualitative standpoint. The scenarios to evaluate are described in the next
two sections.
Note that we analyzed each scenario separately. This means that we prepared the
input data and executed the model once for each scenario. The scenarios defined
here are not related to the scenarios and probabilities that we defined before in the
input file (see Figure 12). To each event to evaluate, we always assume only one
scenario with a probability of 100%.
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5.4.1. Bulk Products
For bulk products, one objective was to find the warehouses to open from the set
of candidate locations. The selection of candidate locations satisfying requirements
narrowed down the set to four warehouses apart from the plant. The locations are
Burnaby, Denver, Los Angeles, and Memphis. Moreover, decisions related to the
assignment of customers and products to warehouses, and quantities to flow and
store in every warehouse needed to be solved, as mentioned in Section 1.2.2.
From this, we can conclude that there was only one scenario to execute.
Therefore, all the data collected needed to be put into the model to obtain the
optimal solution.
Although there was only one scenario to execute with respect to locations, there
was a parameter that required executing the model many times. The parameter
carrying uncertainty was the fixed cost of opening a tank for each product, as it
could change depending on the negotiations with facility suppliers for example. To
cope with this uncertainty a range of possible values for the fixed cost was defined.
To evaluate the impact of this variation on the results, the model needed to be
executed once for each possible value that this fixed cost could take. By doing this,
a sensitivity analysis was represented and more information to support decisions
was obtained. The same had to be done for all the parameters for which a
sensitivity analysis was performed.

5.4.2. Packaged Products
Unlike bulk products, there were different location scenarios to evaluate for
packaged products. Even if there is a set of five candidate locations, the Company
is looking to operate with three or maximum four facilities. Besides, some locations
are mutually exclusive; this means that some locations cannot be opened
simultaneously. To cope with this situation, we separated locations in conflict to
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avoid their representation together in one solution. Every scenario contains a
possible combination of candidate locations, where the objective is to identify the
most optimal in terms of cost. The selected scenarios to evaluate are presented in
Figure 18.
Figure 18: Scenarios to Evaluate for Packaged Products

For each scenario, we accommodated the data and created the text file by using
the matching tool as presented in Chapter 5. Every time we prepared a scenario,
many data sorting tasks had to be performed. Section 5.4.3 is devoted to all the
arrangements done to sort the data of this case. Once the data was ready to be
used, and the txt files were generated with the Excel tool, the model had to be
executed for every scenario in order to compare the resulting total cost of each
scenario. The results provided by the model are presented in Chapter 6.

5.4.3. Data Sorting and Transformation
Evaluating different scenarios requires different input files to be read by the model.
To create every txt file, data needs to be entered into all the spreadsheets of the
Excel tool presented in Section 5.2. As data provided by companies usually comes
from data warehouses or transactional systems, many changes have to be
performed to obtain the right numbers. This situation, typical when coping with real
data, was not an exception in this case.
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To obtain most of the data presented in Section 4.2, we had to transform the data
before it could be used. Among the main changes it is worth mentioning those
related to products demand, fixed and variable costs, and turnover ratio.
Firstly, regarding demanded quantities, we needed to have the values for each of
the 712 products (99 bulk and 613 packaged) per period. As the ten-year forecast
did not require the same level of detail, the demand had been aggregated by family
of products. Products are part of the same family when there is no significant
variation in their use attributes. As a customer might replace one product by
another in the same family according to its need, what is relevant for planning is
the total demand of the family. In some cases the product is the same, and the only
difference is the SKU; however, a different code makes it a different product for
modeling purposes. To handle this issue we had to disaggregate the data per
family to obtain values per product. Historical data from the Company’s
transactional system were taken into consideration. Also estimated growth factors
per period and per family had to be applied to each product to ensure consistency
in the data. Of course this required permanent validation to guaranty that total
values were not affected. After splitting demand, for example, entire numbers
became fractions, and a natural rounding process resulted in a total value that did
not match the initial one. Even if it was a minor difference, we tried to avoid any
inconsistency in the initial data.
Secondly, with respect to costs, all the values assigned to parameters are required
to be expressed in the same unit of measurement, which is dollars per USG.
However, transport suppliers rates are often given per mile. Moreover, depending
on the state of origin, which is the location of the warehouse, the supplier may
change from one state to the other. This entails to deal with different rate structures
and formats that had to be unified. In some cases, where more than one supplier
provided rates, they had to be aggregated according to the indications from the
Company. Similarly, the holding and handling cost presented a different structure
depending on the supplier. As we were dealing with new locations without previous
rate experience, quotes were the main source of these costs. Some of these
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holding quotes were in pallets, squared feet, or pounds. All these had to be
converted to USG to make them comparable among themselves. Apart from cost
rates conversion, some formulas were needed to sort the data. For example, to
identify the customers located within a 160 miles distance from the new
warehouses, a validation was performed before assigning the zero cost of
transportation to products shipped to the customer. As mentioned in Section 4.2.1,
all the distances were calculated based on the geographical coordinates of
candidate warehouses and the 1 062 customers (168 for bulk and

894 for

packaged products). All these calculation were performed and validated in
collaboration with the project team of the Company responsible for the project.
Finally, the turnover ratio for each product resulted from analyzing the historical
data per product, the Company objectives and policies for the long term, and the
level of service desired by customers. This shared analysis led to the turnover ratio
that was used in the model. Apart from the data transformation examples we
mentioned here, further calculations had to be performed to ensure integrality and
consistency in the data entered into the model. When modeling a supply chain,
quality data is a key aspect to ensure a reliable result.
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6. Results and Analysis
This chapter presents the output yielded by the model for the scenarios presented
in the prior chapter. Results are analyzed to identify the characteristics of each
scenario and a sensitivity analysis is performed over some of the costs in the case.
Finally, the results for packaged products scenarios are presented and compared
among themselves.

6.1.

Description of the Output File

Among the files obtained after executing the model, there is a text file with the
same name as the input file, but identified with the extension .sol. This solution file
can be opened as a text file and then converted into an Excel spreadsheet. The
output file is divided in eight sections which are: suppliers, plants, warehouses,
sources, modes, flows, inventories, and total cost. The first three sections list the
nodes in the network that have been selected in the solution to perform an activity.
In front of every node appears the product to supply, to manufacture, or to store,
depending on the nature of the node. The section sources list all the nodes in the
supply chain that have been selected to dispatch items. The destination and the
products to be shipped from that node appear in front of every source. The section
mode indicates the modes of transportation selected to operate within the supply
chain. Section six, flows, presents the quantity of product flowing from every
selected origin point to every active destination. It indicates the mode of
transportation and quantity for every period in the problem. Section seven provides
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the quantity to have in inventory at the end of each period, and finally, the total cost
of operating the entire supply chain for all the periods is presented in the last line.

6.2.

Results and Analysis for Bulk Products

In order to summarize the results, the data from the sections “flow” and “inventory”
were analyzed using pivot tables. These tables contain most of the relevant
information we expected to obtain after executing the model. Here we mention
again one of the objectives of this work, as it was stated in Section 1.3:


Selecting the location of DCs, identifying the optimal assignment of customers
to DCs, the assignment of both bulk and packaged products to DCs,
determining the optimal transportation mode, and defining the quantity of
product to store in every DC in order to estimate the size of the facilities.

First, the pivot table of flow data is analyzed to obtain aggregated information.
Table 18 presents an extract of the resulting flow table aggregated by source.
Table 18: Extract of Flow Table Aggregated by Source
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The flow table presents the total quantity of USG to dispatch from every warehouse
at each period. Although the plant is also a source, it has been deselected in the
pivot table. The reason is that, with only one plant, we know already that it has to
be the only source for all the products, thus there is no a relevant decision related
to the plant. The aggregated quantity in front of every warehouse considers the
sum of all the products to be shipped from every node to all the customers. Even if
the information is aggregated, the table allows drawing a first conclusion. We can
see that the five candidate locations for the warehouses appear as a source for all
the periods in the table. This, of course, implies that all the warehouses have to be
opened as part of the solution, and this provides the answer to the first point. We
observe also a concentration of 78.7% of products to be dispatched from Ontario.
In Section 4.2.1, the transportation cost from the plant to the warehouses was
presented in Table 10. In this table the cost from the plant to the warehouse in
Ontario was zero, as they are located in the same place. This makes the
warehouse more efficient, and it justifies in part the concentration of products in
this facility. However, the concentration in Ontario depends also on the demand
around that area, since in the end the total cost is taken into account and not only
the cost from the plant to the DCs. In addition, Table 12 shows also that holding
and handling costs are lower in Ontario than in any other location. This further
supports the reasons that benefit Ontario over other facilities even if distance to
customers is longer. However, the trade-off between inventory cost and
transportation cost is sometimes in favor of opening another facility. This happens
since it is sometimes better to store products at a facility to then cover a shorter
path to reach the customers. For example, Burnaby was selected to dispatch 2.5%
of the products to customers. This means that for 2.5% of the total volume it is
cheaper to ship products to Burnaby by rail, and then to store and to handle them
there before reaching the customers, than it is when dispatching directly from
Ontario. Identify that small fraction that leads to a lower total cost is easily done by
using CPLEX solver.
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To continue with the analysis of the information yielded by the model, it is
necessary to go deeper in the detail of the table. By using the functions of the pivot
table we select to ungroup the data of Denver as an example. Table 19 presents
an extract of the resulting flow table for this warehouse.
Table 19: Extract of Flow Table with Destination Detail for Bulk Products

When we include the destination of products in the pivot table, we can see the
volume to be dispatched from the warehouses to every customer. In the example
of Table 19, we see the volume to be dispatched from Denver to each customer
assigned to this warehouse. This means that seven customers have been
assigned to Denver; therefore, we have here the answer to the second point. The
detail of every warehouse contains the set of customers to be served from every
location. If we assume that there is a relationship between the total volume and the
number of customers, we can suppose that most of the customers have been
assigned to Ontario, which would be the warehouse responsible for dispatching the
highest volume in the supply chain.
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Another point we want to answer involves also selecting the mode of transportation
that ensures the minimal cost. That information is present in both the modes
section and flow section of the output file. However, for bulk products there is only
one mode of transportation connecting two nodes. Thus, the output file just
confirms that rail is the mode of transportation to use between the plant and the
warehouses, and that the mode of transportation to use when shipping the
products from the warehouses to the customers should be by truck.
Table 20: Extract of Flow Table with Product Detail for Bulk Products

Table 20 presents the flow table when including the products in the pivot table
instead of destination. Here, we can see the products to be dispatched from
Denver, to the customers assigned to this warehouse. This implies that those
seven products have to be stored at that location, thus it would be necessary to
have seven tanks in Denver. What we have here is an answer to another point of
our problem, the assignment of products to the DCs. This is valuable information
for our case, since we can now have a reference for the size of the resulting supply
chain. We know the location and the number of tanks required at each location.

82

Moreover, we know the customers to serve from each facility, and the volume of
products flowing through every DC. This allows the development of a short-term
plan of distribution, and also helps in having an active negotiation with suppliers of
transportation and facilities. Even if we know this configuration provides the
minimal cost with current rates, the cost could be reduced more by negotiating,
while taking support in this piece of information. The last part of the problem to
figure out in the case is related to the amount of inventory required at every
location. Inventory information is available in the section seven of the output report.
Table 21: Extract of Inventory Table Aggregated by Warehouse

Table 21 is a pivot table generated from the inventory data from the output report.
Inventory represents the optimal volume to have in stock at the end of each period.
To continue with the same example, the table presents Denver ungrouped to see
the detail of the inventory level required per product at that facility. This information
completes the objective we were looking for since the starting point of the case.
Moreover, defining the size of each tank and being prepared for future upgrades
becomes a simpler task with this forecast for the next ten years. Note that for
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BulkP85 period 1 and period 2 the amount to have in inventory is the same. This is
due to the lower bound imposed as a constraint for the tanks in Section 4.3. As the
constraint is defining the quantity to have in stock for those two periods, it is
reasonable to assume that the optimal quantity to store without this constraint is
lower than 9 000 USG. In other words, if we removed the lower bound constraint,
the result would indicate a lower volume of BulkP85 to have in stock in period 1
and period 2. This claim means that due to the constraint, Denver is carrying more
inventory than required, which entails a higher holding and handling cost.
Finally, the last line of the output file presents the total cost of operating the entire
supply chain. This value is a reference when comparing the results for multiple
configurations of the network. With only one scenario performed for bulk products,
we focused the analysis on the composition of the total cost.
Table 22: Total Cost Composition for Bulk Products

Table 22 presents the percentage that each type of cost represents of the total.
The table was ranked in decreasing order. For practical purposes the total cost
equals 100%.
Table 22 shows that more than 60% of the total cost of the supply chain
corresponds to the freight rate of delivering the products to the customers. Then
24.7% of the cost is related to inventory activities, which take place in the DCs.
Transportation cost to ship the products by rail from the plant to DCs accounts for
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8.73%, and finally the fixed cost of opening a tank is the lowest in the ranking.
Regarding the transportation cost, we see that the total cost for trips done by truck
is more than 7 times the total cost for the trips done by rail. There are three main
reasons that explain this difference. First, the cost of moving one USG by rail is
significantly lower than moving it by truck. From Table 10, which presented the rail
cost, we can calculate an average cost per USG of 0.88 dollars. This cost is higher
than most of the cost per USG presented in Table 11. The difference can be
attributed to the transportation mode rates offering by transportation suppliers, and
to the economies of scale for moving larger volume of products. The second
reason is that the transportation cost from the plant to the DC in Ontario is 0, since
both the plant and the warehouse are located in the same place. This zero cost
can also be seen in Table 10. If we observe the volume of product flowing through
Ontario in Table 20, we can see that more than 78% of the total volume is
dispatched from the warehouse in Ontario. This means that for 78% of the
products, there is no transportation cost for the trip from the plant to the
warehouse. The third reason that makes the transportation cost by truck higher
than the transportation cost by rail is related to distances. The total distance to
travel from the DCs to the customers is longer than the total distance to travel from
the plant to the DCs in miles. A final remark of Table 22 is the low participation of
the fixed cost. Although tank preparation cost is significant for the operation, this is
a cost that is present only in period 1. For this reason, its participation seems minor
in the ten-year horizon, when compared to the other types of cost.

6.2.1. Fixed Cost Sensitivity Analysis
Usually, the fixed costs for warehouses are related to facilities construction, which
require huge investments of resources at the beginning of the project.
Consequently, the fixed costs are a key factor when evaluating projects of this
magnitude. In our case, due to the renting facility strategy chosen for this project,
the fixed costs are related to tank preparation before holding a product. It is worth
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to mention that there is not fixed cost associated to the facility, but for every new
tank required for the operation. Nevertheless, the impact of the variation of this
fixed cost on the results has to be evaluated. Each value to evaluate entails
running the model with a new value for parameter

. To prepare the text input file,

only the section of warehouses needs to be executed in the Excel matching tool.
Table 23 presents the values of fixed costs to be evaluated.
Table 23: Fixed Cost Values to Evaluate

The variations affect warehouses other than in Ontario, where the fixed cost
remains the same since there is no uncertainty with respect to this location.
Although possible variations in real circumstances are expected to range about
30% above and below the initial estimation, some additional values have been
evaluated for academic purposes. First, the impact of reducing and increasing the
fixed cost by 30% is presented. The effects of this change are evaluated in the
inventory section of the output file. Table 24 presents how products assignment
reacts when the fixed cost varies.
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Table 24: Impact of Fixed Cost Change on Products Assignment

On the left side of Table 24 we see the effect of reducing the fixed cost for all the
locations by 30%, while on the right side the effect of increasing the cost. The
changes have to be compared with the information presented in Table 21, which
presents the assignment of products to every warehouse with the initial fixed cost.
By analyzing the changes in the products assigned to Denver, we can understand
what occurs in the entire supply chain. When reducing the fixed cost, all the
products initially at this location remain, but a new product is assigned to Denver.
Product BulkP21 is now to be stored at this location, thus requiring a new tank for
the product. An extra tank entails a higher fixed preparation cost. However,
reducing the fixed cost makes opening a tank a better option than dispatching the
product from another location in terms of cost. Assigning product BulkP21 to
Denver implies that the quantity assigned, or perhaps the whole product, has been
removed from another facility. As similar situations could happen to other products,
it is difficult to track where the product was assigned before with the data
presented in the tables. However, we know that Burnaby does not present any
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change in quantities, and that the other warehouses increased also the quantity to
store. As the only warehouse reducing the total quantity in stock is Ontario, we can
conclude that product BulkP21, was initially assigned to Ontario. Therefore, we can
conclude that reducing the fixed cost encourages dispersing the product far from
Ontario.
On the right side of Table 24, we can see that the assignment of products to
Denver changes when the fixed cost increases. Fewer products are now assigned
to this location reducing the total quantity stocked in Denver. Quantities in other
locations also diminish while Ontario is the only one increasing, a fact that supports
our conclusion. We can also say that increasing the fixed cost encourages
concentration of products in Ontario.
Figure 19: Impact of Fixed Cost Change on Warehouses

To test our preliminary conclusion, the model was executed with all the values of
fixed costs presented in Table 23. Figure 19 shows how the number of products
assigned to other warehouses than Ontario reduces, when the fixed cost
increases. This means fewer tanks to be opened and lower fixed cost; therefore,
the initial conclusion regarding the variation in the fixed cost is true. The higher the
fixed cost is, the fewer tanks to open in warehouses outside Ontario. At some
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point, some warehouses are not even part of the solution, and the locations in the
solution go from five to four, and so on. We can predict that if the fixed cost were
even higher, at some point all the products would be stored and dispatched from
Ontario. It is worth mentioning that this is supported by the fact that the fixed cost
in Ontario remains equal, due to the special condition of this location. Ontario is the
only facility that is currently operating apart from being the location of the plant,
thus the uncertainty level is lower. Continuing with the analysis of the result, with
the magnitude in the variation of the fixed cost we simulated, it is easier to
comprehend that any reassignment of product between warehouses changes the
entire configuration of the network. Since products have to be relocated, the
assignment of customers to warehouses changes as well as the quantities moved
from the plant to the warehouses, and consequently the transportation cost.
Finally, a point that arises from this analysis is that total quantities of USG to have
in inventory in the entire supply chain are never the same. This can be observed in
the total amount in inventory presented in Table 21 and Table 24. One could think
that if products are simply relocated from one warehouse to another, the quantity
removed from the first is equal to the quantity assigned to the second. However,
this does not happen because the turnover ratio of every product varies from one
location to the other, leading to a different level of inventory.
Finally, we present the resulting total cost composition for each of the fixed cost,
which were presented in Table 23. Only the values intended for academic
purposes were performed for this analysis.
Table 25: Total Cost Composition for Every Change in Fixed Cost
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Table 25 presents the composition of the total cost, for every result obtained after
executing the model with a different fixed cost. In this table, we can see that when
the fixed cost is increased, the participation of the fixed cost in the total cost
decreases. One could think that a higher fixed cost would increase its participation
in the total cost. However, a smaller number of products assigned outside Ontario,
ended up by reducing slightly the fixed cost participation. Note that except for the
transportation cost from DCs to customers, all the other costs experienced a
reduction in their participation. This is reasonable because fewer tanks outside
Ontario means lower volume to transport to other locations, and lower volume to
have in inventory. Like this, many other simulations related to fixed cost could be
done by using the Excel matching tool and the model. Having more information
about possible situations contributes to the supply chain decision-making process.
Now, we present the impact of the results when varying other parameters.

6.2.2. Transportation Cost Sensitivity Analysis
Transportation cost is usually in all the tiers of the supply chain. In our case there is
transportation from the plant to the warehouses, and from the warehouses to the
customers. These two costs were presented in Table 10 and Table 11,
respectively. As the first trip departs from Ontario, where the Company has
currently the warehouse to replenish warehouses in the United States, there is
almost no uncertainty in these rates. In contrast, the trip rates from candidate
locations to customers may vary. An option to reduce uncertainty could be
negotiating a standard rate with a corporative supplier. This could bring savings to
the Company, and the carrier would ensure volume while being an exclusive
supplier for the Company. To identify the impact of this option, we executed the
model with a uniform rate for truck transportation. The selected rate is the cost per
mile when departing from Ontario, which is 13.22 dollars. This rate is the minimal
unit of Table 11. The resulting flow of products after executing the model with the
flat rate is presented in Table 26.
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Table 26: Impact of Transportation Cost Reduction on Flowing Quantities

In Table 26 we can see the impact in Denver, after unifying the truck transportation
cost. With four new products to store in that location, the total volume of products
to flow experienced an increase of more than 9%. Similarly, quantities in Los
Angeles and Memphis increased, while Ontario is the only location reducing its
volume. From this, we can conclude that the assignment of products to
warehouses is very sensitive to changes in transportation costs. Besides, we can
draw the conclusion that the concentration of products in Ontario responds partially
to the lower transportation cost of this location. When the transportation cost rate is
the same in every location, the optimal solution entails opening more tanks. What
is interesting here is that every different transportation cost leads to a new
configuration. We performed other scenarios with a flat rate equal to the cost per
mile offered in other states, and there is not a visible trend. Every different cost
yields a new supply chain configuration. This can be explained by all the
interactions among the costs that make impossible to predict the outcome.
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6.2.3. Inventory Cost Sensitivity Analysis
In the presented results we have seen a clear concentration of products flowing
through Ontario. Among the reasons we mentioned the zero transportation cost
from the plant to the warehouse, the demand concentrated around Ontario, and its
low inventory cost with respect to other warehouses. In table 12, we saw that the
holding cost of Ontario is less than a half of the cost of the next cheapest location.
Similarly, the handling cost is significantly lower in Ontario than in the other
warehouses. Here, we want to evaluate the impact of losing this cost advantage in
Ontario. In other words, we wanted to know what would happen if the inventory
cost in Ontario gets closer to the cost of the other warehouses. To evaluate this,
we executed the model with some holding and handling costs ranging from
Ontario’s initial costs (Ontario 0 in Table 27) to the average inventory costs of the
other warehouses. On the left side of Table 27 the average inventory cost is
calculated. On the right side, the 5 different cost scenarios executed in the model
are presented.
Table 27: Inventory Cost in Ontario to Evaluate

The concentration of products is considered as the percentage of the quantity
flowing through Ontario with respect to the total. The higher this percentage is, the
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lower the dispersion of products will be in the other warehouses. Figure 20
presents the scenarios evaluated, as well as the results.
Figure 20: Impact of Inventory Cost Change on Products Concentration

Figure 20 shows that in the initial situation, 79% of the products flow through the
warehouse in Ontario, while the other 21% is distributed among the other
warehouses. This is obtained from the resulting flow quantities of the solution file.
The results with the initial inventory cost were presented in Table 18. By using the
same data, the new quantities and percentages were obtained. New scenarios
results show that when the inventory cost increases in Ontario, the concentration of
products flowing through Ontario decreases. When inventory cost equals the
average cost of the other warehouses (Ontario 4), the concentration decreases to
70%. This confirms that the concentration of products in Ontario is due, in part, to
the low inventory cost; however, the slight variation demands more analysis. While
the holding cost was increased 2.8 times, the concentration experiences a less
than 10% decrease. This can be considered as almost not sensitive to the holding
cost. Although inventory cost is a factor that makes Ontario be the optimal
warehouse in most of the cases, it is not the main reason. Transportation cost
produces a higher impact and becomes the main reason for product concentration
in Ontario. In Table 26, by simply unifying the truck transportation cost, which
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represented a variation of 18%, the concentration of products in Ontario became
72%. Additionally, the zero cost from the plant gives another relevant advantage.
Finally, the location of customers near to Ontario, explains why this warehouse is
part of the optimal path.

6.3.

Results and Analysis for Packaged Products

Results of packaged products contain the same structure as the one presented for
bulk products. With more customers and more products, the time required to obtain
the solution is slightly higher, but the solution file is much larger. Before going
further in the data of the solution, we first need to identify the scenario yielding the
minimum cost. The scenarios presented in Section 5.4.2 were executed with the
model in order to obtain the total cost from the solution file. For analysis purposes,
the total cost of the optimal scenario has been equaled to 100%. Figure 21
presents the results.
Figure 21: Total Cost of Scenarios Evaluated for Packaged Products

Scenario 2 presents the minimal cost, which has been adjusted to 100% to make
the task of comparing the results easier. The next more economical option is
scenario 1, which is 7.5% more costly than the optimal one. The other options are
even higher. Scenario 5, for example, is 18.5% over optimality. This shows how
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options that could have been considered as interesting based on qualitative
aspects, turn out to be options to be discarded. Even a few percentage points may
be relevant when making long-term decisions about the supply chain to implement.
However, it does not mean scenario 2 is the option to implement. When
considering three warehouses the best option would be Scenario 4. Even if it is
12.6% higher than the optimal one, this scenario has to be considered by the
decision makers. Dealing with three warehouses instead of four could produce
operation benefits and hidden economies. Let’s remember that the objective of a
mathematical model is providing insights and not making decisions.
Regarding the solution details of scenario 2, we have the flow data and inventory
data as main sources of information. From these, we can obtain most of the
answers to the points stated in Section 1.3. First, we present an extract of flow
pivot table aggregated by source.
Table 28: Extract of Flow Table for Packaged Products
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From the upper part of Table 28, we know the distribution of volume to flow through
every warehouse, where the solution requires using the four locations. Due to the
high number of customers demanding packaged products (894), the pivot table in
the lower part was built to indicate the number of customers assigned to every
warehouse. For example, the 1 031 401 USG to pass through Los Angeles in
period 1, will be dispatched to 98 customers. We can also see that the number of
customers assigned to every warehouse does not vary overtime. Additionally, from
the solution file, we know that the transportation mode to replenish the warehouses
is rail, while truck has to be used to take the products to the customers.
As another question is related to facility sizing, we need the inventory volume to
have in stock at every facility. Let’s remember that for packaged products, the
facilities can be shared and the products can be stored together. An extract of the
inventory pivot table aggregated by warehouse is presented in Table 29.

Table 29: Extract of Inventory Table for Packaged Products

96

From the upper part of Table 29, we know the distribution of volume to have in
inventory at each of the four warehouses. In the lower part, the pivot table presents
the number of products to store at each location. For example, the 42 287 USG to
store in Los Angeles in period 1 consists of 286 products. As we know that the total
number of packaged products is 613, it is easy to perform more calculations. For
example, even if Memphis accounts for 63.7 % of the total volume, 91% of the
products should be available at that location.
When analyzing the solution of the model per product, there is an issue to adjust
related to quantities. As all the data of the model was entered in USG, the output is
of course in the same unit of measurement. Unlike bulk products, packaged
products have some defined pack sizes for every product that have to be
respected when moving and storing the products.
Figure 22: Adjustment of Results to Pack Sizes

Figure 22 presents an extract of the products flowing through Memphis. On the left
side, we can see the exact result yielded by the model for period 1; however, the
quantities of the solution do not necessarily correspond to quantities that can be
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handled or transported. Unlike bulk products, packaged products have to be
manipulated in the quantities defined by the pack size; therefore, an additional task
needs to be performed in order to have a solution that can be implemented. It is
important to mention, that this final task cannot be executed with the model.
Although the model has lower and upper bound as possible constraints, it does not
consider the size of the pack. This issue can be simply resolved by adjusting the
result to the pack size that corresponds to every product. A new column Min SKU
(minimal SKU) was added to each of the 894 products. This column represents the
pack size of the product. Then, by using the Excel function MROUND (multiple
round), the value of the solution is rounded up or down to the nearest multiple of
the Min SKU. The resulting value is then presented in the right side of Figure 22.
This method can be very useful when dealing with packaged products. The
minimal SKU might be pallets, or any other measure defined as the minimal to
manipulate the product.

6.4.

Combining Products Analyses

In many sections we have mentioned that the interaction between all the costs in
the problem is a key factor to reach optimality. In Section 4.2, we mentioned that
the parameters were assigned independently to bulk and packaged products.
Indeed, the problems themselves were executed separately. The reason argued
was that there are no decisions of one type of product affecting the other. As it
seems to be a slight contradiction, we opted for executing the model for both bulk
and packaged products simultaneously. The result was a sum of the two
independent solutions in terms of cost. Similarly, assignment of customers and
products to warehouses were the same. Therefore, this confirmed that problems
can be split when there is certainty of no interaction among the parameters.
However, it is worth mentioning, that for the Company, it is simpler to have fewer
warehouses if possible. For that reason, some of the candidate locations were the
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same for the two types of products. Having the operations centralized in fewer
facilities produces certain benefits that cannot be evaluated in mathematical
models. Cultural differences in new locations, coordination cost, knowledge
transfer cost, and decrease in short-term responsiveness are examples of hidden
costs that appear when having more facilities.

6.5.

Comparison with the Existing Distribution Network

Once the results have been presented and analyzed, a final question needs to be
answered: What is the economic benefit of this study to the Company? In Section
1.2.1 we mentioned that optimizing the Company’s current distribution network
should lead to cost reductions. Now, we want to know the magnitude of the
economies that might be achieved by implementing the resulting supply chain.
To evaluate the benefit, we compared the total cost of the supply chain resulting
from executing the model, to the total cost of the current distribution network. We
performed the calculations of the current situation with the forecasted demand, in
order to compare the total cost in the ten-year horizon. We denoted the current
situation as “Status quo”.

Table 30: Total Cost Comparison for Bulk Products
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Table 30 presents the composition of the total cost of the optimal supply chain, as
presented in Section 6.2. Again, the total cost of the optimal solution equals 100%.
The next column, “Status quo” presents the composition of the total cost, if the
distribution network would remain as it currently works. Finally, the difference
column allows identifying the variation of each type of cost and the composition of
the total cost difference, which is 14.84%. This percentage represents the
difference between the total cost of the optimal solution and the total cost of the
“status quo”. In other words, if the company decided to quit the project and keep
the current distribution network, it would have to pay 14.84% more to distribute its
products and serve its customers. This percentage can also be seen as the
potential savings of implementing the optimal solution.
When we see the total cost composition of the “status quo”, and the differences
with respect to the optimal solution, we can identify three types of cost that are
higher (positive difference). First, the highest positive difference is in the
transportation cost from the plant to DCs. With eight DCs to replenish, the products
have to travel more miles before reaching their destination DCs. Besides, More
DCs entails to desegregate the volume in smaller quantities, and this makes
transportation rates more expensive. Additionally, some DCs are in locations
where transportation modes have lower capacity. When rail capacity is limited,
products have to be dispatched by truck, a mode much more expensive to the
Company. The second relevant difference is in the holding cost. This is not only
explained by the quantity of DCs, but also for the volume to have in stock. DCs far
away from the plant require more stock to cover the replenishment lead time.
Regarding the type of cost with negative difference, we can see in Table 30 that
there are two types of cost that are lower in the “status quo” than in the optimal
solution. The transportation cost from DCs to customer is 4.88% lower due to the
advantage of having eight DCs. With eight DC, the products are closer to most of
the customers, and this leads to shorter distances and lower transportation cost.
Finally, the next cost with negative difference is the tank preparation cost. This cost
is zero because there is no need to prepare new tanks if the distribution network
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remains in the current state. Despite these two costs, which are 8.01% lower than
in the optimal solution, the total cost of the “status quo” is 14.84% higher than the
optimal supply chain yielded by the model.
Regarding the packaged products, potential savings of implementing the optimal
supply chain are similar to those of bulk products. However, as we evaluated
different scenarios, we opted for a different approach to estimate the savings. In
Figure 21, we presented the resulting total cost of every scenario. As all scenarios
were an option to the Company, we consider that the benefit of this study is to
allow identifying the cost difference between each scenario. Therefore, the total
cost difference can be seen as the potential savings. For example, the difference
between scenario 2, which is the optimal one, and scenario 4, is 12.6%. As the
Company could have opted for scenario 4, thus the benefit of implementing
scenario 2 would be 12.6%. By following this approach, from Figure 21 we can
conclude that the minimum potential saving is 7.5%, while the maximum is 18.5%.
The solution of this work was given to and validated by the Company, which used
the information to provide insights for managerial decision.

6.6.

Limitations

After having executed many scenarios in the model, and performed many analyses
with its results, we now discuss some of the limitations of the model, and of our
solution approach.
Firstly, regarding the model, we found a weakness to deal with the impact of
stochastic demand on the inventory level. Even if our case considered a
deterministic demand, a different problem could need some parameters to
calculate a safety stock for example. Many demand scenarios can be entered into
the model, as well as the turnover ratio needed in each scenario, but the stock-out
probability cannot be associated to each turnover ratio. Overall, the turnover ratio
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is the only parameter defining the inventory level to have at the end of each period,
and this could not be enough in some situations. Another aspect related to safety
stock is the lead time, a parameter that is not available in the model. Perhaps, an
upper bound to set a maximum time or distance traveled for every transportation
mode in one trip, could contribute to guarantee a minimum service level in the
solution. A final comment on the formulation that could be easily solved is about
the single sourcing constraint. The model considers this constraint per product and
per customer, but a customer cannot be limited to be served from only one
warehouse. This is a common requirement for many cases, where the customer
desires to be served by only one facility.
Secondly, regarding the solution approach, there is an issue to take into account
about the long-term horizon. Although the model does not assume any length in
the duration of one period, we considered every period as a year; however, this
has some implications. When a year is the minimal unit of time, the fluctuation
within the year cannot be analyzed. In other words, seasonality disappears, and
the flow of products as well as the inventory level is assumed to be constant during
the year, which is not necessarily true for all the products. This issue could be
solved by using a month as the equivalent to one period; however, the forecasted
demand should be expressed in the same unit of time for the ten-year horizon.
Another limitation of our analysis is the assumption of full truck load transportation
when moving the products. Although it is a reasonable approach, in daily
operations it might not always be possible, and less-than-truck load (LTL) rates are
usually higher. This could increase the cost of the operation, and perhaps the
general network configuration results. Finally, ignoring the prices of final products
can be considered as a weakness. A different configuration of the network could
result when maximizing profits instead of minimizing cost. With this latter approach,
we ignore if some products, customers, or locations are not profitable for the
Company. With a profit maximizing approach, some customers could be left out of
the supply chain, while increasing the benefits to the Company. This approach
could be easily done in the short term, since the model considers this possibility.

102

7. Conclusions and Future Research
The purpose of the current work was to identify the optimal location and size of
facilities for a real case in the lubricants industry. The case required to represent a
supply chain to distribute bulk and packaged products throughout the United
States. The optimization model should lead to the configuration of a supply chain
providing the minimal cost for the Company over a ten-year horizon. The total cost
of the resulting supply chain is approximately 15% lower than the current
distribution network for bulk products. Benefits for packaged product are estimated
to be at least 7.5%.
One of the main points that arose from the case with its solution is the relevance of
obtaining an integrated solution. This means solving simultaneously a problem with
different decision variables and many periods linked among themselves. The level
of inventory required in every DC is closely related to the assignment of products to
the DC, which in turn, is related to the assignment of customers to the DCs.
Sometimes inventory issues are solved independently for a DC, but here we have
shown how the inventory of one product in a single DC may affect the result for the
other DCs. Besides, considering many periods at the same time allows obtaining
favorable results for the entire planning horizon. Moreover, the impact of the fixed
cost can be better appreciated in a long-term horizon. Initial investments in period
one can affect the configuration of the network at period ten. Sensitivity analyses
on fixed cost showed that the assignment of products to a DC changes with a slight
change of the fixed costs. In general, the interaction among all the aspects of the
supply chain creates a sensitive relationship between the various parameters that
has an impact on the results.
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Regarding the two types of products in the case, bulk and packaged products, we
can conclude that problems can be solved independently only when there is no
interaction between their components. Moreover, particularities of products must
be considered not only when entering the data, but also when analyzing the
results. Despite the optimality in the solution for packaged products for example,
rounding was required to ensure consistency in the results. Besides, when thinking
about the characteristics of bulk and packaged products, it is simple to understand
that the case of lubricants can be extended to many other industries.
Another point to stand out is the significant influence of the collaboration required
to represent adequately a supply chain with multiple tiers. Here, the level of detail
in the data was possible due to the control of the Company over its supply chain.
An incredible amount of data was needed to put together all the parameters, and
consistency was a must to obtain a feasible solution for implementation purposes.
Collecting the data from different sources, manipulating different criteria, or simply
missing information may lead to a wrong analysis.
Future research pursuing new optimization models should consider this work as an
alternative to efficiently solve supply chain problems. Using a flexible model
allowed to represent the supply chain by simply varying the data in the input file.
Moreover, for research leading to new proposals with regards to facility location
and sizing in network design, this alternative should be considered as an example
of integrality in the solution. The more tiers are present in the model, the better the
opportunities to generate savings.
Finally, an interesting effort to go further with this work in the short term would be
to consider the environmental parameters available as an extension of the model.
Evaluating the emission level of the resulting supply chain, and optimizing it with
limits on CO2 emissions, would be a great step to continue this journey.
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Appendix
Appendix 1: Structure Required by the Input Data File
As mentioned in Section 5.1 the input data file is composed of eight sections:
scenarios, periods, items, suppliers, plants, warehouses, customers and modes of
transportation linking the nodes. The beginning of each section is denoted with the
opening brace “ { “, while the end of the section is indicated with the closing brace
and a semi-colon “ }; ”. To include any comment and avoid to be read as a
character, the line needs to start with two diagonal lines “ // “. Regarding the format
of each section, the notation [x]* means that the expression inside the braces [ ]
has to be repeated for every new parameter value that needs to be added to x. For
example, to define the bill of material of commodity k, the expression is denoted as

k [l bkl]* , meaning that the expression has to be repeated as many times as there
are components l needed to produce one unit of item k. The parameters have the
same notation as the one used in the mathematical model, and summarized in
Table 4 of Chapter 3. Here, we present the general structure and format of each
section of the input file
The format required for each section in the text file is as follows:

Scenarios

Scenarios = {
h ph ;
};
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The name of the scenario is represented by h and the probability assigned to each
scenario is denoted by ph. Each scenario is entered in a line, where the sum of the
probabilities of the scenarios has to equal 1. In our case we coped with one single
scenario that was entered as SCE1.

Periods

Periods = {
t Et ;
};

The name of the period is represented by t and each period has to be entered in a
line. The parameter Et represents the upper bound of emissions level for the
period. This parameter was not presented in the thesis, as it belongs to a set of
extensions that are not taken into consideration in our case. Although dismissed
extensions do not require attention in this work, an expression has to be
associated in the input file to be read by CPLEX. The expression NAV (Not A
Value) is the one created to this purpose. In this case, parameter Et received the
input NAV.

Items

Items = {
k [l bkl]* ;
};

The name of the item is represented by k and the expression in the braces is its bill
of materials, where l denotes the component required, and bkl the quantity of that
component needed in item k. Raw materials need only parameter k.
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Suppliers

Suppliers = {
(
⌈ ⌉
(
⌈ ⌉ | | (

(

| |

⌈ ⌉ | |

⌈ ⌉ | |

[

(

⌈ ⌉ | |

(

⌈ ⌉ | |

(

⌈ ⌉ | |

]

};

The name of the supplier is represented by

and every line represents a supplier.

As we are not including suppliers in our problem we do not stop here to review the
detail of this structure. We simply used a dummy supplier called Sup1 and
assigned either a zero or NAV to parameters to avoid any impact on the result.

Plants

Plants = {
( )
( )
};

⌈ ⌉ | |

(

)

(

)

⌈ ⌉ | |

⌈ ⌉ | |
⌈ ⌉ | |

[

(

)

⌈ ⌉ | |

(

)

⌈ ⌉ | |

(

)

⌈ ⌉ | |

]

The name of the plant is represented by , the fixed cost of the plant is denoted by
, and lower and upper bound are indicated with
notation ⌈ ⌉

and

respectively. The

| | means that the parameter has to be entered for every period t

and every scenario h. Then, the parameters in the braces [ ] will be repeated for
every item

that is assigned to the plant. For each item a fixed cost

associated. Additionally,
rate,

denotes the production unit cost,

the capacity usage needed from the plant,

produced, and finally

may be

the unit emission

the lower bound to be

the upper bound of item k to be produced at plant p.
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Warehouses

Warehouses = {
(
(̂
(

⌈ ⌉ | |

(

⌈ ⌉ | |(
⌈ ⌉ | |

⌈ ⌉ | |
⌈ ⌉ | |

( )

⌈ ⌉ | |

(̂ )

(

(̂

⌈ ⌉ | |

⌈ ⌉ | |
⌈ ⌉ | |

(

(̂ )
⌈ ⌉ | |

(

⌈ ⌉ | |

⌈ ⌉ | |

(
(

(

[
⌈ ⌉ | |

(

⌈ ⌉ | |
⌈ ⌉ | |

⌈ ⌉ | | ]

};

The name of the warehouse is represented by

and most of the other parameters

have the same structure as the plant. However, there is a new notation defined
with a “hat” ( ̂

over the parameter. This symbol indicates that the parameter

represents handling activities, while the other represent holding activities.
Additionally, the parameter
and

represents the desired turnover ratio of the item,

is used to convert units flowing through the warehouse into units of

inventory.

Customers

Customers = {
[ (
⌈ ⌉ |

|

(

⌈ ⌉ | |

(

⌈ ⌉ | |

The name of the customer is represented by

]

and a line is required for every

customer. The item demanded by the customer is denoted by . Then, parameter
denotes the minimal quantity demanded, while

the maximal quantity. These

parameters are also part of one of the extensions of the model. For our case, we
entered the same value for both parameters. Similarly
one unit, and finally
or zero otherwise.

is the revenue of selling

has to be set to 1 to impose the single sourcing constraint
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Modes of Transportation Linking the Nodes

Modes = {
(
(

)

⌈ ⌉ | |

(

⌈ ⌉ | |

[

(

⌈ ⌉ | |

(

)

⌈ ⌉ | |

⌈ ⌉ | |]

The name of the mode of transportation is represented by
linked by the mode of transportation are denoted by

and

and the two nodes
. However, a line is

required to represent every origin-destination link than can be done by the same
mode of transportation. In other words, this section does not contain only the
modes of transportation but also the edges between the nodes. Therefore, the
same mode of transportation can be repeated as many times as paths are covered
by the mode. The items transported by the mode are denoted by , and the other
parameters contain the same structure as the previous sections.

