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Management Summary

This management summary provides an overview of the MSc thesis, which addresses
the Warehouse Location Problem (WLP) specific to the challenges faced by Company
X.

Problem Definition

Company X faces significant logistics costs due to the current network design of its
supply chain. With operations spanning across multiple countries, these high costs
are due to the separate handling of warehousing services by each facility, high storage
costs due to misaligned production and demand, and high shuttle and handling costs
from inefficient SKU slotting and ad-hoc decision-making. The core problem identi-
fied is the lack of a clear strategy for optimizing warehouse locations, capacities, and
Customer/SKU allocations to these warehouses.

Research Approach

The research aims to address the core problem by developing an optimized supply
chain network structure for Company X. The main research question guiding this
study is:

To what extent can the logistics costs be reduced by optimizing the overall supply chain
network structure?

This involves conducting a context analysis to map the current situation and iden-
tify the data needed for optimization, including transportation, handling, fixed, and
shuttle costs, along with demand data for various customers and storage space re-
quirement data for SKUs. From this data the transportation cost and shuttle costs are
modeled by means of regression models, since we had to make estimations of the costs
from these potential warehouses to the customers. For selecting potential warehouse
locations, we utilized a clustering method to find the centers of demand points and
propose potentially interesting warehouse locations. In the literature study, we re-
viewed the Warehouse Location Problem (WLP) and the Facility Location and Alloca-
tion Problem (FLAP) to understand existing methodologies to optimize the warehouse
network structure. This identified the problem solved in this thesis as the Single-
Objective Multi-Stage Multi-Period Multi-Product Discrete Warehouse Location Prob-
lem, with dynamic capacity, outsourced and owned warehouses, and deterministic
parameters.
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To solve the problem at Company X, with as scope the volume of Facility Y, a math-
ematical model is formulated that is developed using Python. To address different
strategies, scenarios were formulated, each with a slightly different criteria. Based on
these scenarios, experiments were setup that considered different utilization rates of
the storage capacity and storage space requirements (average and peak requirements).
These experiments were solved using the Gurobi and the standard CBC solver to find
the optimal solution and the results were compared with the current situation.

Results

The experiments indicated cost savings ranging from 0.1% to 1.4% of the total costs.
These savings primarily come from reductions in fixed and shuttle costs, while trans-
portation and handling costs remained relatively unchanged. Significant savings were
observed in scenarios with utilization rates of 90%, highlighting the importance of ef-
ficient capacity management. Optimal scenarios suggested a capacity requirement
of approximately 6,000 tons when warehouses utilized 90% of the storage capacity
during average stock requirements. External warehouse WH1 consistently played a
crucial role across all scenarios, with warehouse WH3 being utilized in a select num-
ber of periods. Fixing the storage capacity at external warehouse WH1 without the
option for short-term contracts at external warehouse WH1 resulted in cost savings of
around 0.6% in average stock requirement conditions. This approach requires variable
capacity management at warehouse WH3 to maintain cost efficiency.

The study showed that the efficiency of the Gurobi solver is much higher compared
to the CBC solver in terms of computation time. However, reducing the size of input
data sets could make CBC a suitable alternative.

Discussion of the Final Result

Contribution to Theory

This research contributes to the theory by applying the theory of the Warehouse Lo-
cation Problem. Based on the literature review, we found that traditional models typ-
ically address WLPs by either focusing solely on demand volume, neglecting the in-
corporation of storage capacity constraints, or by incorporating detailed operational
parameters such as production input and demand output to determine the storage
space requirements, leading to complex and computationally intensive models. To
the best of our knowledge, we introduced a slightly different approach by creating a
model that on a strategic and tactical level includes both the demand volume and stor-
age space requirement considerations as input to find the optimal warehouse location.
Our model provides on a strategic and tactical level where, when, and how much stor-
age capacity is required, this is useful for finding the potential first and then move on
to a very detailed analysis, rather than the other way around.

Contribution to Practice

This research makes a contribution to practice for businesses seeking to optimize their
warehouse locations. Using the model, companies can make informed decisions re-
garding warehouse choices, capacity requirements, and customer allocations in differ-
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ent time periods, leading to cost savings. Furthermore, the model allows for scenario
analysis and experimentation, allowing businesses to evaluate different scenarios ef-
ficiently. After the evaluation of the tool with Company X, the contribution is sup-
ported, as the company plans to use the model whenever a similar problem arises.

Recommendations

Based on the findings and conclusions drawn from the study, we recommend Com-
pany X to utilize the optimization tool annually to reassess the optimal external ware-
house locations based on evolving portfolio needs. This periodic review ensures that
warehouse locations remain cost-effective and aligned with current operational de-
mands. The tool should be employed when evaluating potential new warehouse loca-
tions or the possibility of closing existing external warehouses.

We specifically recommend Facility Y, if a utilization rate of 90% is desired during
average and peak periods, the following:

• If short-term contracts are no option whatsoever, we recommend using external
warehouse WH1 with a storage capacity of 4,500 tons and external warehouse
WH3 with a storage capacity of 3,000 tons. This is recommended since only in
3 months, this storage capacity at external warehouse WH3 is required, against
lower fixed costs compared to external warehouse WH1. This decreases costs by
around 0.1% to 0.3%.

• If short-term contracts are an option, we recommend using a fixed storage capac-
ity of 4,500 at external warehouse WH1 and a variable storage capacity of 3,000
tons or lower at external warehouse WH1 as well, depending on the period. This
decreases costs by around 0.8%.

• If short-term contracts are not an option at external warehouse WH1, we recom-
mend using a fixed storage capacity of 4,500 at external warehouse WH1 and
a variable storage capacity of 3,000 tons or lower at external warehouse WH3,
depending on the period. This decreases costs by around 0.6%.

Company X should leverage the optimization tool for allocating customers and SKUs
to external warehouses (excluding external warehouse WH1) based on optimal cost
solutions across multiple periods. This approach ensures efficient distribution and
minimizes logistics costs. Lastly, we recommend the Gurobi solver over CBC due to
its superior computation time efficiency.
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Chapter 1

Introduction

This introductory chapter provides a comprehensive overview of the context, objec-
tives, and structure of this MSc thesis. Section 1.1 gives an introduction of the com-
pany, while Section 1.2 addresses the specific challenges faced by the company. Sec-
tion 1.3 describes the core problems. The main research question, along with its scope
and limitations, is described in Section 1.4, and Section 1.5 outlines the sub-research
questions. Furthermore, Section 1.6 presents the research design together with an
overview of the thesis.

1.1 Company Introduction

Company X is one of the best companies in Europe, when it comes to producing prod-
uct P. With a great number of employees spread all over the world, Company X has a
yearly revenue in the billions.

Almost all of the raw materials used for producing product P are sourced from Com-
pany X’s own production facilities, so consistency is always a key attribute of their
products. Because those products are 100% renewable and produced sustainably, they
help reduce the environmental footprint of their customers.

1.2 Problem Description

Company X has an integrated supply chain, where the production facility produces
products that are used as raw material for the Converting plant. This process looks as
follows (see Figure 1.1):

1. First, recycled material is collected, from which products are created at the pro-
duction facility.

2. Next, these products are stored in either an internal or external warehouse.

3. From either the internal or the external warehouse the products are transported
to the converting plants (internal customers) by a third party.

4. At the converting plant the products from the production facility are converted
to an end-product.
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5. The end-products are transported to the end-consumer by a third party.

Figure 1.1: Simplified Supply Chain Process of Company X. The focus area of this
thesis is within the red square.

In recent years, Company X is facing the problem that the transportation and ware-
house costs in logistics have risen by 30%, resulting in an increase of millions of euros
in logistics expenses across Europe. Currently, each facility organises the warehousing
separately, which may not be optimal for the end-to-end supply chain. This is result-
ing in high expenses on warehouses and transportation costs (or shuttle costs) from
Facility Y to external warehouses in Europe.

1.3 Core Problem

Before the core of a problem can be found, the action problem has to be identified.
An action problem is the discrepancy between a norm and a reality as perceived by
the problem owner (Heerkens and Winden (2017)). In Section 1.1 and Section 1.2 we
presented the information necessary to derive the overarching action problem that
requires solving. The action problem is formulated as follows:

”The Logistics costs of the current network design are too high”

To find the root cause of the action problem, a problem cluster is made in Figure 1.2.
This leads to the identification of the core problem (Heerkens and Winden, 2017).

Starting from the action problem, we see that currently the logistics costs of the ware-
house network design are high. This is due to 3 reasons, namely 1) the transportation
costs to the internal customer (Converting plant) are high; 2) the shuttle costs to and
handling costs at external warehouses are high; 3) and the storage costs are high. Each
of these 3 causes has its own set of causes, which are explained separately.

First, the transportation costs to the internal customer is high because each facility
handles the warehousing services and usage separately, regardless of what would be
the best for the whole supply chain network. The reason for this problem is that there
is no clear strategy on how to optimize the warehouse location, capacity, and the SKU
allocation to warehouses.

Second, the storage costs are high because of the high stock levels (much capacity is
needed to store this stock). The stock levels are high, because production is not aligned
with demand. One of the reasons why is that production output prevails meeting
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Figure 1.2: Problem cluster Company X

customer demand, meaning that the company prefers to produce as much as possible,
even though there is no demand for it. This is the case because of a strategic decision
made in which they prefer to keep producing as much as possible. The second reason
for the wrong alignment of production and demand, is that the safety stock setting is
not applied across the whole portfolio, meaning that for some SKUs the safety stock
is higher than required according to the setting. Moreover, the production planning
has to deal with complex production process constraints, resulting in for example side
runs, and more stock of particular SKUs. The fourth reason for the wrong alignment is
the low production conformance to planning, meaning that production deviates from
the planning regularly. The reason for this is that production planning is not in line
with production targets (e.g., Overall Equipment Effectiveness (OEE) target, due date
target, etc.).
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Lastly, we have the high shuttle and handling costs. All the reasons described before
result in these high shuttle and handling costs, including an additional reason, which
is that mostly fast-moving SKUs are transported to external warehouses, because the
main warehouse capacity is reached and some space is taken up by the slow-moving
products. The reason why is the ad-hoc decision making on SKU slotting within the
main warehouse. Currently the forklift drivers decide themselves (without a clear
strategy) where to store which SKU within the main warehouse.

From the problem cluster, 4 core problems are identified, of which 1 is solved in this
research. The core problem to be solved is ”there is no clear strategy on how to opti-
mize Warehouse (WH) location, WH capacity, and SKU allocation.” Solving this core
problem has a great impact on the organization, as it provides structure and strategy
on how to make decisions regarding warehouse locations and capacity and provide
insights in which customers and (type) of SKUs to allocate to these warehouses. We
stress the importance of the other 3 core problems, because these will have a big im-
pact on the organization in general. By aligning production and demand, many prob-
lems are solved and costs are decreased. Moreover, by optimizing the warehouse SKU
slotting, efficiency and throughput will increase, which may result in lower capacity
requirements.

1.4 Research Problem

In Section 1.4.1 the main research objective is formulated. In Section 1.4.2 the scope
and limitations of the research are provided.

1.4.1 Research Objective

As described in Section 1.3, one core problem is solved in this research. We aim to
optimally locate warehouses within the network, with their corresponding capacity,
and allocate SKUs to these warehouses. From this information, the main research
question is formulated as follows:

”To what extent can the logistic costs be reduced by optimizing the overall supply chain
network structure?”

1.4.2 Research Scope and Limitations

While we aim to provide a solution to Company X’s problems, certain simplifications
or assumptions may be necessary due to the complexity of the problem and data avail-
ability.

Scope

1. The research will focus on only one facility, Facility Y, because of:

• The high volume (to the Netherlands, Germany, Belgium, and France).

• Significant external warehousing costs in the area.

• Availability of data.
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• The limited time frame. If we were to focus on the volume of multiple facil-
ities, this would require a lot of data research for gathering the correct input
data for the model.

2. We do not consider vehicle routing, because the company outsources its trans-
portation to 3PL and is dependent on the availability of trucks, where the ship-
ments are Full Truck Load (FTL). Therefore, the costs for transport are based on
euro per ton.

3. We consider production and demand as a given, from which maximum inven-
tory levels are estimated. We do not consider production policy changes or any
other changes regarding production, which would influence the inventory lev-
els.

4. All warehouses considered are either warehouses owned by the company (facil-
ity warehouses) or warehouses that are rented (external warehouses). Only for
the latter warehouse type the choice can be made not to open the warehouse,
since owned warehouses must be open at all times.

5. The sole purpose is to minimize distribution and fixed warehousing costs, other
objectives are not considered.

Limitations

• The input data for the model regarding the stock level is based on the current
production policy and production performance. This may differ when the pro-
duction policy or production performance changes. Therefore the stock level
requirement will be an estimation.

• The shuttle and transportation costs data for lanes that are not used is not avail-
able and had to be estimated. Moreover, the costs per lane are dependent on the
3PL party and the availability of trucks on a particular day, which may result in
fluctuations in shuttle and transportation costs data that is available.

• FTL cannot be considered in the model as this is of the operational level, which
is not considered in this thesis.

1.5 Research Questions

Each chapter of this thesis corresponds to a sub-research question aimed at addressing
specific aspects of the main research question. These sub-research questions are as
follows:

1. Chapter 2: Context Analysis

• Q1: What impact does the current way of working regarding warehouse
usage and SKU allocation have on the logistics costs?

This question is related to the first stage of the research approach, namely the
analysis of the current situation. This question serves to identify the current
factors that affect the performance of Company X’s Facility Y This can later be
used to compare the impact the solution has on the situation.
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2. Chapter 3: Literature Review

• Q2: What methods and theories are relevant for optimizing warehouse net-
work structures?

This knowledge question serves to identify all methods and theories related
to optimizing warehouse network structures. This will serve as the theoretical
framework of this thesis.

3. Chapter 4: Solution Design

• Q3: What is the most suited algorithm or methodology to solve Company
X’s Warehouse Location Problem?

The methods and theories found in the previous stage of the research, will now
be implemented. To achieve this, a design and implementation plan are deter-
mined. At the end of Chapter 4 the method is implemented, and the problem is
solved.

4. Chapter 5: Experimental Setup and Chapter 6: Results and Discussions

• Q4: How does the proposed solution perform compared to the current sit-
uation?

After the solution method is developed, the method should be tested. Here the
analysis is done, where a comparison is made between the current situation and
the situation after implementation. Here the effect of the optimization will be
outlined, and insights are given.

5. Chapter 7: Conclusion and Recommendations

• Q5: What conclusions are obtained from the results, and what recommen-
dations can be made to Company X?

This question answers the main research question and will provide conclusions
and recommendations. Also, future insights and improvements will be dis-
cussed.

1.6 Research Design and Methods

In Figure 1.3 an overview of the relations between research questions, input needed for
the research questions, and output generated from the research questions are given.
This figure shows the relation between the research questions (orange), what input
is needed for each research question (green), and what output is generated by each
research question (red). It also shows the chapters in which the research question is
answered.
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Figure 1.3: The Research design including the research questions (orange), and the
inputs (green) and outputs (red) of each research question.
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Chapter 2

Context Analysis

This chapter explores Company X’s warehouse operations and structure, by answer-
ing the research question:

”What impact does the current way of working regarding warehouse usage and SKU
allocation have on the logistics costs?”

To answer this research question, Section 2.1 explains the current warehouse structure
and logistics operations. We step into the performance and challenges faced in Facility
Y’s logistics and transportation network in Section 2.2. Last, a conclusion is made in
Section 2.3.

2.1 Facility Y: Logistics Operations

Facility Y owns three machines, that produce a different portfolios of SKUs. The SKUs
are differentiating in width, length, etc. The machines produce 24/7, including week-
ends and during holidays when there are no shipments, meaning no demand volume
is shipped out during these periods. Most of the SKUs are supplied by a Make-To-
Stock strategy, and the remaining volume by a Make-To-Order strategy. The produc-
tion facilities therefore ensure that the converting plants (internal customers) always
have stock available. The MTO strategy has a production cycle of 1 week (meaning
that the SKU is produced every week) for most SKUs and and for some SKUs a 2 week
production cycle.

Every time a SKU is produced, it arrives in the warehouse and must be stored. The
storing process starts with the creation of a production schedule (see Figure 2.1 for an
example), the logistics department takes this as input together with the available ware-
house capacity to decide whether the addition of the produced quantity will exceed
the capacity of the internal warehouse. If so, the produced quantity must be stored
externally and shipments must be planned to this external warehouse. Based on the
production schedule, products are produced and arrive in the central warehouse via a
conveyor belt. The forklift driver picks up the product and stores it in any free space
available. In Figure A.1 the process flowchart is given, showing the process of storing
a product described above.

From Monday to Friday Facility Y loads approximately 103 shipments at the loading
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Figure 2.1: Example of a production planning for one of the three machines

docks, arriving between 06:00 and 19:00. In Figure A.2 a process flowchart is provided,
giving an overview of the logistic process for loading a Truck. The figures involved in
this process are the truck driver, who arrives to collect the order; the doorman, who
weighs the trucks and grants them access to the facility; an employee of the discharge
department, who manages all logistics operations for loading the truck; the forklift
driver, who physically loads the truck; and the planning department, which arranges
the shipment scheduling. The process starts with the arrival of a truck at the facil-
ity. The truck driver reports to the doorman, who measures the starting weight of
the truck. The doorman checks the truck details and provides an incoming freight
carrier ticket. The truck driver parks at the designated parking location and reports
at the ticket office. An employee of the discharge department enters the shipment
number and prints the picking list for that shipment. After which he calculates the
number of products for that shipment, determines the dock, and provides instructions
to the truck driver. When the pick list is incomplete the planning department will be
informed and the truck driver will be notified, and will contact his customer. If the
picking list is complete, the forklift driver checks whether the truck has the right load
securing materials. If not, the truck driver must purchase the missing materials. The
truck driver drives to the dock, where the forklift driver checks the truck one last time.
If there is anything wrong or missing, the employee discharge is consulted, and the
truck must leave with no load. If the truck is OK, the forklift driver collects the SKUs
and load them in the truck. When the truck is fully loaded and the picking list is com-
pleted, the truck driver leaves the dock and parks the truck to secure the load. Lastly,
the truck leaves the facility and goes to the designated customer.

In Table 2.1 an overview is given for the shifts and forklifts assigned to the storing and
loading process. For the storage process there are 2 forklifts and three shifts to be able
to operate 24/7. The forklift drivers continuously pick up loads from the conveyor belt
coming from production and store these in the warehouse. For the loading process
there are two shifts and 7 forklifts of which there is always at least 1 in maintenance,
so 6 forklifts are in use. From 19:00 no more trucks arrive to be loaded, therefore
preparations are done for the next day during the second shift from 19:00 - 22:00.
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Storing Process Loading Process

# of Shifts 3 2
06:00 - 14:00 Yes Yes
14:00 - 22:00 Yes Yes
22:00 - 06:00 Yes No
# of Forklifts 2 6

Table 2.1: An Overview of the Shifts and Forklifts for the Storing and Loading pro-
cesses

Since Facility Y does not have enough storage at the site itself, external capacity is
needed. In Table 2.2 an overview is given of the stock capacity available for Facility Y.
The Central Warehouse consists of Hal 14 & 15, which have 6 docks to their disposal.
Hal 7 and Hal 8 are located on the site, as seen in Figure 2.2. The external warehouse
WH1 is located near to the site and there is an external warehouse WH2 located farther
away. The blue line represents the road trucks or forklifts have to travel to get to the
designated warehouses.

Figure 2.2: Lay-out Facility Y

Warehouse Location Maximum Capacity (tons) # of Docks

Hal 14 & 15 11,000 6
Hal 7 2,500 1
Hal 8 4,500 1
External warehouse WH1 3,000 1
External warehouse WH2 4,500 1

Table 2.2: An Overview of the Warehouse Storage Capacity of Facility Y
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2.2 Performance and Challenges Facility Y

In this section the logistics operations of Facility Y, explained in Section 2.1, is elabo-
rated upon by measuring the performance and the challenges of these logistics oper-
ations. We dive into the logistics and storage costs associated with Facility Y (Sec-
tion 2.2.1), the stock available (Section 2.2.2), the order picking performance (Sec-
tion 2.2.3), and other challenges related to the topic (Section 2.2.4).

2.2.1 Logistics and Storage Costs

In this section an overview of the costs associated with renting a warehouse, han-
dling the products, and transportation are given, and we look into how these costs
are divided over the customers. We start with the storage costs of Facility Y. The ware-
houses Hal 7 and Hal 8 are Company X’s property and therefore no rent has to be paid.
However, for the external warehouses WH1 and WH2 rent has to be paid for a ded-
icated storage space. These external warehouse contracts are for the long-term, and
last between 1 and 1.5 years, thus changing these contracts must be determined on a
tactical/strategic level. For the external warehouse WH1, there is a bit more flexibility
to increase capacity (if possible at that time) for a certain number of months/periods.
If Facility Y decides to increase the capacity of external warehouse WH1 in a certain
period, the price for renting this space increase as well. To know how much it costs
to increase the capacity, we calculated the price to store 1 ton of product. With this
information the costs for any storage amount is calculated. By dividing the renting
(fixed) costs with the storage capacity of each warehouse, we determine these costs.
To determine the handling costs, we take the demand volume delivered from these
warehouses to the customer in a certain period, and divide this by the handling costs
in that period. In Table 2.3, the renting costs per ton per year and handling costs per ton
are seen. For external warehouse WH1, the handling is done by their own employees.
Therefore, the handling costs are much lower compared to external warehouse WH2,
where the handling is done by a 3PL. On the other hand, we see that the fixed costs per
ton of external warehouse WH1 are significantly higher compared to that of external
warehouse WH2.

Ext. WH1 Ext. WH2

Total Fixed Costs per year €243,330 €181,472
Storage Capacity (tons) 3,000 4,500

Fixed Costs per ton per year €81.11 €40.33
Total Handling Costs €106,444 €61,154

Shipped Volume (tons) 25,344 7,194
Handling Costs per ton €4.20 €8.50

Table 2.3: The fixed and handling costs per ton in the period 01/11/2022 - 01/11/2023.
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To determine the shuttle and transportation the costs, regression models are created
that are used to estimate these costs in euro per ton. A thorough explanation for this
approach is provided in Section 5.4. Using the regression for Facility Y to external
warehouses WH1 and WH2, the shuttle costs are €0.81/ton and €12.56/ton, respec-
tively. This way the total costs of external warehouses WH1 and WH2 are calculated.
In Table 2.4 the total costs per external warehouse are given from the period 1/11/2022
until 1/11/2023.

Ext. WH1 Ext. WH2

Fixed Costs €243,330 €181,472
Shuttle Costs €20,529 €90,364

Handling Costs €106,444 €61,154

Total Costs €370,303 €332,990

Table 2.4: Storage and logistics costs warehouses from the period 01/11/2022 -
01/11/2023.

To provide an overview and create the base case in terms of costs of the current situ-
ation, Table 2.5 shows the total costs of the Facility Y, of which the shuttle and trans-
portation costs are estimated via regression models. What we see in this table, is the
importance of the transportation costs, which contributes to 84% of the total costs.

Facility Y

Fixed Costs €424,802
Shuttle Costs €110,893

Handling Costs €2,627,229
Transportation Costs €15,915,877

Total Costs €19,078,800

Table 2.5: The total (modeled) costs for the Facility Y from the period 01/11/2022 -
01/11/2023.

In Figure 2.3, the contribution of each customer to the transportation costs is shown.
These customers are either internal (Converting plant owned by Company X) or ex-
ternal. The transportation costs depend on the distance, the carrier, and the number
of transports. From this figure one customer stands out, which is customer 1. This is
a converting plant, located in Slovak Republic, which the Facility Y supplies. In total
50% of the transportation costs comes from 23 out of 202 customers over the period
1/Nov/2022 until 1/Nov/2023.
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Figure 2.4 shows that the for the Facility Y the biggest market is in the Netherlands,
followed by Germany, Belgium and France. We also see that the transport costs per ton
to France are high compared to the other countries where Facility Y has a big market.
To get a better overview of the spread of the demand, a map is provided in Figure 2.5.

© GeoNames, Microso�, Open Places, OpenStreetMap, TomTom
Powered by Bing

0.0%

36.5%

% of the Demand

Figure 2.5: Demand spread of Facility Y over Europe
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2.2.2 Stock Analysis

In order to get an idea of the contributions to demand and storage space of the SKUs
in the portfolio of Facility Y, an ABC classification is made based on the contribution to
the total demand volume shipped, as seen in Figure 2.6. In this ABC classification the
80-15-5 rule is applied, which in this classification means 80% of the demand volume
is supplied by A-class SKUs, 15% by B-class SKUs, and 5% by C-class SKUs. From the
figure, we see that a high number of SKUs is concentrated in the square area until a
”shipping amount (tons)” of 1.500 and until a ”# of orders” of 200 orders. Nearly all of
the SKUs located in this area are B and C class SKUs. Furthermore, we see some SKUs
in the A-class that stand out, as some have more than 20,000 tons of shipment. While
you also have A-class products with fewer than 5,000 tons of shipment, the same goes
for the number of orders.
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Figure 2.6: Division of SKUs in ABC classes

The summary of the division and contribution of the ABC classes is seen in Table 2.6.
This table shows that 67 of the 883 SKUs are in class A, 156 of the 843 in class B, and
620 of the 883 in class C. This shows that throughout the year many C-class products
are produced, of which mostly sideruns, as a result of the production complexities and
contribute only a small amount to the overall demand. Besides, we see an overview
of the stock at the main warehouse (Hal 14/15), the external warehouses on site (Hal
7, Hal 8, WH1), and the external warehouse WH2.

The internal storage capacity consists of multiple warehouse spaces, as explained in
Section 2.1. The division of the volume within the warehouses in terms of ABC classes
is given in Figure 2.7. This figure shows, that for all classes the stock is spread over all
warehouses, and most of each class is kept at the biggest warehouse Hal 14/15. The
spread of stock over the warehouses may result in trucks having to drive to multiple
locations to be loaded. The spread is due to forklift drivers storing the products in
the external warehouse (excluding external warehouse WH2), when there is no space
left in Hal 14/15. Rather than moving the slow movers already in Hal 14/15 to the
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Class A Class B Class C

# of SKUs 67 156 620
% of Total Demand Volume 80% 15% 5%
% of Total Orders 77% 16% 7%
% of Stock in Hal 14&15 58% 24% 18%
% of Stock in External Storage On-Site 66% 23% 11%
% of Stock in External Storage WH2 100% 0% 0%

Table 2.6: ABC Classification contributions per class

external warehouses (excluding external warehouse WH2), they choose to move any
product that comes from production to the external warehouses. What also stands out
is the stock at external warehouse WH2, which only consists of A-class SKUs.
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Figure 2.7: ABC Demand Volume Division Over Warehouses

Figure 2.8 provides an understanding of how stock moves across the year in these ex-
ternal warehouses and how this compares to the capacity of each warehouse. What
we see from the figure is that the storage capacity for each warehouse is almost never
reached, and the times the storage capacity is reached, there is space in a different
warehouse to compensate. The average utilization rates of the warehouses are 59% for
Hal 7, 63% for Hal 8, 74% for external warehouse WH1, and 61% for external ware-
house WH2 over the period November 2022 till November 2023. Moreover, what we
see from the figure is that the stock level is quite stable for most warehouses, except for
the external warehouse WH2. We see that in one half of the year the stock level at the
warehouse is rather low and in the other half year the stock is high. This shows poten-
tial for changing contracts with the 3PL supplier, since less space is required during
these periods.

At the external warehouses WH1 and WH2 the Turnover Rates lie much lower, com-
pared to Facility Y warehouse. Over a full year where the total demand volume is
618,000 tons, only 32,000 tons were supplied from the external warehouses WH1 and
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WH2. On a monthly basis, the turnover rate at Facility Y warehouse is around 2.8 (the
total stock is turned over 2.8 times in a month), at external warehouse WH1 around 0.9,
and for external warehouse WH2 even lower. This is due to the current way of work-
ing of Facility Y, where external warehouses are only used to cover peak moments
(e.g., in weekends when Facility Y keeps producing without any demand, creating ex-
cess stock). Stock stays in these external warehouse for a longer time, because Facility
Y does not work FIFO and only retrieves these products if there is not enough product
to supply the customer directly from Facility Y.
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Figure 2.8: Stock development vs. capacity of the external Warehouses Hal 7, Hal 8,
WH1, and WH2 (notice that Hal 8 and Ext. WH2 have the same capacity)

Figure 2.9 shows the amount that is added or removed from the warehouse over each
weekend, from Friday 21:00 until Monday 06:00. In the weekends there is no demand
from the converting plants and Facility Y keeps producing. This results in no SKUs
leaving the warehouse, and at the same time SKUs keep coming in the warehouse. Not
all SKUs produced during the weekend can be stored at the central warehouse, result-
ing in that the vast majority is stored at the external warehouses nearby. In the figure
there can be seen that during the weekends the stock builds up with a big amount, on
average 1091 for Hal 8, 200 for Hal 7, and 450 for external warehouse WH1.

In Figure 2.10 an overview is given of the average and peak inventory level evolution
per month during the year from 11/2022 until 10/2023. This information is needed
for solving the problem to get insight into how much capacity is required and when
this is required. The figure shows that the inventory level was at their highest during
November 2022, June 2023, and October 2023.
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Figure 2.10: The Average and Peak inventory level evolution during the year.

2.2.3 Order Picking and Throughput Capacity

In Section 2.1, we explained the loading process at Facility Y. In this section we dive
deeper into the details of this operation.

In Table 2.7, the activities of forklift drivers is given consisting of 3 steps. In this ta-
ble the maximum loading capacities are provided based on the forklift driver occu-
pation. From 06:00 until 09:00 there are 4 forklift drivers present, from 09:00 until
17:00 there are 5 forklift drivers present, and from 17:00 until 19:00 there are 4 forklift
drivers present. Since we know the loading process is between 06:00 and 19:00, we
can calculate the maximum number of trucks that can be loaded by the forklift drivers
(maximum daily loading capacity). Based on the information from Table 2.7 we know
the maximum loading capacity per hour, depending on the number of forklift drivers
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present. From this information the maximum daily loading capacity is calculated with
the following formula:

[# of hours 4 forklift drivers are present * Hourly loading capacity with 4 forklift
drivers present] + [# of hours 5 forklift drivers are present * Hourly loading capac-
ity with 5 forklift drivers present]

Using this formula with the information collected, we get:

[3 hours * 8.37] + [8 hours * 10.47] + [2 hours * 8.37] = 125.61 Trucks.

Step 1: Collect picking list and drive to load location until start loading 00:04:44
Step 2: Picking and Loading 00:21:06
Step 3: Return with picking list 00:02:56

Total: 00:28:48

Max. Truck Capacity per hour (4 Forklift Drivers) 8.37
Max. Truck Capacity per hour (5 Forklift Drivers) 10.47

Table 2.7: Maximum loading capacity per hour (expressed in number of trucks) calcu-
lated based on the time needed per load

A truck has an average load of 25 tons, meaning the maximum daily loading capacity
is [25 tons * 125.61 Trucks] = 3,125 tons per day, which is [3,125 tons per * 20 working
days] = 62,500 tons per month. Based on the current performance, we know approxi-
mately 103 trucks are loaded per day, rather than 125. Using the same calculation we
get: [20 working days * 25 tons * 103 Trucks] = 51,500 tons as the maximum through-
put capacity per month for Facility Y. To get a more thorough understanding of pick-
ing activities, operational activities, and challenges at the site of Facility Y, we refer to
Appendix B.

2.2.4 Other Challenges

Besides the topics already discussed, some other general challenges that play a role on
the performance of the logistics department of Facility Y, are discussed in this section.
The most significant ones are listed below:

• SAP does not calculate how to combine orders to get trucks as full as possible,
this makes that the planning of transportation is done manually, which makes it
very difficult to plan trucks optimally.

• Trucks have a time window in which they can be loaded, but trucks that arrive
before this window are granted access based on the First in, First out (FIFO) prin-
ciple. It regularly happens that stock for an order is not present in the warehouse.
The reason for this is that a customer arrives to collect its order before the given
time window by sales and transport planning (their order is still in production).
These transport companies know that they work according to the FIFO principle,
which means they are more likely to arrive earlier than planned. The challenge is
that the customers arrive early, are granted access because of the FIFO principle,
and are then provided with the SKUs intended for another customer. This en-
sures that the customer for whom the products were intended has to wait for the
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products until they are produced (which is around the indicated time window
for the customer who intervened). This results in peak arrivals of trucks and a
lower throughput time.

• Only SKUs that are produced on machine 1 and machine 2 can be put on a truck
to be transported to a surrounding warehouse (Hal 8 in this case), when the
main warehouse is full. The SKUs coming from the machine 3 must be stored
in the central warehouse (Hal 14/15), since currently there is no truck that can
transport the SKUs coming from this machine.

• Dependence on skilled truck driver for the speed of loading and docking, thus
the speed of loading a truck. There is a lot of miscommunication with truck
drivers. Currently money is saved on transport costs, which results in the use of
cheap transport suppliers from the East of Europe. These truck drivers do not
talk any language understood by the warehouse staff leading to communication
issues and do not posses the required skills of docking the truck, which results
in a delay in the loading process.

2.3 Conclusion

This chapter has provided an in-depth understanding of the problem context by in-
troducing Facility Y’s Logistics Operations, by analyzing the performance of these op-
erations, and by highlighting the challenges it faces in its transportation and loading
operations. In the following chapters, we delve into the literature of the problems, fol-
lowed by the formulation and solution of these problems, aiming to provide a tailored
solution for Facility Y.
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Chapter 3

Literature Review

This chapter provides a review of the existing literature related to the Supply Chain
network problem. The purpose of this literature study is understand and address the
most urgent problem encountered at Company X, as discussed in subsequent sections.
The following research question is answered:

”What methods and theories are relevant for optimizing warehouse network structures?”

In Section 3.1, we explain the role of warehouses and the main activities within a
warehouse. In Section 3.2, we establish the concepts and principles of the supply
chain network problem faced by Company X. In Section 3.3 and Section 3.4 we ex-
plore the methods and common features of the Facility Location-Allocation Problem
(FLAP) and Warehouse Location Problem (WLP). In Section 3.5, we examine existing
approaches used to solve the WLP. We place our related work in literature in Sec-
tion 3.6. Last, we conclude the chapter in Section 3.7.

3.1 Warehousing Essentials

A warehouse is defined as a structural unit with all the resources and organizational
arrangements necessary for the execution of the processes related to storage and in-
ventory management (Kappauf et al., 2012). Warehouses are in charge of buffering
the material flow along the supply chain, to adapt companies to the variability caused
by factors such as transportation delays, batch production, seasonality of demand,
and difficulties in suppliers (Gu et al., 2007). In recent years there has been an in-
crease in research related to logistics performance in warehouses due to the pursuit of
competitiveness by companies (Agarwal et al., 2006). This requires the warehouse to
reduce and make inventory flexible, generate a faster response time, integrate them-
selves with 1) a greater number of Third-Party Logistics (3PL) providers and 2) multi-
ple customers with diverse needs (Tian et al., 2010).

Cost and service levels are key factor for the company’s success (Chopra and Meindl,
2016). The main activities of a warehouse (storage, preservation, and movement of
products) are responsible for a lot of costs, due to the amount of economic, financial,
personnel, and infrastructure resources required. On the other hand, storage is re-
sponsible for the service level offered to customers, since it affects lead time, orders
fulfillment, product quality, and conditions (Frazelle, 2016). The optimization of cost
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and the service level are two of the main objectives for warehouse managers. These
optimization initiatives include reducing unnecessary distances and movement, im-
proving space utilization, improving equipment and labor utilization, accessibility to
all items, among others (Tompkins et al., 2010).

3.2 Characterizing the Supply Chain Network Problem
of Company X

In this section we explore the the Supply Chain Network Problem of Company X, by
looking into the objective function in Section 3.2.1 and the constraints of the problem
in Section 3.2.2. Lastly, we will find the corresponding taxonomy belonging to the
Supply Chain Network Problem in Section 3.2.3.

3.2.1 The Objective Function

The objective for Company X is to minimize the total distribution costs by improving
the network structure with the warehouses they have and candidate warehouses and
ensure that there is always enough capacity available. Additionally, Company X wants
to know which SKUs from which customer should be allocated where to minimize the
distribution costs.

3.2.2 The Constraints

There are several constraints that must be taken into account:

• Storage capacity may not be exceeded.

• Demand must be satisfied.

• The warehouses at Facility Y should always be in use, since they are owned by
Company X.

• Production (policy) must be considered as a given.

3.2.3 Taxonomy in Literature

From Section 3.2.1, we know that the objective is to minimize distribution costs by
changing the supply chain network structure consisting of warehouses to which SKUs
from customers are allocated. Based on this information, the problem is identified as
a location problem. Within location theory, the following frameworks are found that
could represent the problem:

• The Facility Location-Allocation Problem (FLAP). The goal is to locate a set of
new facilities such that the transportation cost from facilities to customers is min-
imized and an optimal number of facilities have to be placed in an area of interest
in order to satisfy the customer demand (Zeinab and Ensiyeh (2009)).

• The Warehouse Location Problem (WLP). The goal is similar to the one of the
Facility Location-Allocation problem, but solely focuses on finding the optimal
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warehouse locations, warehouse capacity, and customer allocation towards the
warehouses (Bagherpoor et al. (2009)).

The main difference between both frameworks lies in the scope and focus of the prob-
lem, moreover, the FLAP is more studied in literature than the WLP.

3.3 The Facility Location-Allocation Problem (FLAP)

In this section we show relevant literature related to the FLAP framework. We de-
scribe common objective functions, constraints, parameters, assumptions, classifica-
tions, and models of the FLAP.

The problem of Company X is characterised as a location-allocation problem, where a
company seeks the best location for a facility and allocates customers towards them.
Within the framework of location-allocation problems there are many types and com-
binations of types that are addressed.

The FLAP is concerned with the optimal placement of facilities and optimal division of
customers to facilities, to serve a certain objective function. Basically, it consists of four
basic elements (Adeleke and Olukanni, 2020; Corneujols et al., 1990; Roelofs, 2021):

1. A set of locations where facilities may be built/opened. For every location, some
information about the cost of building or opening a facility at that location is
given.

2. A set of demand points (customers) that must be assigned for service to some
facilities. For every customer, information regarding its demand and about the
costs/profits incurred if served by a certain facility are provided.

3. A list of constraints to be met.

4. A function that associates to each set of facilities the cost/profit incurred if one
would open all the facilities in the set and would assign the demand points to
them such that the requirements are satisfied.
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3.3.1 Objectives

With the FLAP the model represents the optimal locations of facilities and allocations
of customers to facilities. It will do this by either minimizing or maximizing a certain
objective. Common objective functions for the FLAP are (Adeleke and Olukanni, 2020;
Alarcon-Gerbier and Buscher, 2022):

• Minimize the total costs (e.g., distribution costs, fixed costs, inventory holding
costs, salary costs, production costs, etc.)

• Minimize the total distance to minimize delivery times, CO2 emissions, and
costs.

• Minimize the maximum distance between the newly placed facility and all exist-
ing facilities.

• Minimize the number of facilities to be opened.

• Maximize the minimum service level to customers.

• Maximize the service level to ensure that customer demands are met promptly
and adequately.

• Maximize the total profit.

3.3.2 Decision Variables

In a FLAP the problem owner wants to know where to place facilities and which cus-
tomer to allocate to these facilities in order to minimize costs. Therefore, the two com-
mon decision variables in a FLAP are (Arango et al., 2023; Melo et al., 2009):

• Where to place a production facility in a continuous location space or which
production facility to pick from a discrete set of locations.

• Which customers to allocate to which production facility.

3.3.3 Constraints

In order to realise a valid and feasible solution constraints must be added to the model.
There are some common constraints for the FLAP, but for each specific problem con-
straints may be required that are problem specific. Common constraints for FLAP are
(Zeinab and Ensiyeh, 2009; Corneujols et al., 1990):

• All customer demand must be satisfied.

• The (production and/or inventory) capacity of the facilities may not be exceeded.

• The maximum distance or travel time towards a customer may not be exceeded
(regards to service level agreements).

• The investment in facilities may not exceed the budget.

• The maximum number of facilities that can or must be opened.

• The maximum number of facilities that can serve one customer.
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3.3.4 Parameters

Parameters are required to be able to run the model. They are the data put into the
model. Changing the input parameters, changes the behaviour, outcomes, or results
of the model. Common input parameters for FLAP are (Melo et al., 2009; Arango et al.,
2023):

• Coordinates of the facility and customer locations.

• Distance between facilities and customers.

• Distance cost per unit of measurement (e.g., kilometer).

• Fixed installation/renting costs of the facilities.

• Handling or operating costs per unit at each facility.

• Demand at each customer location.

• Facility production capacity.

• Facility inventory capacity.

3.3.5 Classifications

In order to create a manageable representation of a real-world system, assumptions
(simplifications) are made. In the FLAP, the assumptions determine the classification
of theFLAP. There are many classifications within the Facility Location Problem:

• Discrete vs. Continuous solution space

In a continuous FLAP, the selection for the new facility can be any location within
the space. A FLAP with continuous space gives as output the exact coordinates
of the new facility location. However, distances have to be estimated (e.g., eu-
clidean distance) to solve the problem. For a discrete FLAP there are a given set
of choices for the facility’s location (Litoff, 2015). Therefore the collection and
reliability of the input parameters is much easier and accurate with a discrete
solution space than with a continuous solution space.

• Static vs. Dynamic Capacity

A FLAP with static capacity means that is it either uncapacitated or it has a spe-
cific capacity. When each (potential) facility has a capacity, which is the maxi-
mum demand it can supply, the problem is called a capacitated facility location-
allocation problem. When the capacity constrains are not needed, we have the
simple or uncapacitated facility location-allocation problem. Here the assump-
tion is made that each facility produces and ships unlimited quantities of the
commodity under consideration (Verter, 2011). A FLAP with dynamic capacity
means that the facility have a capacity, but they allow scaling of the facility, so
the capacity can be increased or decreased (Alarcon-Gerbier and Buscher, 2022).

• Single-period vs. Multi-period

The main difference between the single-period and multi-period facility location-
allocation problems lies in the planning horizon of decision-making. In a single-
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period problem, decisions focus on meeting immediate demand, optimizing re-
sources for a short period. In a multi-period problem, decisions span a longer
time-frame, involving both strategic and tactical considerations for facility loca-
tions and resource allocations over an extended planning horizon. Single-period
models prioritize adaptability, while multi-period models emphasize long-term
planning and efficiency. Moreover, in a multi-period FLAP demand fluctua-
tions are included, since each period has different values (Alarcon-Gerbier and
Buscher, 2022; Melo et al., 2009).

• Deterministic vs. Stochastic parameters

The difference between deterministic and stochastic parameters in FLAPs is how
uncertainty is handled in the input parameters. Deterministic FLAPs assume
that all parameters are known with certainty and provide a single optimal and
multiple feasible solutions, while stochastic FLAPs incorporate variability or un-
certainty in one or more parameters and provide probabilistic solutions that ac-
count for this uncertainty (Melo et al., 2009).

• Single-product vs. Multi-product

The main difference between single-product and multi-product FLAPs is the
number of products considered and the complexity of managing multiple prod-
ucts within the facility network. Single-product FLAPs focus on optimizing fa-
cility locations and demand allocation for a single product, while multi-product
FLAPs involve additional considerations related to managing multiple products
within the same facility network (Irawan and Jones, 2019).

• Single-Objective vs. Multi-Objective

Single-objective FLAPs aim to optimize a single criterion, while multi-objective
FLAPs aim to optimize multiple conflicting objectives simultaneously, allowing
for trade-offs between different criteria. The choice between single- or multi-
objective approaches depends on the specific goals and preferences of decision-
makers and stakeholders involved in the facility location problem (Arango et al.,
2023).

• Typical Location-Allocation decisions vs. Additional Supply Chain Decisions

Facility location decisions are frequently combined with other related supply
chain decisions such as inventory and vehicle routing decisions. The FLAP fo-
cuses on the location and allocation decisions, however it does not focus on op-
timizing inventory or routing. There is literature that combines these problems
into one to find an optimal solution for both, rather than finding two sub-optimal
solutions. The small number of papers integrating decisions regarding inventory
or routing, in particular those focusing on the strategic planning level, show that
the existing literature is still far from combining many aspects relevant to supply
chain management. In fact, this integration leads to much more complex models
due to the large size of the problems that may result. This holds in particu-
lar when tactical/operational decisions are integrated with strategic ones (Melo
et al., 2009).
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3.3.6 Modeling Approach of Parameters

Distance

For the FLAP and other location problems there are different ways of calculating or
determining the distance between two points or locations (Farahani and Hekmatfar,
2009):

• Rectilinear distance. This distance speaks for itself and is a very appropriate dis-
tance measure, and it is easy to treat analytically. As Figure 3.1 illustrates, there
are several paths between X and Pi, however for every path the rectilinear dis-
tance is the same.

Figure 3.1: Different rectilinear paths between X and Pi.

• Euclidean distance. The Euclidean distance is the distance of a straight line from
point A to point B.

• Road map distance. The road map distance approach of is a bit different than the
other ones, but the most accurate approach. With the help of Google maps or
Bing maps, the distances are retrieved between two locations through the road
network. This is done by retrieving an API key from Google or Bing maps, which
attains the distances between two points.

Demand

For the FLAP and other location models demand is either modeled as deterministic
or stochastic, and over a single period or multiple periods. The choice for this has
influence on the modelling complexity and accuracy.

In a multi-period or ”dynamic” FLAP, the objective is to determine the spatial distri-
bution of facilities at each time period of a finite planning horizon so as to minimize the
costs for meeting customer demand (Correia and Melo, 2017). By making the model
multi-period changes in demand are captured, which provide greater adaptability to
changes in demand. Besides, multi-period models support long-term planning by con-
sidering implications of facility location and allocation decisions in each time period,
which offer greater flexibility.

In a deterministic approach, all variables and parameters are assumed to have fixed,
known values. There is no randomness or uncertainty in the system, thus the outcome
of the model is entirely determined by the input variables. In a stochastic approach
the model does incorporate randomness and uncertainty into the system. Variables
and parameters are treated as random variables with probability distributions, and
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outcomes are probabilistic. In a deterministic approach, stochastic elements are intro-
duced through scenario analysis with discrete variables. Each scenario has a certain
probability, with which the model captures uncertainty and variability in the system
(Correia et al., 2017).

Capacity

From the literature some ways of modelling the capacity of a production facility ca-
pacity are provided, however there is not much literature explaining how capacity is
modeled for warehouses. The following ways of modelling capacity are found (Cor-
reia et al., 2017; Melo et al., 2009):

• Production or Supply Capacity (Facility). Capacity where the facility can only pro-
vided a maximum amount of a product.

• Service Capacity (Facility or Warehouse). Represents the maximum number of cus-
tomers a facility can accommodate within a given time period.

• Throughput Capacity (Warehouse). The maximum throughput is the maximum
flow a warehouse can handle or deal with within a certain period. This can be
modeled in terms of products, tons of products, pallets, etc.

• Storage Capacity (Warehouse). Maximum amount of inventory a warehouse can
hold at any point in time. This is often used in operational problems, where the
dynamics of supply and demand can be simulated.

A dynamic aspect can be provided to capacity, by incorporating modular capacity
(Correia and Melo, 2017). With modular capacity, warehouse capacity can be increased
or decreased in a certain time period. Modular capacities are relevant when the capac-
ity of a facility cannot increased or decreased continuously (Correia et al., 2017).

3.3.7 Basic FLAP Model

This section describes the basic mathematical model of the FLAP (Melo et al., 2009).

Parameters

• Di: Demand of customer i.

• Cj: Capacity of facility j.

• Fj: Fixed costs for opening facility j.

• cji: Transportation costs of moving a unit of product from facility j to customer i.

Decision Variables

• xij: Binary variable indicating whether customer i is being supplied by facility j.

• yj: Binary variable indicating whether facility j is open or not.
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Mathematical Model

Minimize:
m

∑
j=1

Fjyj +
n

∑
i=1

m

∑
j=1

cjixij (4.1)

Subject to:
m

∑
j=1

xij = 1, ∀i ∈ I (4.2)

n

∑
i=1

Dixij ≤ Cjyj, ∀j ∈ J (4.3)

xij ∈ {0, 1}, ∀i ∈ I, ∀j ∈ J (4.4)

yj ∈ {0, 1}, ∀j ∈ J (4.5)

The objective function (4.1) is the classical economic objective of minimizing costs.
These costs are the fixed costs of each facility in the first part and the costs of supplying
customer i by facility j in the second part. Constraint (4.2) indicates that customer i
may only be served by 1 facility, xij says whether customer i is supplied by facility j.
Constraint (4.3) makes sure that the sum of all demand supplied by facility j is smaller
or equal to the capacity of facility j. Constraint (4.4) indicates that xij equals either 0 or
1. And lastly, constraint (4.5) indicates that yj equals either 0 or 1.
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3.4 The Warehouse Location Problem (WLP)

In this section we show relevant literature related to the WLP framework. We de-
scribe common objective functions, constraints, parameters, assumptions, classifica-
tions, and models of the WLP. In all sections the differences with the FLAP framework
are discussed.

3.4.1 Objectives

With the WLP the model represents the optimal locations of warehouses and alloca-
tions of customers to warehouses by either minimizing or maximizing a certain ob-
jective. The main difference compared to the FLAP framework is that in the WLP
production or the supply is considered as a given and no optimization is considered
at production. Common objective functions for the WLP are (Bagherpoor et al., 2009;
Arango et al., 2023):

• Minimize the total costs (e.g., distribution costs, fixed costs, inventory holding
costs, handling costs, etc.)

• Minimize the total distance to minimize delivery times, CO2 emissions, and
costs.

• Minimize the number of warehouses to be opened.

• Maximize the minimum service level to customers.

• Maximize the service level to ensure that customer demands are met promptly
and adequately.

• Maximize the total profit.

3.4.2 Decision Variables

In a WLP the problem owner wants to know where to place warehouses and which
customer to allocate to these warehouses in order to minimize costs. Therefore, the
two common decision variables in a WLP are (Arango et al., 2023; Melo et al., 2009):

• Where to place a warehouse in a continuous location space or which warehouse
to pick from a discrete set of locations.

• Which customers to allocate to which open warehouse.

3.4.3 Constraints

For the WLP there are some common constraints, as for the FLAP, but for each spe-
cific problem constraints may be required that are problem specific. The difference
compared to the FLAP framework is that no production capacity is considered, only
a supply input is given. Common constraints for WLP are (Zeinab and Ensiyeh, 2009;
Bagherpoor et al., 2009):

• All customer demand must be satisfied.

• The capacity of each warehouse may not be exceeded.

32



Chapter 3. Literature Review

• The maximum distance or travel time towards a customer may not be exceeded
(in regards to service level agreements).

• The investment in warehouses may not exceed the budget.

• The maximum number of warehouses that can or must be opened.

• The maximum number of warehouses that can serve one customer.

• The maximum number of customers a single warehouse can serve.

• Each supply point has a given supply that cannot be exceeded (it can not supply
more of a certain product than is given).

3.4.4 Parameters

For the WLP framework similar parameters are required, compared to the FLAP frame-
work. No production cost or capacities are considered, only the supply point is consid-
ered to optimally place warehouses. Common input parameters for WLP are (Bagher-
poor et al., 2009; Melo et al., 2009):

• Coordinates of the warehouse and customer locations.

• Distance between warehouse and customers.

• Distance cost per unit of measurement (e.g., kilometer).

• Fixed installation/renting costs of the warehouse.

• Handling or operating costs per unit at each warehouse.

• Demand at each customer location.

• Supply of product from manufacturing plant location.

• Warehouse storage capacity.

3.4.5 Classifications

The focus of the WLP is on finding the optimal warehouse location, and not production
facility, as the case with the FLAP. However, the classifications are similar. The WLP
has the same classifications as mentioned in Section 3.3.5, with the addition of:

• Single-stage vs. Multi-stage. In a single-stage WLP there is a direct relation-
ship between the warehouse and customers, as the customers are directly served
through the warehouses. Each warehouse is responsible for directly supplying
the demand of its assigned customers. In contrast, a multi-stage WLP involved
multiple levels of warehouses, where there are some warehouse with a more im-
portant or different role compared to others.

• Owned vs. Outsourced Warehousing. In some WLP a distinction is made be-
tween owned or outsource warehouses. The main difference here is that for
owned warehouses an investment has to be made for the storage space, whereas
for outsourced warehouses rent is paid for the storage space.
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3.4.6 Modeling approach of Parameters

The modeling approach of parameters in the WLP is similar to how the parameter
modeling is done in the FLAP. Therefore, we refer to Section 3.3.6 for insights into
how to model the parameters.

3.4.7 Basic WLP Model

The basic or starting model of the WLP is similar to the starting model of the FLAP
described in Section 3.3.7, in which the only difference is that the scope lies on a ware-
house rather than a production facility. From this basic model, both the WLP and
FLAP framework build upon.

3.5 Existing Approaches to Location Problems

In this section we describe existing approaches to solve location problem, in particu-
lar the FLAP and WLP. To solve small Location Problems, integer programming opti-
mization methods are used. However, for larger Location Problems, heuristic methods
or meta heuristic methods are utilized (Farahani and Hekmatfar, 2009). A heuristic is
problem-dependent solution strategy, where Meta-heuristic is problem-independent
solution strategy. For example, if we want to get the best shooting speed for a soc-
cer robot, we use a specific heuristic. Because, it does not necessarily mean, the same
heuristic will also be useful to get the best throwing speed of a basketball to score. But,
if we design a strategy with parameters to tune which are applicable to both problems,
then it will be a meta-heuristic. (Roelofs, 2021).

3.5.1 Exact solution methods

There are several exact solution methods that are used to solve Location Problems
(Zeinab and Ensiyeh, 2009; Adeleke and Olukanni, 2020):

• Integer Linear Programming (ILP). Formulate the Location Problem as an ILP model
and solve it using optimization solvers such as CPLEX, Gurobi, or SCIP. ILP
solvers guarantee an optimal solution, but they may be computationally inten-
sive for large problem instances.

• Branch and Bound (B&B). A technique used in conjunction with ILP solvers to
explore the solution space efficiently by pruning branches that cannot lead to
an optimal solution. It can handle larger problem instances compared to simple
Integer Linear Programming solving.

• Dynamic Programming (DP). DP breaks down the problem into sub-problems and
solves them recursively. However, its applicability may be limited by the size of
the problem due to exponential time complexity.

3.5.2 Heuristic and Meta-heuristic methods

There are several heuristic and meta-heuristic methods that are used to solve Location
Problems (Zeinab and Ensiyeh, 2009; Adeleke and Olukanni, 2020):
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• Greedy Algorithms (GA). Greedy algorithms construct solutions step by step by
making optimal choices locally. They are computationally efficient but may not
always find the optimal solution.

• Local Search Algorithms (LSA) — Heuristic. Algorithms like Hill Climbing, Simu-
lated Annealing, and Tabu Search iteratively improve solutions by making small
modifications to them. These methods can escape local optima but may require
many iterations.

• Busacker-Gowen Algorithm (BGA) — Heuristic. The Busacker-Gowen algorithm
is a path-based algorithm specifically designed for solving the maximum flow
problem in a network. It focuses on finding augmenting paths (paths from the
source to the sink) that increase the flow while minimizing the total cost

• The Langrangian Heuristic (LH) — Heuristic. The Lagrangian heuristic combines
three key components: A suitable Lagrangian relaxation of the problem, an effi-
cient sub-gradient optimization procedure for solving the Lagrangian dual, and
a primal heuristic for yielding feasible solutions. The heuristic aims to recover
primal feasibility by finding feasible solutions based on the Lagrangian relax-
ation

• Genetic Algorithms (GA) — Meta-Heuristic. Inspired by the process of natural se-
lection, GA maintains a population of candidate solutions and applies genetic
operators such as mutation and crossover to evolve better solutions over succes-
sive generations.

• Particle Swarm Optimization (PSO) — Meta-Heuristic. PSO simulates the behavior
of swarms of particles moving through a search space. Each particle represents a
candidate solution, and they adjust their positions based on their own experience
and that of neighboring particles.

• Ant Colony Optimization (ACO) — Meta-Heuristic. ACO is inspired by the forag-
ing behavior of ants. It iteratively constructs solutions by simulating the move-
ment of ants on a graph representing the problem space. Pheromone trails guide
the construction process, with stronger trails indicating better solutions.
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3.6 Related Work in Addressing Similar WLP Variants

Based on the literature study, we define the problem of Company X as a Warehouse Location Problem (WLP), because the focus lies
on finding the optimal warehouse locations, rather than production facility locations. Because more work has been done regarding
the FLAP framework, we learn from this research to include in the WLP of Company X. In tables 3.1 and 3.2, we relate the work of
this thesis in literature. For the explanation of each column, we refer to Section 3.4.5 in which each classification is explained. Based
on the literature review table, we solve the Single-Objective Multi-Stage Multi-Period Multi-Product Discrete Warehouse Location
Problem (SOMSMPMPDWLP) with Dynamic Capacity, Outsourced and Owned warehouses, and Deterministic Parameters.

Table 3.1: A literature review table for the Warehouse Location Problem (WLP).

Paper
Objective Warehouse Location Capacity # of Warehouses Product Planning Horizon Parameters
Functiona DI — CO b ST — DY c SI — MU d SI — MU d SP — MP e DE — SO f

Correia et al. (2017) MC DI DY MU SI MP SO
Adeleke and Olukanni (2020) MNF CO DY MU SI SP DE
Nagy (2004) MC DI ST MU SI SP DE
Sharma and Berry (2007) MC DI ST MU SI SP DE
Melachrinoudis and Min (2007) MC DI ST MU SI SP DE
Irawan and Jones (2019) MC DI DY MU MU SP DE
Amin and Baki (2017) MP + MOTD DI ST MU MU MP SO
Szczepanski et al. (2019) MC DI ST MU SI SP DE
You et al. (2019) MD CO - MU SI SP DE
Gao (2020) MD CO - MU SI SP DE
Santosa and Kresna (2015) MC DI ST MU SI SP DE
Brunaud et al. (2017) MC DI DY MU MU MP DE
THIS THESIS MC DI DY MU MU MP DE

d SI = Single; MU = Multi b DI = Discrete; CO = Continuous c ST = Static; DY = Dynamic e SP = Single-Period; MP = Multi-Period
a MC = Minimize Costs; MNF = Minimize Number of Open Facilities; MP = Maximize Profit; MOTD = Maximize On-Time Deliveries; MD = Minimize
Distance f DE = Deterministic; SO = Stochastic
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Table 3.2: Continued: A literature review table for the Warehouse Location Problem (WLP).

Paper
Warehouse Type Production Storage Space Req. Distribution Levels Solution Approach
OW — OS — B a IN — OUT b IN — OUT b SI — MU c B&B — LH — ILP — GRA — BGA — LSA d

Correia et al. (2017) OW - - SI B&B
Adeleke and Olukanni (2020) OW - - SI LH
Nagy (2004) OW - - SI ILP
Sharma and Berry (2007) OW IN OUT SI ILP
Melachrinoudis and Min (2007) OW OUT - SI ILP
Irawan and Jones (2019) OW - - MU ILP
Amin and Baki (2017) OW OUT - MU GRA
Szczepanski et al. (2019) OW OUT - MU BGA
You et al. (2019) OW - - SI LSA
Gao (2020) OW - - SI GA
Santosa and Kresna (2015) OW IN OUT SI LSA
Brunaud et al. (2017) OS OUT - MU ILP
THIS THESIS B IN IN MU B&B

a OW = Owned; OS = Outsourced; B = Both b IN = Input; OUT = Output c SI = Single-Stage; MU = Multi-Stage d B&B = Branch & Bound; LSA =
Local Search Algorithm; ILP = Integer Linear Programming; GA = Genetic Algorithm; BGA = Busacker-Gowen Algorithm; GRA = Greedy Algorithm; LH
= Langrangian Heuristic
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3.7 Conclusion

This chapter has presented a literature study on the WLP and FLAP, with a specific
focus on these problems characteristics and variants. We have explored the funda-
mentals of both problems and reviewed existing approaches. The knowledge ac-
quired from this literature study is used in the next chapter, to develop a customized
solution to address Company X’s Single-Objective Multi-Stage Multi-Period Multi-
Product Discrete Warehouse Location Problem with Dynamic Capacity, Outsourced
and Owned warehouses, and Deterministic Parameters.
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Chapter 4

Solution Design

The aim of this thesis is to reduce the overall logistics costs, consisting of distribution
costs and storage costs, where we want to provide strategy in terms of the optimal
warehouse location and capacity, and allocation of customer demand to these ware-
houses. In this chapter the solution design is presented and explained by answering
the following research question:

”What are the most suited algorithms or methodologies to solve Company X’s Warehouse
Location Problem?”

In Section 4.1, a description of the solution design is given. The assumptions of the
model are described in Section 4.2. In Section 4.3, the mathematical model is ex-
plained. In Section 4.4, the scenarios and their importance are described. In Section 4.5
is described how the proposed solution design works and helps solve the problem by
means of a toy example. Lastly, the conclusion for the chapter is provided in Sec-
tion 4.6.

4.1 Model Description

This research aims to minimize the logistics costs, which include fixed costs (rent),
handling costs, shuttle costs, and transportation costs, by optimizing the number and
location of warehouses, their storage capacities, and the allocation of customers to
these warehouses. The model considers multiple time periods, providing insights into
the possibility of short-term contracts for specific warehouse locations, which are con-
tracts lasting for 1 or a few months. Essentially, this research provides the most cost-
efficient solution by determining where capacity is needed, how much is needed, and
when it is needed.

The mathematical model is based on the Warehouse Location Problem (WLP), which
is extensively studied in Chapter 3. We recall that with the traditional WLP, we de-
termine the best locations for warehouses and allocation of customers to these ware-
houses, to minimize total costs, which include fixed costs of establishing and operating
the warehouses, as well as variable costs associated with transportation. Our research
maintains the objective of minimizing total logistics costs, while incorporating addi-
tional cost parameter shuttle costs. We include the shuttle costs because our WLP
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includes multiple distribution levels, starting from the Facility Y warehouse where the
products are produced. From there, products are transferred either directly to the cus-
tomer or to external warehouses before reaching the customer, similar to the approach
used by Adeleke and Olukanni (2020).

We extended the traditional model by including multiple time periods and dynamic
capacity in our research, based on Correia and Melo (2017); Kelly and Marucheck
(1984); Brunaud et al. (2017). Including this creates a dynamic warehouse location
problem allowing the model to capture fluctuations in demand and storage capacity
requirements. In our research, we use capacity levels, where each capacity level has a
specific storage capacity and associated fixed costs (rent), which is similar to the mod-
ular capacity concept used by Correia and Melo (2017). Additionally, our research fo-
cuses on long-term planning, where each time period represents, for example, a week
or month, rather than a day.

Different from literature, to the best of our knowledge, is the inclusion of the storage
capacity requirement per SKU. In traditional models this is addressed through a day-
to-day simulation model (Szczepanski et al. (2019)) from which you learn the storage
requirements on a very detailed level. We took a different approach, since the com-
pany wanted a more high-level view, requiring less data. By including the storage
capacity requirement per SKU per period, the model allocates the necessary storage
space for each SKU per period, ensuring we know where, when, and how much ca-
pacity is required. Additionally, the demand volume of a SKU can only flow through
a warehouse if storage space of a SKU is allocated to that warehouse. To make sure
the Turnover Rate at the warehouses is realistic, we included a parameter that spec-
ifies the allowable turnover rates per SKU at the Facility Y warehouse. Finally, we
incorporated a constraint which assures that if demand volume is less than the stor-
age space requirement for a SKU at an external warehouse, the difference is carried
over to the next period. Essentially, this ensures that any unsold or unused inventory
in one period continues to occupy storage space in next period.

4.2 Assumptions

This section outlines the foundational assumptions that underpin our problem formu-
lation. These assumptions include:

• All input parameters are deterministic.

• We consider production and demand as a given, from which storage capacity
requirements per SKU and turnover rates at Facility Y can be estimated based
on historical data. We do not consider production policy changes or any other
changes regarding production, which could influence the storage capacity re-
quirements.

• All external warehouses considered are either warehouses owned by the com-
pany (facility warehouses) or warehouses that are rented (external warehouses).
Only for the latter warehouse type the choice can be made not to open the ware-
house.

• The costs for increasing capacity level is based on the costs to store one ton of
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storage in a specific location.

• The maximum throughput capacity of Facility Y in period t is assumed to be the
actual throughput of Facility Y in period t. For external warehouses this is calcu-
lated based on the number of docks and personnel, as shown in Section 2.2.3.

• We assume that if demand volume is less than the storage space requirement for
an SKU at an external warehouse, the difference is carried over to the next period.
If the demand volume is greater than or equal to the storage space requirement
of an SKU at an external warehouse, the remaining storage space required is set
to zero.

4.3 Mathematical Model

The model is based on the WLP, described in Chapter 3. The indexes and decision vari-
ables of the model are described in Section 4.3.1, and the parameters in Section 4.3.2.
The corresponding mathematical model is explained in Section 4.3.3.

4.3.1 Indices and Decision Variables

Indices

• i - Customer (i = 1,...,I)

• j - Warehouse (j = 1,...,J)

• s - SKU (s = 1,...,S)

• t - Time period (t = 1,...,T)

• m - Facility (m = 1,...,M)

• c - Capacity level (c = 1,...,C)

Decision Variables

• Let yjct be a binary variable indicating whether warehouse j, with capacity level
c is open or closed in period t.

• Let vmsjit be a continuous variable representing the demand volume that ware-
house j provides to customer i for SKU s, originating from facility m in period
t.

• Let xmsjt be a continuous variable representing the storage space of SKU s, origi-
nating from facility m, that is required in warehouse j during period t.

• Let pmsjt be a binary variable that checks whether storage space of SKU s, origi-
nating from facility m, is allocated to warehouse j in period t.

4.3.2 Parameters

• Dmsit: Demand in tons of SKU s from customer i supplied by facility m in period
t.
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• Smst: Amount of storage space in tons that is required for SKU s, by facility m,
during period t.

• QSmst: Total Demand in tons of SKU s, which is supplied by facility m in period
t.

• SCjc: Storage Capacity of warehouse j with capacity level c.

• TCjt: Throughput Capacity of warehouse j in period t.

• TRmst: Turnover Rate at facility m for SKU s in period t.

• Fjc: Fixed costs (rent) per period for opening warehouse j with capacity level c.

• Hj: Handling costs of handling 1 ton of product coming in warehouse j (in euros
per ton).

• SHCmj: Shuttle cost of moving 1 ton of product from facility m to warehouse j
(in euros per ton).

• TSCji: Transportation costs of moving 1 ton of product from warehouse j to cus-
tomer i (in euros per ton).

• BM: Big M is a large positive number.

4.3.3 Model Formulation

In this section we describe and explain the mathematical model, which is used to solve
the Warehouse Location Problem of Company X.
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Mathematical Model

min ∑
t∈T

(
∑
j∈J

∑
c∈C

Fjc · yjct + ∑
m∈M

∑
s∈S

∑
j∈J

∑
i∈I

vmsjit
(
SHCmj + Hj + TSCji

)
+ ∑

m∈M
∑
s∈S

∑
j∈J

xmsjt · SHCmj

)
(1)

S.t.

∑
j∈J

xmsjt = Smst, ∀m ∈ M, s ∈ S, t ∈ T (2)

∑
j∈J

vmsjit = Dmsit, ∀m ∈ M, i ∈ I, s ∈ S, t ∈ T (3)

∑
m∈M

∑
s∈S

xmsjt ≤ ∑
c∈C

SCjc · yjct, ∀j ∈ J, t ∈ T (4)

∑
i∈I

vmsjit ≤ TRmst · xmsjt, ∀j ∈ J, m ∈ M, s ∈ S, t ∈ T (5)

xmsjt ≤ pmsjt · BM, ∀j ∈ J, m ∈ M, s ∈ S, t ∈ T (6)

pmsjt ≤ xmsjt, ∀j ∈ J, m ∈ M, s ∈ S, t ∈ T (7)

∑
i∈I

vmsjit ≤ BM · pmsjt, ∀j ∈ J, m ∈ M, s ∈ S, t ∈ T (8)

pmsjt ≤ ∑
i∈I

vmsjit, ∀m ∈ M, i ∈ I, s ∈ S, j ∈ J, t ∈ T (9)

xmsjt ≤ ∑
c∈C

Smst · yjct, ∀m ∈ M, i ∈ I, s ∈ S, j ∈ J, t ∈ T (10)

vmsjit ≤ ∑
c∈C

Dmsit · QSmst · yjct, ∀m ∈ M, i ∈ I, s ∈ S, j ∈ J, t ∈ T (11)

∑
c∈C

yjct ≤ 1, ∀j ∈ J, t ∈ T (12)

∑
c∈C

ymct = 1, ∀m ∈ M, t ∈ T (13)

∑
m∈M

∑
s∈S

∑
i∈I

vmsjit ≤ ∑
c∈C

TCjt · yjct, ∀j ∈ J, t ∈ T (14)

xmsjt ≥ xm,s,j,t−1 − ∑
i∈I

vm,s,j,i,t−1, ∀j ∈ J, m ∈ M, j ̸= m, s ∈ S, t ∈ T, t > 1 (15)

xmsjt ≥ 0, ∀i ∈ I, j ∈ J, t ∈ T (16)

vmsjit ≥ 0, ∀i ∈ I, j ∈ J, t ∈ T (17)

yjct ∈ {0, 1}, ∀j ∈ J, c ∈ C, t ∈ T (18)

pmsjt ∈ {0, 1}, ∀j ∈ J, c ∈ C, t ∈ T (19)

The objective function (1) is the minimization of first the fixed rent costs of warehouses,
followed by the shuttle, handling, and transportation costs, and lastly, we incur costs
for moving stock. In constraint (2) we make sure the storage space requirement of
each SKU is allocated to warehouses. Constraint (3) makes sure all demand is allo-
cated to the customer. Constraint (4) makes sure the capacity of each warehouse is
not exceeded. Constraint (5) makes sure that the storage space of an SKU at a ware-
house can at most be turned over the number of times given by the turnover rate. In
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constraints (6), (7), (8), and (9) we make sure that the decision variable p, controls that
volume can only flow through (m,s,j) whenever there is stock at (m,s,j), if there is no
stock, no volume can flow through this warehouse for this particular SKU. In con-
straints (10) and (11) we provide variable upper bounds for decision variable x and v,
respectively. Constraint (12) makes sure only 1 capacity level can be chosen for each
warehouse. Constraint (13) makes sure that the Facility Y warehouse is always open.
In constraint (14) we make sure that the throughput capacity per period of Facility Yis
not exceeded. In constraint (15), we ensure that if the demand volume for an SKU in
a given period is less than the required storage space, the remaining stock must be
carried over to the next period. This means that the storage space allocated in the next
period must account for the leftover stock from the previous period. Essentially, this
constraint ensures that any unsold or unused inventory continues to occupy ware-
house space. And lastly, constraints (16), (17), (18), and (19) define the non-negativity
and binary nature of the decision variables.

4.4 The Scenarios

We provide multiple scenarios, with each the same objective, but with slightly differ-
ent criteria regarding warehouse contracts, for the overview see Table 4.1. By creating
multiple scenarios, we gain many useful insights into what is the best option for Facil-
ity Y in terms of warehousing. Below the scenarios and their importance are described,
these are optimized and in Chapter 6 the results are analyzed and discussed.

Scenario 1: Minimize logistics costs for each time period separately

This scenario is the mathematical model described in Section 4.3, we minimize the lo-
gistics costs, where each time period is optimized separately in terms of warehouse
choices. This scenario allows a lot of freedom in changing warehouses and their ca-
pacities in each period, which provide insights into the optimal warehouse choices per
time period.

Scenario 2: Minimize logistics costs where a warehouse must be opened for all
periods with a fixed capacity level

In this scenario we minimize the logistics costs, but unlike the previous scenario, the
time periods are interdependent regarding warehouse selections and capacity levels,
which must remain constant across all periods. This approach is useful when short-
term contracts are not feasible, providing valuable insights into the long-term impli-
cations of fixed warehouse capacities.

The criteria for this scenario is incorporated in the mathematical model by adding the
following constraint:

len(T) · yjct ≥ ∑
t′∈T

yjct′ , ∀j ∈ J, t ∈ T, c ∈ C (20a)

Constraint (20a) assures that a warehouse must be open for all periods with the same
capacity level.
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Scenario 3: Minimize logistics costs where a warehouse must be opened for all
periods with a variable capacity level

In this scenario we minimize the logistics costs, where time periods are interdependent
regarding warehouse choices, but unlike scenario 2, capacities can be adjusted each
period. This approach is useful when short-term contracts are feasible, revealing the
most cost-efficient warehouse configurations. Although challenging to implement, it
provides insights into the flexibility of capacity management.

The criteria for this scenario are incorporated in the mathematical model by adding
the following constraint:

∑
c∈C

len(T) · yjct ≥ ∑
c∈C

∑
t′∈T

yjct′ , ∀j ∈ J, t ∈ T (20b)

Constraint (20b) assures that a warehouse must be open for all periods but it can make
different decisions regarding the capacity level.

Criteria/Scenario Scenario 1 Scenario 2 Scenario 3

Independent Warehouse Choice ✓

Interdependent Warehouse Choice ✓ ✓

Fixed Storage Capacity ✓

Variable Storage Capacity ✓

Table 4.1: Criteria and Scenarios Overview

4.5 Toy Example

In this section, we provide an illustrative example to demonstrate the solution ap-
proach for the WLP, described in Section 4.3.

For this basic problem we consider a set of facilities M = [Facility 1, Facility 2], a set
of warehouses W = [WH1, WH2, WH3, WH4], a set of capacity levels CL = [CL0,
CL1, CL2, CL3, CL4, CL5], a set of demand points or customers C = [C1, C2, C3],
a set of SKUs S = [S1, S2, S3], and a set of time periods T = [T1, T2, T3]. From the
set of warehouses, WH1 and WH2 are the warehouses of Facility 1 and Facility 2, re-
spectively. These Facility warehouses serve as the starting points where products are
either shipped directly to customers or to external warehouses, from which they are
eventually distributed to the customers. The company wants to find out whether the
current warehouse network is optimal in terms of costs, divided into fixed storage,
handling, shuttle, and transportation costs. Moreover, the company wants to inves-
tigate if short-term contracts would be beneficial and whether potential warehouse 4
would be a good fit for the warehouse network.

The model created in Section 4.3 helps the company solve this problem. The input
data for the model is found in Chapter C. First, we need the customer demand data to
know how much demand is required where and when. Second, we need the storage

45



4.5. Toy Example

space requirements per SKU per period data to determine how much storage space is
needed in each period. The turnover rate is used to allow for better comparison against
the current way of working, where the turnover rate at the Facility Y warehouses is
much higher compared to the external warehouses. Third, the SKU identification data
provides insights into the type of SKUs. For each warehouse and capacity level combi-
nation, the storage capacity along with the associated fixed costs are needed to make
the trade-off between higher fixed costs versus lower transportation costs, and vice
versa. Additional costing data required include the handling costs of demand coming
in and out of the warehouses, the shuttle costs from Facility warehouse to other ware-
houses, and the transportation costs to customers from each warehouse. Lastly, the
maximum throughput capacity is necessary to ensure the demand allocated to each
warehouse is within the capacity of each warehouse.

Consider the setting drawn in Figure 4.1. This figure represents how the current ware-
house network looks like and how the customers are supplied. This is the setting for
all periods (T1, T2, and T3). What is seen from this setting, is that both Facility ware-
houses consistently send 33% of the volume to warehouse 3. Warehouses 1, 2, and 3
have a storage capacity of 350 tons, 600 tons, and 200 tons, respectively. Which adds
up to a total costs of €18,000 for fixed costs for maintaining this capacity for three pe-
riods. Additionally, there are €48,600 in handling costs, €8,500 in shuttle costs, and
€82,250 in transportation costs. Summing these costs, the total costs for the current
situation is €157,350.

Figure 4.1: Toy Example: Current warehouse network structure.
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To optimize the current situation, the decisions for this WLP include selecting the
warehouses, determining the number of warehouses, specifying the storage capac-
ity per warehouse per period, and allocating customers to warehouses. The output of
the model are the most cost-efficient warehouse locations and capacities for each time
period, identifying the potential for short-term contracts and when they are needed.
Additionally, it provides the optimal customer allocation to these warehouses and out-
lines the costs associated with this proposed solution.

Depicted in Figure 4.2, the optimal configuration for periods T1 and T3 involves using
warehouses 1, 2, 3, and 4 with a storage capacity of 350 tons, 600 tons, 50 tons, and 100
tons, respectively. The main difference with the current situation is that warehouse 4 is
used and that the external storage capacity is divided over warehouses 3 and 4, rather
than only warehouse 3. Depicted in Figure 4.3, the optimal configuration for period
T2 also includes warehouses 1, 2, 3, and 4, but here warehouses 3 requires a storage
capacity of 100 tons, rather than 50 tons. In this period, the optimal solution suggests
to use a short-term contract to increase storage to 100 tons in period T2. This solution
results in €15,000 in fixed (rent) costs, €47,244 in handling costs, €4,740 in shuttle costs,
and €80,490 in transportation costs. Adding up to a total costs of €147,474, resulting
in a cost saving between 6% and 7%. From these optimizations, the company gains
insights into how to adjust capacity over time, either by increasing the rented stor-
age space of existing warehouses or by opening new ones for a short-term. Overall,
the company can learn the optimal warehouse usage, capacity levels, and customer
allocations to minimize delivery costs effectively.

Figure 4.2: Toy Example: The optimized situation for T1 and T3.
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Figure 4.3: Toy Example: The optimized situation for T2.

4.6 Conclusion

In this chapter, we answered the research question ”What are the most suited algo-
rithms or methodologies to solve Company X’s Warehouse Location Problem?”. Based
on literature, we presented a detailed description of the solution design for solving
the WLP variant faced by Company X. Scenarios are created to simulate different cri-
teria that could be faced by Company X, which are incorporated in the experiments
in Chapter 5. Last, this chapter presented a toy example of the inputs, outputs, and
model functionality. In the next chapter, Chapter 5, the experimental setup is discussed
in which the experiments and the experimental settings are explained.

48



Chapter 5

Experimental Setup

This chapter presents the experimental setup of this research, starting with Section 5.1,
in which the experiments are explained including the solving approach. In Section 5.2
and Section 5.3, the experimental settings and computer specifications used for ex-
perimentation are described. Furthermore, in Section 5.4 is explained how the model
input data is acquired. Last, the conclusion of this chapter is given in Section 5.5.

5.1 The Experiments

To assess the proposed solution, we define a set of experiments that represent different
operational conditions and challenges faced by Company X. The scenarios, described
in Section 4.4, serve as the basis for our experimentation and performance evaluation.
In Table 5.1, the experiments performed to find useful insights for solving the problem
at Facility Y are listed.

Exp. Scenario Criteria Storage Requirement Utilization Rate

1-3 1 Independent Warehouse Choice

Average 90%
Average 80%

Peak 90%

4-6 2
Interdependent Warehouse Choice
Fixed Storage Capacity

Average 90%
Average 80%

Peak 90%

7-9 3
Interdependent Warehouse Choice
Variable Storage Capacity

Average 90%
Average 80%

Peak 90%

Table 5.1: Experimental Setup

We include experiments using both average and peak storage space requirements to
determine the storage capacity requirements under average and peak conditions. For
average storage space requirements, we assess capacity requirements at utilization
rates of 80% (a common practice based on Derhami et al. (2016)) and 90% (as requested
by the company). This means that these percentages of the storage capacity may be
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utilized. For peak storage space requirements, we experiment with 90% utilization
to account for fluctuations during peak conditions. The model is solved using two
solvers: CBC (Coin-or Branch and Cut) and Gurobi. CBC is a free solver with limited
advanced features, while Gurobi is a commercial solver with advanced capabilities
like presolve techniques, cutting planes, branching strategies, heuristics, and param-
eter tuning. Gurobi is expected to solve the problem faster than CBC, but it requires
an investment from Company X. In Chapter 6, we investigated which solver is recom-
mended for Company X based on performance requirements. A total of 18 runs are
conducted, with 9 experiments performed twice, once for each solver.

5.2 Experimental Settings

The models used in this study were developed in Python, utilizing the MIP library for
optimization. The parameters used for the experiments are summarized in Table 5.2.
One facility is used in the experiments, namely Facility Y. The existing warehouses are
the Facility Y warehouse, external warehouse WH1, and external warehouse WH2.
Three potential warehouses are used and are identified in Section 5.4. Last, the time
periods represent the months of the year.

Parameter Value

Customers 200
SKUs 158
Facilities 1
Existing Warehouses 3
Potential Warehouses 3
Time Periods 12
Capacity Levels 6

Table 5.2: Experimental Settings

5.3 Computer Specifications

The computer on which these models are optimized has the specifications mentioned
in Table 5.3.

Type: MacBook Pro (Retina, 15-inch, Mid 2015)
Processor: 2.2 GHz Quad-Core Intel Core i7
Memory: 16 GB 1600 MHz DDR3
Graphics: Intel Iris Pro 1536 MB

Table 5.3: Specification of the computer on which the experiments were executed.
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5.4 Input Data Acquisition

We analyzed and explained in Chapters 2 and 4 the data required for solving the WLP.
In this chapter, we explain the acquisition of this data.

Determining potential warehouses

To find applicable locations for warehouses, we employed the center of gravity ap-
proach (K-means), using the demand volume and customer coordinates as input. We
selected this approach for its proven effectiveness in finding potential warehouse loca-
tions. Besides, it provides a straightforward and efficient algorithm for clustering data
based on the geographic location of customer and their demand, allowing for fast and
simple scans. The code used for the K-means approach is found in Appendix A. We ex-
ecuted the K-means approach to find 1, 2, and 3 centers based on the demand volume.
See figure 5.1 for the result with 3 centers, for the results with 1 and 2 centers, refer to
Chapter A. Based on the analysis and expert insights, we identified three interesting
warehouse locations to incorporate into the model. External warehouse WH3 at loca-
tion A is chosen for its strategic proximity to Facility Y and logistic advantages. The
second potential external warehouse WH4 at location B is selected due to its favorable
position relative to Facility Y. And lastly, the third potential external warehouse WH5
at location C is preferred over location D (results from the k-means approach) to avoid
traffic congestion.

Figure 5.1: The output of the K-means approach with k = 3, where the blue circle
represent the center and the red circle the customer locations.
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5.4. Input Data Acquisition

Cost Parameters

In Section 2.2.1 is explained how the fixed and handling costs are calculated for exter-
nal warehouses WH1 and WH2. For external warehouse WH1 the handling is done
by Facility Y and for external warehouse WH2 the handling is outsourced. For the
remaining external warehouses, the handling must also be outsourced, therefore the
same handling costs are used for the external warehouses WH3, WH4, and WH5. The
fixed costs are dependent on the amount of storage capacity that is rented, the higher
the storage capacity the higher the fixed costs. Based on the data base of all ware-
houses which are rented by Company X, we found that the costs of storing 1 ton of
product is similar to the fixed costs per ton of external warehouse WH2. Therefore,
we applied the same fixed costs per ton for the external warehouses WH3, WH4, and
WH5 as we did for external warehouse WH2.

We modeled the shuttle and transportation costs, to estimate the costs for the three po-
tential warehouses without existing transportation cost data. To estimate these costs
accurately, we divided each country that Facility Y supplies to into regions. For ex-
ample, we divided the Netherlands into NL North, NL South, NL West, and NL East.
Each warehouse and customer at Company X is allocated to a region based on their
geographic location.

Based on the transportation data base of Company X, we extracted the shipments
that have occurred between regions, with their associated costs and travelled distance.
With this information, we created regression models for transportation costs between
all regions. From this regression we extracted the base cost rate and a variable cost
rate dependent on the distance in kilometers. Take for instance a customer in region
NL East and a warehouse in region NL South, with a distance of 100 kilometers. The
regression model between region NL East and NL South is a base rate of €180 plus
a variable rate of €1.20 per kilometer (€180 + €1.20 * KMs). Based on this regression
model, we calculate the transportation costs as follows: €180 + €1.20 * 100 KMs = €300.
To remain consistent, we not only calculated the shuttle and transportation costs for
the three potential warehouses but also for the existing warehouses and customers
involved in the experiments.

Storage Space Requirements

The storage space requirements per SKU per time period is determined by analyzing
the historical data of inventory levels per SKU per time period. From Section 2.2.2, we
observed that peak inventory levels occur after weekends or holidays, which allowed
us to pinpoint the peak periods for each month. We used the identified peak inven-
tory levels to estimate the storage space requirements per SKU per time period. We
consulted with the warehouse manager of Facility Y, capacity planners, and logistics
employees who validated our findings and ensured that the data accurately reflects
peak conditions.

Remaining Data

The customer demand, SKU identification, turnover rate at the facility, and the max-
imum throughput capacity data are extracted from the data base of Company X. The
maximum throughput capacity of the facility per time period, used for optimization,
equals the total demand volume handled by Facility Y in that period. The storage
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capacity per capacity level are determined in consultation with Company X.

5.5 Conclusion

In this chapter, we explained the experimental setup to solve the WLP of Company X.
We started by outlining the experiments we will conduct, detailing the experimental
settings, and specifying the computer specifications. Furthermore, we explained the
process of acquiring the input data required for the model. This chapter forms the
basis for the subsequent analysis and evaluation of results, which we discuss in the
following chapter, Chapter 6.
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Chapter 6

Results and Discussions

This chapter presents the results of the experiments conducted to assess the proposed
solution for addressing the Warehouse Location Problem at Company X. The results
are presented and explained by answering the following research question:

”How does the proposed solution perform compared to the current situation?”

In Section 6.1, we establish the benchmark for our proposed solution. The results of the
experiments with average stock level and peak stock level are presented in Sections 6.3
and 6.3, respectively. Moreover, we explore a situation in which we combine scenarios
1 and 3 in Section 6.4. We explore the effect on the results when throughput efficiency
would increase in section 6.5. Last, we conclude the findings in Section 6.6.

6.1 Baseline Performance

To benchmark our proposed solution, we evaluated the current situation in Chapter 2.
The discrepancy between the base case and reality is 5%, which is acceptable and at-
tributed solely to estimated shuttle and transportation costs because these costs are
estimated using regression models and not exact. This assessment aims to compare
the relative difference between our solution and Company X’s current situation. The
following sections compare the calculated base case with the results from the experi-
ments.

6.2 Optimizing Scenarios with Average Stock

In this section, we delve into the outcomes of experiments where the input is based
on the average stock level and we explore the differences between having a maxi-
mum utilization of 80% and 90%. For the results, we are interested in the warehouse
location the model recommends to open to minimize costs, when the model recom-
mends opening these warehouses, how much savings are made with that setting, the
warehouse capacity in each month, the utilization of the warehouses, the customer
allocation towards the warehouses and with that the SKU allocation.

We start of by analyzing the differences in the costs. In Figure 6.1, we see the costs for
each scenario divided into each component (see Table 4.1 for the criteria of each sce-
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Figure 6.1: Cost savings per scenario with a maximum utilization rate of 80% and 90%,
and with average stock level.

nario). From the figure, we see that relatively minimal cost savings are made for the
scenarios, indicating that based on the volume of Facility Y the current performance
is quite efficient. The savings primarily come from fixed costs and shuttle costs, while
transportation and handling costs remain nearly identical to the base case, highlight-
ing the significant impact of transportation costs, which constitute more than 80% of
the total costs. Scenario 1 yields the most savings; however, this scenario is challenging
to implement due to the need for highly flexible warehouse usage, including varying
storage capacities and potentially changing warehouse locations. Moreover, we see
that scenario 2 with an utilization rate of 80% requires investments in storage space,
adding to the costs. Last, we see that the cost savings are higher for the scenarios when
the utilization rate is 90%. This is logical, since more storage space may be used and
thus less external storage space is required, resulting in lower fixed costs.

To further understand these results, we look into the capacity and utilization of each
warehouse. As explained in Section 4.4, in scenarios 1 and 3 the model has the free-
dom to pick whatever capacity level for each external warehouse and for scenario 2
this freedom is removed, so only 1 capacity level must be chosen for all periods. From
the output of the model, we found that in scenarios 1 and 2 the external warehouses
WH1 and WH3 are open and in scenario 3 the external warehouse WH1 is open. For
all scenarios the maximum capacity requirement is 7,500 tons, if a maximum utiliza-
tion rate allowed is 90%. From Figure 6.2, we see the capacity evolution of scenario
1. From this figure we see how the capacity level of external warehouse WH1 fluctu-
ates over the full year and we see that external warehouse WH3 is only required in 2
months. The average utilization of external warehouse WH1 is 68%, with a minimum
utilization of 17% and maximum utilization of 90%. The average utilization of external
warehouse WH3 is 5%, with a minimum utilization of 3% and a maximum utilization
of 7%. This suggests even lower capacity is required than the lowest capacity level
available for external warehouse WH3.
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Figure 6.2: Capacity evolution over the time periods for the 2 open warehouses in
scenario 1, with a maximum utilization rate of 90% and the average stock level.

For scenario 2 the fixed capacity level for external warehouses WH1 and WH3 is 4,500
and 3,000 tons, respectively. This results in an average utilization of 53% and 26%,
for external warehouses WH1 and WH3, respectively. External warehouse WH1 is
utilized in each period, whereas external warehouse WH3 is only being utilized for 3
periods, in which the 3,000 tons capacity is required only once in the period November
2022. From Figure 6.3, we see the capacity evolution of scenario 3. From this figure we
see that only external warehouse WH1 is open and all other external warehouse are
closed (including external warehouse WH3). In these scenario the average utilization
of external warehouse WH1 is 63% with a minimum utilization rate of 17% and max-
imum of 90%. This also suggests lower capacity is required than the lowest capacity
level possible for some periods.
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Figure 6.3: Capacity evolution over the time periods for the open warehouse in sce-
nario 3, with a maximum utilization rate of 90% and the average stock level.
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6.2. Optimizing Scenarios with Average Stock

For the experiments in which 80% of the warehouses may be utilized, more storage
capacity is required. For all scenarios the maximum storage requirement is 10,500
tons. In Figure 6.4, we see that in scenario 1 external warehouse WH1 is open in all
periods and external warehouse WH3 is open in 3 periods. Moreover, the utilization
rate at these external warehouses is higher in scenario 1. For external warehouses
WH1 and WH3 the average utilization rates are 75% and 35%, respectively.
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Figure 6.4: Capacity evolution over the time periods for the open warehouses in sce-
nario 1, with a maximum utilization rate of 80%.

For scenario 2, with a maximum utilization rate of 80%, we see a difference in the
warehouse capacity decisions. Scenario 2 requires a capacity of 7,500 tons for external
warehouse WH1 for all periods and 3,000 tons for external warehouse WH3 in all
periods, of which WH3 is utilized in only two periods. For external warehouses WH1
and WH3 the average utilization rates are of 53% and 8%, respectively.

Last, in Figure 6.5, we have the capacity evolution of scenario 3. In this scenario ex-
ternal warehouses WH1 and WH3 are open. In these scenarios the average utilization
of external warehouse WH1 is 76% with a minimum utilization rate of 66% and maxi-
mum of 80%. External warehouse WH3, on the other hand, has an average utilization
of only 14%, as it is not being utilized in 7 periods.
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Figure 6.5: Capacity evolution over the time periods for the open warehouses in sce-
nario 3, with a maximum utilization rate of 80%.

Furthermore, we are interested in the customer allocation towards external warehouses.
In general, for the external warehouse WH1, there are no typical customers that have
to be allocated here, since the transportation costs from the Facility Y warehouse and
external warehouse WH1 are identical for each customer. However, for external ware-
houses like WH3, the transportation costs vary, leading to differences in the costs asso-
ciated with supplying customers from these warehouses. From Figure 6.6, we see the
number of distinct customers that are supplied from external warehouses, excluding
external warehouse WH1. For the base case, there are 27 customers that were supplied
from external warehouse WH2. Comparing the number of customers supplied from
external warehouses, excluding external warehouse WH1, we see no extreme differ-
ence between the base case and scenarios 1, 2, and 3. We do see a difference in the
specific customers that are supplied from these external warehouses, since this is very
location dependent. Also notice the difference for each scenario between a maximum
utilization rate of 80% and 90%.
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Figure 6.6: The number of customers in external warehouses, excluding external ware-
house WH1, for each experiment with average stock level.
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To gain the most useful insights into what type of SKUs are send to external ware-
houses, we look into scenarios 2 and 3, as these provide the most realistic picture for
this matter. In Figure 6.7, we see the turnover rates per month per warehouse per SKU
class of scenario 2. Based on this figure, what stands out is that the turnover rate at the
Facility Y warehouse seems to be quite stable. Moreover, we see that the turnover rate
at external warehouse WH1 is high from December 2022 until March 2023, indicates
that fast moving SKUs are allocated to external warehouse WH1. Because the stock
level is rather low in these months (all could fit in the Facility Y warehouse) and the
model reaches its throughput capacity, it is forced to supply a certain amount via ex-
ternal warehouses. The model does this in the most cost efficient way, which is with
SKUs that require a low amount of stock (because more stock results in higher fixed
costs), but with a reasonable demand volume, or in other words SKUs with a high
turnover rate.
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Figure 6.7: The turnover rates per month (period) per warehouse per SKU class for
scenario 2 with a utilization rate of 90% and average stock level.

If we compare the turnover rates of scenario 2, with the turnover rates of scenario 3
from Figure F.1, we see that these are nearly identical. The same goes for all other sce-
narios using the average stock level. For each we find that the turnover rates are quite
stable for the Facility Y warehouse and that mostly fast moving SKUs are allocated to
external warehouse WH1 from December 2022 until March 2023.
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Figure 6.8: The demand volume over the year per SKU class per warehouse per exper-
iment.

In Figure 6.8, we see the total demand per SKU class per warehouse for each experi-
ment. What stands out is that a very low amount of volume goes via external ware-
house WH3. Moreover, we see that when the utilization rate increases to 90%, the total
demand volume through external warehouses slightly decreases, but the demand vol-
ume of A-class SKUs increases. The reason for this is that with a 90% utilization rate,
more stock is kept at the Facility Y warehouse. But for the solution to still satisfy the
throughput capacity constraint, the model allocates SKUs with a low stock level and
relatively high demand volume (A-class SKUs), to minimize costs.
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6.3 Optimizing Scenarios with Peak Stock

In this section, we delve into the outcomes of experiments where the input is based on
the peak stock level and a maximum utilization rate of 90%. We are mainly interested
in the warehouse choices to capture these peak periods.
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Figure 6.9: Cost savings per scenario with a maximum utilization rate of 90% to deal
with peak stock scenarios.

We start of by analyzing the differences in the costs. In Figure 6.9, we see the costs for
each scenario divided into each component. From the figure, we that the costs savings
are rather minimal, which suggests that based on the volumes of only Facility Y the
performance is quite well. The savings are coming from the fixed costs, handling costs,
and the shuttle costs. The handling and shuttle costs are lower because mainly external
warehouse WH1 is being used, which is the cheapest option for both the handling and
shuttle costs. The savings in the fixed costs are there because for only the scenarios for
which the capacity levels may be altered in each period. The most is saved according
to scenario 1 and 3. With these scenarios the costs are reduced with at most 0.5%.
Realizing these scenarios might be difficult due to the fact the capacity levels need to
be altered many times.

From the output of the model, we found that in scenario 1 and 2 the external ware-
houses WH1 and WH3 are open and in scenario 3 the external warehouse WH1 is
open. Since in these scenarios 90% of the warehouses may be utilized during peak
conditions, this results in a storage capacity requirement of in total 9,000 tons, as seen
from the figures. Moreover, we see from Figure 6.10 that external warehouse WH3
is open, but only for 1 period. The model chooses to increase capacity of external
warehouse WH1 rather than increasing the capacity of external warehouse WH3. The
average utilization of external warehouses WH1 and WH3 are 80% and 2%, respec-
tively.
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Figure 6.10: Capacity evolution over the time periods for the open warehouses in sce-
nario 1, with a maximum utilization rate of 90% and peak stock level.

For scenario 2, with a maximum utilization rate of 90%, there is a difference in the
warehouse capacity decisions. In scenario 2, external warehouse WH1 is chosen for all
periods, with a capacity of 7,500 tons, and external warehouse WH3 is chosen, with
a capacity of 1,500 tons which is only utilized in 2 periods. Last, in Figure 6.11, the
capacity evolution of scenario 3. In these scenarios only external warehouse WH1 is
open with an average utilization of 79% with a minimum utilization rate of 63% and
maximum of 86%.
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Figure 6.11: Capacity evolution over the time periods for the open warehouses in sce-
nario 3, with a maximum utilization rate of 90% and peak stock level.
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In Figure 6.12, we see the turnover rates per month per warehouse per SKU class for
scenario 2 with an allowed utilization rate of 90% and peak stock level. Comparing
this figure with Figure 6.7, we see that the turnover rate at the Facility Y warehouse re-
mains the same, but the turnover rate at the external warehouses are much lower. This
is because the stock is higher and the demand volume remains the same, resulting in
a lower turnover rate. Also among the scenarios with peak stock level, see Figure F.2,
we do not see major differences in the turnover rates at the warehouses. For each
we find that the turnover rates are quite stable for the Facility Y warehouse and that
mostly fast moving SKUs are allocated to external warehouse WH1 from December
2022 until March 2023.
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Figure 6.12: The turnover rates per month (period) per warehouse per SKU class for
scenario 2 with a utilization rate of 90% and peak stock level.
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6.4 Combined Optimization Scenarios 1 and 2

In Sections 6.2 and 6.3, we found the solutions for all experiments and analyzed the
results. From these analyses, we extract that external warehouse WH1 is open in all
periods for each experiment, which suggests this warehouse is the most cost efficient
based on the volume of Facility Y. From the results of the experiments with scenario
3, we found that to minimize the costs it is best to increase the capacity of external
warehouse WH1. However, this may not be a suitable option in reality, because there
may not be the possibility of increasing warehouse storage space in certain periods.
Therefore, in this section, we run experiments to find the optimal warehouse choice
if this were to be the case. In this experiment we give external warehouse WH1 the
constraint set in scenario 2, where the model can pick only 1 capacity level. All other
warehouses have the same criteria as in scenario 1.
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Figure 6.13: Cost savings of experiments in which we combine scenario 1 and 2.

From Figure 6.13, we see the cost savings per experiment compared to the base case.
Based on the figure, the total costs can be decreased with at most 0.8%, if the capacity of
external warehouse WH1 cannot be increased. The most savings are found in the fixed
costs by using short-term contracts and in the shuttle costs because external warehouse
WH1 is much closer. If Company X prefers to realize an utilization rate of 80% during
an average period or an utilization rate of 90% during a peak period then a slight
investment in the fixed costs is necessary. What stands out is that more capacity is
required for the experiment with average storage requirement and 80% utilization rate
compared to the experiment with peak storage requirement and 90% utilization rate.

In Figure 6.14, we show the capacity requirement during the year for the experiments
with average storage requirements. For the external warehouse WH1, the capacity is
6,000 tons with an 80% maximum utilization rate and 4,500 tons with a 90% maximum
utilization rate. For the external warehouse WH3, short-term contracts are required.
With a 90% utilization rate, external warehouse WH3 needs a capacity of 3,000 tons in
November 2022 and 1,500 tons in October 2023. With an 80% utilization rate, external
warehouse WH3 requires short-term contracts for 4,500 tons in November 2022, 1,500
tons in June and July 2023, and 3,000 tons in October 2023.
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Figure 6.14: Capacity evolution over the time periods for the 2 open warehouses, with
the average stock level.

In Figure 6.15, shows the capacity evolution with peak storage requirement and a 90%
utilization rate. From this figure, we see that again a capacity of 4,500 tons is required
for external warehouse WH1 for the whole year. When utilizing 90% of the storage
capacity, we require short-term contracts with external warehouse WH3 in the months
November, May, June, July, September, and October.

0

1500

3000

4500

6000

7500

No
v-
22

De
c-
22

Ja
n-
23

Fe
b-
23

M
ar
-2
3

Ap
r-2
3

M
ay
-2
3

Ju
n-
23

Ju
l-2
3

Au
g-
23

Se
p-
23

Oc
t-2
3

St
o

ra
ge

 C
ap

ac
it

y 
(t

o
n

s)

Ext WH1 Ext. WH3

Figure 6.15: Capacity evolution over the time periods for the 2 open warehouses, with
the peak stock level.
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6.5 Optimizing while Increasing Facility Y Throughput
Capacity

From Sections 6.2 and 6.3, we learned that the throughput capacity has a big influence
on which SKUs to allocate to external warehouses. To show how the model responds
to this constraint and how the company could decrease costs even more, some ex-
periments are set out in which we increase the throughput capacity of the Facility Y
warehouse with scenario 3. This means the company has found ways to increase op-
erational efficiency or increase operational capacity, to be able to handle more volume
in a month.

In figure 6.16, we see the cost savings are made when increasing the throughput ca-
pacity of the Facility Y warehouse with 2% and 5%. What we see is that between
the experiments, the fixed, handling, and transportation costs remain the same, how-
ever minor savings are made in the shuttle costs, since less demand volume has to
go through external warehouses. No savings are made in handling costs between the
experiments, because only external warehouse WH1 is open, which has the same han-
dling costs as Facility Y.
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Figure 6.16: Cost savings of scenario 3 experiments, when increasing the throughput
capacity to 2% and 5%.

From figure 6.17, we see the turnover rates per warehouse for scenario 3 with an uti-
lization rate of 90%, average storage requirement, and an increased throughput ca-
pacity with 5%. From this figure we see that the turnover rate at external warehouse
WH1 becomes much lower, compared to the turnover rates from Figure F.1. When the
throughput capacity is increased at Facility Y, the model prefers to send SKUs to exter-
nal warehouse WH1 with a low turnover rate. This is because the throughput capacity
is not the constraint that is not satisfied, but the storage capacity constraint is not sat-
isfied. This means the solution prefers to send SKUs with a low demand volume and
high stock level, or in other words slow moving SKUs.
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Figure 6.17: The turnover rates per month (period) per warehouse per SKU class for
scenario 3 with an utilization rate of 90% and average stock level when increasing the
throughput capacity with 5%.

6.6 Conclusion

Results of experiments using average stock

The cost savings of the experiments compared to the base case are minimal, suggesting
that the current warehouse operations are already quite efficient solely based on the
volume of Facility Y. Savings primarily come from fixed costs and shuttle costs, while
transportation and handling costs remain largely unchanged. Transportation costs
constitute over 80% of the total costs, highlighting their significant impact on overall
expenses.

Scenarios with a 90% utilization rate show greater cost savings compared to those
with a 80% utilization rate. This is due to the increased storage capacity utilization,
reducing the need for additional external storage space. Specifically, the total capacity
requirement is 7,500 tons for 90% utilization scenarios and 10,500 tons for 80% uti-
lization scenarios. In scenarios 1 and 2, external warehouses WH1 and WH3 are uti-
lized. In scenario 3, only external warehouse WH1 is used for 90% utilization scenar-
ios, whereas for 80% utilization scenarios both external warehouses WH1 and WH3
are utilized. External warehouse WH1 is open in each period, with an average uti-
lization rate of 60%, whereas the average utilization for external warehouse WH3 is
around 26%. The number of customers supplied from external warehouses (excluding
external warehouse WH1) varies slightly across scenarios but does not show extreme
differences from the base case. The customers supplied from external warehouses de-
pend significantly on the warehouse locations.

The turnover rates at the Facility Y warehouse are stable and do not fluctuate much,
whereas the turnover rates at external warehouses are high during specific periods.
Scenarios 2 and 3 show that fast-moving SKUs are often allocated to external ware-
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Chapter 6. Results and Discussions

houses during periods in which the throughput capacity is reached and stock level is
rather low (December to March) to minimize costs. The total demand volume through
external warehouses decreases when the utilization rate increases to 90%, but the pro-
portion of A-class SKUs handled by external warehouses increases. This is because
higher utilization rates at Facility Y allow for more stock to be kept there, and to man-
age throughput constraints, the model allocates high-demand, low-stock SKUs to ex-
ternal warehouses.

A summary of the findings of the experiments with average stock are found in Tables
G.1, G.2, G.3, and G.4.

Results of experiments using peak stock

For the experiments using the peak stock level, the most significant savings are ob-
served in fixed costs, handling costs, and shuttle costs, primarily because of the use of
the external warehouse WH1, which has the lowest handling and shuttle costs. Exper-
iments with a 90% utilization rate in peak conditions show potential cost reductions
of up to 0.5%.

Across all experiments executed with peak stock level, external warehouse WH1 is
open in all periods, indicating its the most cost-efficient warehouse. The other exter-
nal warehouse that is picked in scenarios 1 and 2 is external warehouse WH3. For
scenarios with 90% utilization, a storage capacity of 9,000 tons is required. The results
also demonstrate a preference for using external warehouse WH1’s capacity over in-
creasing external warehouse WH3’s capacity due to cost efficiency. The number of cus-
tomers served by external warehouses (excluding external warehouse WH1) remains
relatively consistent across scenarios, although specific customers and SKUs vary due
to location dependencies.

The turnover rates at the Facility Y warehouse remain stable across scenarios. External
warehouses show lower turnover rates under peak stock conditions, reflecting higher
stock levels and consistent demand. Mostly fast-moving SKUs are allocated to exter-
nal warehouse WH1, particularly from December 2022 to March 2023. Implementing
scenarios with dynamic capacity changes (scenario 1 and 3) might be challenging in
reality due to the need for frequent capacity adjustments.

A summary of the findings of the experiments with peak stock are found in Tables G.5
and G.6.

Combined Optimization Scenarios 1 and 2

When we consider the scenario where increasing the capacity of external warehouse
WH1 is not feasible, the results show this leads to costs savings ranging of at most
0.6%. If it is desired to utilize a maximum of 90% of the storage capacity during peak
stock levels, these costs are nearly similar to those of the current situation. The most
significant savings are obtained through use of short-term contracts, resulting in a
decrease in fixed costs, and in shuttle costs due to the closer proximity of external
warehouse WH1. From the experiments is observed that external warehouse WH1
requires a capacity of 4,500 tons (6,000 tons for an utilization rate of 80%) throughout
the year, while additional short-term contracts are needed for warehouse WH3 during
specific months, depending on the utilization level.
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6.6. Conclusion

Increasing Facility Y Throughput Capacity

If we increase the throughput capacity of the Facility Y warehouse, the total costs
slightly decrease in terms of the shuttle costs. However, there are no savings in han-
dling costs as only external warehouse WH1 remains open, which has the same han-
dling costs as Facility Y. There is a slight difference in the total costs when comparing a
2% increase in throughput capacity with a 5% increase. The main difference found is in
terms of the turnover rate at the external warehouses, which substantially decreased,
where the turnover at the Facility Y warehouses increased. This is because the storage
capacity constraint, rather than the throughput capacity, becomes the limiting factor.

Solver Computation Time (Gurobi vs. CBC)

Based on the computation times of the Gurobi and CBC solver, provided in Tables G.1
and G.2, we conclude that the computation time of the CBC solver is not suitable for
the current model given the input data used. However, if less input data (fewer SKUs,
customers, or warehouses) is to be used by the company, this decreases the complexity
and therefore the computation time.
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Chapter 7

Conclusions and Recommendations

In this chapter, we summarize the research findings, draw conclusions, and provide
recommendations to Company X. This is done by answering the final research ques-
tion:

”What conclusions are obtained from the results, and what recommendations can be made to
Company X?”

The conclusions and recommendations are given in Section 7.1 and Section 7.2, re-
spectively. Section 7.3 outlines the contribution to theory and practice. Lastly, the
recommendations for future research are provided in Section 7.4.

7.1 Conclusions

In this section, we draw the conclusions from our study of Company X’s WLP variant.
From the analysis in Chapter 6, the following conclusions can be stated:

Experiments using average and peak stock

The cost savings from the experiments are minimal, between 0.1% and 1.4% of the total
costs, indicating that the current warehouse operations are already quite efficient. The
savings are from fixed costs and shuttle costs, with transportation and handling costs
remaining largely unchanged. Experiments with higher utilization rates show greater
cost savings, due to increased storage capacity utilization.

Overall, the capacity requirement is around 6,000 tons when utilizing 90% of the ca-
pacity in average storage requirements. External warehouse WH1 is consistently used
in all scenarios and periods and external warehouse WH3 is used in scenarios 1 and
2 and utilized in 2 to 4 periods. Scenario 2 suggests that if short-term contracts are
not possible the best solution is to use both external warehouses WH1 and WH3 with
a storage capacity of 4,500 tons and 3,000 tons, respectively. Scenario 3, on the other
hand, suggests that using external warehouse WH1 is the most cost-efficient solution,
however constant changes in capacity might be challenging to realize in practice.

The customer allocation towards external warehouse WH1 is not of importance, as
the costs of allocating a customer to external warehouse WH1 is the same for each
customer. Moreover, from December to March mostly SKUs with a high turnover rate
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are allocated to external warehouses to manage throughput capacity at Facility Y. Last,
we found that the demand volume via external warehouses remains nearly the same
compared to the base case.

Experiments with fixed capacity level for external warehouse WH1

Fixing the condition that the external warehouse WH1 can only choose one capacity
level (meaning no short-term contracts are possible there), but for other warehouses
short-term contracts are allowed, we found cost savings of at most 0.6%. This solution
requires a fixed storage capacity of 4,500 tons at the external warehouse WH1 and a
variable storage capacity at the external warehouse WH3.

General Conclusions

Increasing throughput capacity at Facility Y slightly decreases shuttle costs for sce-
nario 3, but the main difference observed is the turnover rate at external warehouses,
which decreases as storage capacity becomes the limiting factor rather than the through-
put capacity. Moreover, we found that the Gurobi solver has a much faster computa-
tion time compared to the CBC solver. Using less input data (fewer SKUs, customers,
or warehouses) decreases complexity and computation time, which makes the CBC
solver suitable for solving the model. Last, the tool evaluation results, presented in
Appendix G, demonstrate that the tool is well-received and regarded as highly useful
for Company X.

7.2 Recommendations

This section outlines the recommendations based on our research findings and in-
sights. We propose the following recommendations for Company X and Facility Y:

Recommendation for Warehouse Location

We recommend Company X to use the optimization tool every year, to check, based
on the portfolio, whether the external warehouse locations are still the most optimal
in terms of costs. Furthermore, we recommend to use the tool when considering a
potential new warehouse location or when considering closing an external warehouse.

Based on the results and conclusions, we recommend Facility Y the following, if an
utilization rate of 90% is desired during average and peak periods:

• If short-term contracts are no option whatsoever, we recommend using external
warehouse WH1 with a storage capacity of 4,500 tons and external warehouse
WH3 with a storage capacity of 3,000 tons. This is recommended since only in
3 months, this storage capacity at external warehouse WH3 is required, against
lower fixed costs compared to external warehouse WH1. This decreases costs by
around 0.1% and 0.3%.

• If short-term contracts are an option, we recommend using a fixed storage capac-
ity of 4,500 at external warehouse WH1 and a variable storage capacity of 3,000
tons or lower at external warehouse WH1 as well, depending on the period. This
decreases costs by around 0.8%.
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• If short-term contracts are not an option at external warehouse WH1, we recom-
mend using a fixed storage capacity of 4,500 at external warehouse WH1 and
a variable storage capacity of 3,000 tons or lower at external warehouse WH3,
depending on the period. This decreases costs by around 0.6%.

Recommendation for Customer and SKU allocation to external warehouses

We recommend Facility Y to use the results of the customer allocation as a guide-
line for which customers to assign to which external warehouses (excluding external
warehouse WH1) in which periods. The tool presents the optimal solution taking into
account the customer demand on SKU level, the storage requirements on SKU level,
the proximity of the customers, and multiple time periods. The model should be used
as a supporting tool in understanding why specific customers or SKUs are supplied
via external warehouses in certain periods.

General Recommendations

We recommend Company X to adopt the established guidelines, which offer compre-
hensive descriptions of the model and its functionalities. Furthermore, we recommend
integrating the output generated by the newly designed inventory optimization tool
by Company X into this framework. This alignment ensures that operational require-
ments complement warehousing management practices. Moreover, we recommend
Company X to use the Gurobi solver over the CBC solver, as this reduces the com-
putation time substantially. Lastly, we recommend Company X to use the tool as a
scenario analysis tool by disabling the criteria of scenario 1. This ensures that each
time period becomes a separate scenario, that is optimized independent of the other
periods (or scenarios in this case).

7.3 Contributions to Theory and Practice

Contribution to Theory

This research contributes to the theory by applying the basics of the Warehouse Lo-
cation Problem. Based on the literature review, we found that traditional models typ-
ically address WLPs by either focusing solely on demand volume, neglecting the in-
corporation of storage capacity constraints, or by incorporating detailed operational
parameters such as production input and demand output to determine the storage
space requirements, leading to complex and computationally intensive models. To
the best of our knowledge, we introduced a slightly different approach by creating a
model that on a strategic and tactical level includes both the demand volume and stor-
age space requirement considerations as input to find the optimal warehouse location.
Our model provides on a strategic and tactical level where, when, and how much stor-
age capacity is required, this is useful for finding the potential first and then move on
to a very detailed analysis, rather than the other way around.

Contribution to Practice

This research makes a contribution to practice for businesses seeking to optimize their
warehouse locations. Using the model, companies can make informed decisions re-
garding warehouse choices, capacity requirements, and customer allocations in differ-
ent time periods, leading to cost savings. Furthermore, the model allows for scenario
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analysis and experimentation, allowing businesses to evaluate different scenarios effi-
ciently. From Chapter H, this practical contribution is supported by Company X.

7.4 Future Research Directions

In this section, we identify promising avenues for further research in the realm of
Company X’s WLP variant. Our study has highlighted areas that merit continued
investigation:

• For future research, we recommend to extend the scope of the problem at Com-
pany X to find a global optimum. The current research is based solely on the
volume of Facility Y, which may give a sub-optimal solution for the whole net-
work, therefore we recommend Company X to use utilize this model for a larger
scope.

• We also recommend to create a model on the operational level, which uses the
output of the model of this research regarding warehouse location and simulate
the optimal operational requirements at these warehouses in terms of staff, docks
required, how to combine orders in trucks, etc.

• For future research, we recommend to extend the model to incorporate multiple
objectives, if this were to be required in the future by Company X or any other
company.

• To improve operational efficiency, we recommend investigating the other chal-
lenges mentioned in Section 2.2.4 and the other core problems mentioned in Sec-
tion 1.3.
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Appendix A

Process Flow Chart: Storing and
Loading Processes

In this Appendix, the process flow charts of the storing and loading processes at Facil-
ity Y can be seen:
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Figure A.1: The Process flow chart of the storing process at Facility Y
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Figure A.2: The process flow chart of the loading process at Facility Y
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Appendix B

Operational Activities and Challenges
at Facility Y

In this appendix, we give a thorough overview of the picking activity within the ware-
houses of Facility Y.

To get a picture of the movement activity within the warehouse, a heatmap is created
in Figure B.1. The darker the color of the location the more activity or the more picks
at this location. In general, we see that the activity is dispersed over the warehouse.
We see that a lot of the activity is centered around docks 5 and 6. The main reason for
this is that currently much of the newly produced SKUs are stored in the S-section on
the left. On contrast, the activity around docks 1 and 2 is low. The main reason for this
is that in the left hand A-section the SKUs are stored that come from the SKU edit area,
where side-run SKUs are converted to a product desired by the customer. However,
as these are in low demand, there is not a lot of activity.

Figure B.1: Heatmap of the picking activity in the main warehouse Hal 14/15

The decision to let a truck come to a dock is based on what SKUs are in the order,
meaning that a truck is placed at a dock which is close to at least 1 The decision to let
a truck come to a dock is based on what SKUs are in the order, meaning that a truck is
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placed at a dock which is close to at least 1 SKU in the warehouse. The forklift driver
can only move 3 tons at a time, which often is 1 SKU, depending on the size. This
means that the forklift driver has to drive back and forth every time only 1 SKU is
collected. This results in a lot of driving activity. An example of such a picking path is
given in Figure B.2. In this example is seen that when the forklift driver has collected
an SKU at a certain location, he comes back to load it into the truck, and moves to
the next SKU. in the warehouse. The forklift driver can only move 3 tons at a time,
which often is 1 SKU, depending on the size. This means that the forklift driver has to
drive back and forth every time only 1 SKU is collected. This results in a lot of driving
activity. An example of such a picking path is given in Figure B.2. In this example is
seen that when the forklift driver has collected an SKU at a certain location, he comes
back to load it into the truck, and moves to the next SKU.

Figure B.2: Picking path example showing a picker has to drive back and forth for
picking only 1 SKU

In the main warehouse Hal 14 and 15, the stacking of SKUs can go up to 7.60 m. SKUs
can only be stacked if the bottom product has a bigger diameter, else the products are
damaged. A forklift driver always want to move a hand with a weight of 3 tons. Most
of the times 1 product is around this weight, however with side runs (products smaller
than 1.60 m) the forklift driver first has to stack multiple products to come close to a
weight of 3 tons. Thus, side runs require extra handling when being picked. Other
complications with the picking of the products is that in many locations more than 1
type of SKU is stored and SKUs are stacked. Both result in more picking time, as in
both you have to move SKUs before the SKU can be picked. In Table B.1 is seen how
many locations consist of 1 or more SKUs. From this we see that more than 50% of the
locations have more than 1 SKU, which results in inefficient picking.

The decision to let a truck come to a dock is based on what SKUs are in the order,
meaning that a truck is placed at a dock which is close to at least 1 SKU in the order.
This results in a dispersion in activity per dock as well, since more trucks are loaded
where the fast movers are located. Figure B.3 shows the dispersion of loading activity
per dock and hal. From the figure we see that especially in Hal 8 there is a lot of
loading activity. The reason for this is that the side runs can only be transported to
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# of distinct SKUs on the location # of Locations

1 SKU 113
Between 1 and 5 SKUs 121
Between 5 and 10 SKUs 27
More than 10 SKUs 8

Total 269

Table B.1: An Overview of the occupation of distinct SKUs per location in the storage
location Hal 14/15

Hal 8, since this is on the property of Facility Y. To reach the other warehouses (Hal
7 and ext. WH1) the shuttle truck has to go on the road, however this is not allowed
with side runs as these cannot be secured on the shuttle truck, the larger products
can be transported to Hal 7 and external warehouse WH1. Moreover, the products
produced on machine 3, must be stored within the main warehouse, since there is
no shuttle truck on this side of the warehouse. This also results in more products
from the machine 2 and machine 2 to be stored in the external warehouses. All these
complications currently result in around 17% of all loads per week to be loaded at
multiple warehouses.
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Figure B.3: Overview of dispersion of loading activity per dock and hal of a random
week

The decision to let a truck come to a dock is based on what SKUs are in the order,
currently this sometimes results in trucks having to wait to dock, even though there
is a dock available, because the docks close to SKUs in the order of those trucks are
occupied. In Figure B.4 an overview is given of the average waiting time per truck,
average loading time per truck, and average number of trucks per day for each week
of the year. We see that the loading time per truck is quite stable over the year and
is around 21 minutes on average. The number of trucks per day also is quite stable
between 80 to 100 trucks per day, with one outlier in week 52 and 53. This is because
of the Christmas holidays.
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Figure B.4: Overview of the average waiting time per truck, average loading time per
truck, and average number of trucks per day for each week of the year

We see that for the waiting time per truck there is a lot of deviation, which is depen-
dent on multiple factors, such as dock availability, forklift availability, skill of truck
drivers themselves (regarding docking and preparation), loading time, and peaks in
arrival hours. In Figure B.5, we show the truck arrivals per time slot, the waiting time,
loading time, gate-out time, and total throughput time. From this we see that peaks
in arrivals are between 06:00 and 07:00, but especially between 10:00 and 13:00 there
are many trucks. With the current process of having no strategy on where to place, in
combination with high peaks in arrivals, this leads to high waiting times during these
peak hours.
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Figure B.5: Distribution Trucks per hour against the throughput time elements

If the waiting time is too long, this can lead to waiting money. Waiting money can
be asked for by truck drivers when they have a throughput larger than 120 minutes.
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Appendix B. Operational Activities and Challenges at Facility Y

The price of 1 hour Overtime is equal to €40.00. The past 12 months this has resulted
in €117,864.677 with an average of 12% of the trucks that arrive result in overtime, as
seen from Table B.2.

Total Overtime (hours) 2947
Total Overtime Costs €117,864.67
Average Trucks Overtime % per day 12%

Table B.2: An Overview of the Overtime and costs associated with the Overtime from
the period 1/11/2022 - 1/11/2023
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Appendix C

Toy Example Data

Below all required data for the Warehouse Location Problem of the toy example is
found.

Period Facility SKU Demand (tons) Storage Requirement (tons) Turnover Rate Facility

1 1 1 900 150 6.50
1 1 2 1000 250 4.00
1 2 2 250 300 0.84
1 2 3 1250 350 4.00
2 1 1 900 150 6.50
2 1 2 1100 300 3.67
2 2 2 300 300 1.00
2 2 3 1400 400 4.00
3 1 1 1000 150 6.67
3 1 2 1200 250 4.80
3 2 2 350 300 1.17
3 2 3 1450 400 4.00

Table C.1: Storage Requirement and Turnover Rate Data
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Period Facility Customer SKU Demand (tons)

1 1 1 1 500
1 1 2 1 300
1 1 3 1 100
1 1 1 2 600
1 1 2 2 400
1 1 3 2 0
1 2 1 2 0
1 2 2 2 250
1 2 3 2 0
1 2 1 3 0
1 2 2 3 500
1 2 3 3 750
2 1 1 1 550
2 1 2 1 350
2 1 3 1 0
2 1 1 2 650
2 1 2 2 450
2 1 3 2 0
2 2 1 2 0
2 2 2 2 300
2 2 3 2 0
2 2 1 3 0
2 2 2 3 550
2 2 3 3 850
3 1 1 1 600
3 1 2 1 400
3 1 3 1 0
3 1 1 2 700
3 1 2 2 500
3 1 3 2 0
3 2 1 2 0
3 2 2 2 350
3 2 3 2 0
3 2 1 3 0
3 2 2 3 600
3 2 3 3 850

Table C.2: Customer Demand Data

SKU ABC Class Siderun B-Grade

1 A False False
2 B False True
3 C True False

Table C.3: SKU Identification table including ABC class, Siderun and B-grade.
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Appendix C. Toy Example Data

Warehouse CL 0 CL 1 CL 2 CL 3 CL 4 CL 5

1 350 350 350 350 350 350
2 600 600 600 600 600 600
3 50 100 150 200 250 300
4 50 100 150 200 250 300

Table C.4: Warehouse Capacity in tons per Capacity Level (CL)

Warehouse CL 0 CL 1 CL 2 CL 3 CL 4 CL 5

1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 1500 3000 4500 6000 7500 9000
4 1500 3000 4500 6000 7500 9000

Table C.5: Warehouse Fixed Costs in Euros per Capacity Level (CL) per time period

Warehouse Handling Cost

1 4
2 4
3 7
4 7

Table C.6: Handling Costs per warehouse in euros

Facility WH1 WH2 WH3 WH4

1 0 20 5 20
2 20 0 10 5

Table C.7: Shuttle Costs in euros

Warehouse C1 C2 C3

1 5 10 15
2 10 5 10
3 5 10 20
4 10 5 5

Table C.8: Transportation Costs in euros
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Warehouse Period Max Throughput (tons)

1 1 1900
1 2 1900
1 3 1900
2 1 1700
2 2 1700
2 3 1700
3 1 1000
3 2 1000
3 3 1000
4 1 1000
4 2 1000
4 3 1000

Table C.9: Maximum Warehouse Throughput per warehouse
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Appendix D

K-means Code

Below the code used for the Center of Gravity approach (K-means) can be seen:

# Import l i b r a r i e s
import pandas as pd
import folium
from sklearn . c l u s t e r import KMeans

# Load data
data = pd . r e a d e x c e l ( ’ c :/ F i l e L o c a t i o n . xlsx ’ ,

dtype ={ ’ Locat ion Name ’ : s t r ,
’ Locat ion Type ’ : s t r } )

# Color opt ions
c o l o r o p t i o n s = { ’demand ’ : ’ red ’ ,

’ supply ’ : ’ yellow ’ ,
’ flow ’ : ’ black ’ ,
’ cog ’ : ’ blue ’ ,
’ candidate ’ : ’ black ’ ,
’ other ’ : ’ gray ’}

# I n s t a n t i a t e map
m = folium .Map( l o c a t i o n =data [ [ ’ Lat i tude ’ , ’ Longitude ’ ] ] . mean ( ) ,

f i t bounds = [ [ data [ ’ Lat i tude ’ ] . min ( ) ,
data [ ’ Longitude ’ ] . min ( ) ] ,

[ data [ ’ Lat i tude ’ ] . max ( ) ,
data [ ’ Longitude ’ ] . max ( ) ] ] )

# Add volume points
f o r , row in data . i t e r rows ( ) :

folium . CircleMarker ( l o c a t i o n =[row [ ’ Lati tude ’ ] , row [ ’ Longitude ’ ] ] ,
radius =5 ,
c o l o r = c o l o r o p t i o n s . get ( s t r ( row [ ’ Locat ion Type ’ ] ) . lower ( ) , ’ gray ’ ) ,
t o o l t i p = f ”{row [ ’ Locat ion Name’ ] } {row [ ’ Volume ’ ] } ” ) . add to (m)
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# Zoom based on volume points
m. f i t bounds ( data [ [ ’ Lat i tude ’ , ’ Longitude ’ ] ] . values . t o l i s t ( ) )

# F i t K−means f o r 3 c e n t r o i d s
kmeans = KMeans ( n c l u s t e r s =3 , random state = 0 ) . f i t (

data . l o c [ data [ ’ Volume ’ ] > 0 , [ ’ Lat i tude ’ , ’ Longitude ’ ] ] ,
sample weight=data . l o c [ data [ ’ Volume ’ ] > 0 , ’Volume ’ ] )

# Get c e n t e r s of g r a v i t y from K−means
cogs = kmeans . c l u s t e r c e n t e r s
cogs = pd . DataFrame ( cogs , columns =[ ’ Lati tude ’ , ’ Longitude ’ ] )

# Get volume assigned to each c l u s t e r
data [ ’ Cluster ’ ] = kmeans . p r e d i c t ( data [ [ ’ Lat i tude ’ , ’ Longitude ’ ] ] )
cogs [ ’ Volume ’ ] = data . groupby ( ’ Cluster ’ ) [ ’ Volume ’ ] . sum ( ) . values

# Add c e n t e r s of g r a v i t y to map
f o r , row in cogs . i t e r rows ( ) :

folium . CircleMarker ( l o c a t i o n =[row [ ’ Lati tude ’ ] , row [ ’ Longitude ’ ] ] ,
radius =10 , # I n c r e a s e radius f o r b e t t e r v i s i b i l i t y
c o l o r = c o l o r o p t i o n s [ ’ cog ’ ] ,
f i l l =True ,
f i l l c o l o r = c o l o r o p t i o n s [ ’ cog ’ ] ,
t o o l t i p = f ”COG Volume : {row [ ’ Volume ’ ] } ” ) . add to (m)

# Show map
m. save (” c : OutputLocationName . html ”)

# Show the map in the notebook
m
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Appendix E

K-means Output

In figures E.1 and E.2 we see the output of center of gravity approach (K-means) on a
map, with 1, and 2 centers, respectively.

Figure E.1: The output of the K-means approach with k = 1, where the blue circle
represent the center and the red circle the customer locations.
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Figure E.2: The output of the K-means approach with k = 2, where the blue circle
represent the center and the red circle the customer locations.
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Appendix F

Turnover Rates per month

We see the turnover rates per month per warehouse per period of scenario 3 with
average stock level and peak stock level, in figures F.1 and F.2, respectively. All results
are with a maximum utilization rate of 90%.
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Figure F.1: The turnover rates per month (period) per warehouse per SKU class for
scenario 3 with a utilization rate of 90% and average stock level.
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Figure F.2: The turnover rates per month (period) per warehouse per SKU class for
scenario 3 with a utilization rate of 90% and peak stock level.
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Appendix G

Summary Table of Experiment Results
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Table G.1: Summary of the experiments with the average stock level and 90% utilization rate.

Base Case Scenario 1 Scenario 2

Open Warehouses 1: Facility WH 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1 2: Ext. WH1

3: Ext. WH2 3: Ext. WH3 3: Ext. WH3

# of Periods utilized 1: 12 1: 12 1: 12

2: 12 2: 12 2: 12

3: 12 3: 5 3: 4

Max External Capacity (tons) 2: 3,000 7,500 2: 4,500

3: 4,500 3: 3,000

Total: 7,500

Average Utilization Rate (%) 1: 90 1: 89 1: 89

2: 74 2: 66 2: 53

3: 61 3: 22 3: 26

# of Customers served (external) 2: NO DATA 2: 81 2: 82

3: 27 3: 6 3: 34

Cost Decrease (%) - -1.4% -0.1%

Euro per Ton (€ / ton) €30.87 / ton €30.44 / ton €30.83 / ton

Computation Time (GRB // CBC) - 180 s // 1999 s 239 s // 1449 s
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Table G.2: Continued: Summary of the experiments with the average stock level and 90% utilization rate.

Base Case Scenario 3

Open Warehouses 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1

3: Ext. WH2

# of Periods utilized 1: 12 1: 12

2: 12 2: 12

3: 12

Max External Capacity (tons) 2: 3,000 7,500

3: 4,500

Total: 7,500

Average Utilization Rate (%) 1: 90 1: 88

2: 74 2: 63

3: 61

# of Customers served (external) 2: NO DATA 2: 97

3: 27 3: 6

Cost Decrease (%) - -1.3%

Euro per Ton (€ / ton) €30.87 / ton €30.48 / ton

Computation Time (GRB // CBC) - 337 s // 1999 s

97



Table G.3: Summary of the experiments with the average stock level and 80% utilization rate.

Base Case Scenario 1 Scenario 2

Open Warehouses 1: Facility WH 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1 2: Ext. WH1

3: Ext. WH2 3: Ext. WH3 3: Ext. WH3

# of Periods utilized 1: 12 1: 12 1: 12

2: 12 2: 12 2: 12

3: 12 3: 3 3: 2

Max External Capacity required (tons) 2: 3,000 10,500 2: 7,500

3: 4,500 3: 3,000

Total: 10,500

Average Utilization rate (%) 1: 90 1: 80 1: 80

2: 74 2: 77 2: 53

3: 61 3: 33 3: 8

# of Customers served (external) 2: NO DATA 2: 121 2: 135

3: 27 3: 5 3: 29

Costs Decrease (%) - -0.3% 1.2%

Euro per Ton (€ / ton) €30.87 / ton €30.72 / ton €31.24 / ton

Computation time (GRB) - 170 s 239 s
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Table G.4: Continued: Summary of the experiments with the average stock level and 80% utilization rate.

Base Case Scenario 3

Open Warehouses 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1

3: Ext. WH2 3: Ext. WH3

# of Periods utilized 1: 12 1: 12

2: 12 2: 12

3: 12 3: 2

Max External Capacity (tons) 2: 3,000 10,500

3: 4,500

Total: 10,500

Average Utilization Rate (%) 1: 90 1: 80

2: 74 2: 77

3: 61 3: 15

# of Customers served (external) 2: NO DATA 2: 132

3: 27 3: 17

Cost Decrease (%) - -0.2%

Euro per Ton (€ / ton) €30.87 / ton €30.81 / ton

Computation Time (GRB) - 337 s
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Table G.5: Summary of the experiments with the peak stock level and 90% utilization rate.

Base Case Scenario 1 Scenario 2

Open Warehouses 1: Facility WH 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1 2: Ext. WH1

3: Ext. WH2 3: Ext. WH3 3: Ext. WH3

# of Periods utilized 1: 12 1: 12 1: 12

2: 12 2: 12 2: 12

3: 12 3: 3 3: 2

Max External Capacity required (tons) 2: 3,000 2: 9,000 2: 7,500

3: 4,500 3: 1,500

Total: 9,000

Average Utilization rate (%) 1: 90 1: 90 1: 90

2: 74 2: 82 2: 56

3: 61 3: 16 3: 16

# of Customers served (external) 2: NO DATA 2: 116 2: 116

3: 27 3: 2 3: 9

Costs Decrease (%) - -0.5% 0.7%

Euro per Ton (€ / ton) €30.87 / ton €30.69 / ton €31.02 / ton

Computation time (GRB) - 176 s 235 s
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Table G.6: Continued: Summary of the experiments with the peak stock level and 90% utilization rate.

Base Case Scenario 3

Open Warehouses 1: Facility WH 1: Facility WH

2: Ext. WH1 2: Ext. WH1

3: Ext. WH2

# of Periods utilized 1: 12 1: 12

2: 12 2: 12

3: 12

Max External Capacity (tons) 2: 3,000 9,000

3: 4,500

Total: 9,000

Average Utilization Rate (%) 1: 90 1: 90

2: 74 2: 79

3: 61

# of Customers served (external) 2: NO DATA 2: 116

3: 27

Cost Decrease (%) - -0.5%

Euro per Ton (€ / ton) €30.87 / ton €30.71 / ton

Computation Time (GRB) - 239 s

101



102



Appendix H

Tool Evaluation

In this chapter, we provide an evaluation of the solution approach implemented for
Company X. The solution approach consists the programmed model in Python and
the file to which the output is written. For Company X to have a good understanding
of the tool and make use of it appropriately and efficiently, this evaluation is executed.

In Section H.1, we describe the tool briefly. Before the solution approach could be re-
viewed, a literature review is conducted to get more insights on how to evaluate the
solution approach and design. In Section H.2, the method of evaluation is explained.
In Section H.3, the survey is explained, and the results are presented. Lastly, in Sec-
tion H.4 the conclusion of the evaluation results is given.

H.1 Tool Design

This section explains the design of the tool, beginning with a brief overview of the
Python environment in which the model can be run. The environment is seen in Fig-
ure H.1, the red part is the interaction part, here code is presented which is divided
into three parts, namely the input data, mathematical model, and output writing part.
Python gathers the required input data from specific excel files, this excel data can be
altered for experiments. More experiments can be done, by enabling or disabling spe-
cific constraints (e.g., maximum utilization rate). The blue part is the information part,
here the output of the created variables can be checked. In the yellow part we have
the outcome, here output information of the optimal solution can be attained from the
created scenario in the red part, to get a quick overview of the results.
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H.1. Tool Design

Figure H.1: Environment Optimization Tool in Python.

To get a more thorough view of the result from the model, an Excel file is create to
which all output information is written and can be analyzed in more detail. All infor-
mation that is written to this Excel file is according to the wishes of Company X. An
overview of the Excel file is seen in Figure H.2.

Figure H.2: Overview of the Excel output file containing detailed information of the
solution.
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Appendix H. Tool Evaluation

H.2 Unified Theory of Acceptance and Use of Technol-
ogy

The Unified Theory of Acceptance and Use of Technology (UTAUT), from Venkatesh
et al. (2003), is employed to validate the solution approach of this thesis. This method
is particularly suitable as it evaluates the likelihood of success for new technological
artifacts, such as models, dashboards, or tools developed in Python, which are in-
troduced to Company X. The UTAUT model, depicted in Figure H.3, assesses these
artifacts through a questionnaire based on six constructs:

1. Performance expectancy: The degree to which the user believes that using the
technical artifact will help in improving their job performance.

2. Effort expectancy: The degree to which the sure thinks the artifact is easy to use.

3. Social influence: The extent to which the user perceives that important others
believe they should use the system. This may be less relevant in this context as
usage is ultimately the user’s decision..

4. Facilitating conditions: The degree to which the user believes that an organiza-
tional and technical infrastructure exists to support use of the system

5. Behavioural intention: The intention of the user to work with the artifact and
integrate it into their daily or yearly operations.

6. Use behaviour: The actual usage behavior of the users when interacting with
the artifact.

Figure H.3: The UTUAT Research Model.

The UTAUT model, illustrated in Figure H.3, also considers four additional variables
that influence these six constructs. These variables help to understand the perspective
of the interviewees. These variables are gender, age, experience, and voluntariness of
use. By analyzing these constructs and variables, we can better understand the factors
that contribute to the acceptance and use of the new technological tools introduced at
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H.3. The Survey

Company X. This holistic approach ensures that the tools are user-friendly and well-
integrated into the existing organizational infrastructure.

H.3 The Survey

The evaluation is done by means of multiple interviews and a presentation in which
the guidelines on how to the model can be used were described. After the presentation
the interviews were conducted. The questions from this interview can be found in
appendix I. There were three participants for this interview, all working in the logistics
department.

For the interview, a five-level Likert scale is used. The answers the participant could
be rated a strongly disagree, disagree, neutral, agree, strongly agree. The strongly
disagree has a score of 1 and the strongly agree a score of 5. Thus, values between 1
and 2 reflect negative feedback, the value 3 reflect neutral feedback, and 4 till 5 reflect
positive feedback.

Table H.1 shows the results of the survey. From this table, no negative feedback is
seen, because no score lower than 3 is given. Therefore, we conclude that there is a
positive opinion about both tools created for Company X and that these are generally
accepted. We also see that the Behavioural Intention of Use is very high for both tools,
which suggests that Company X finds the tools useful for their activities.

H.4 Summary

In summary, this chapter provided a brief overview of the tool design and discussed
the evaluation approach for Company X. Based on a literature review, we identi-
fied the Unified Theory of Acceptance and Use of Technology (UTAUT) as a suitable
method for evaluating the tool. This method helped us formulate the survey ques-
tions by focusing on specific constructs. We presented the evaluation results, which
indicated that the tool is well-received and considered highly useful for Company X.
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Appendix H. Tool Evaluation

Nr. Type of Question Score (1 - 5)

1 PE-1 4
2 PE-2 5
3 PE-3 5
4 PE-4 5
5 EE-1 4
6 EE-2 4
7 EE-3 4
8 EE-4 2 (= 4 reversed question)
9 ATT-1 4

10 ATT-2 3
11 ATT-3 3
12 ATT-4 4
13 FC-1 4
14 FC-2 4
15 FC-3 3
16 FC-4 3
17 SE-1 4
18 SE-2 4
19 SE-3 4
20 BIU-1 5
21 BIU-2 5
22 BIU-3 5

Average Performance Expectancy 4.75
Average Effort Expectancy 4.00
Average Attitude Towards
Technology

3.50

Average Facilitating Conditions 3.50
Average Self-Efficacy 4.00
Average Behavioural Intention of
Use

5.00

Table H.1: Survey Results for Optimization Tool
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H.4. Summary
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Appendix I

Survey Questions

# Category Question (Q)

1 PE-1 I find the tool in Python useful for my job
2 PE-2 Using the tool in Python increases the effectiveness of my

tasks
3 PE-3 Using the tool in Python improves the quality of my work
4 PE-4 Using the tool in Python improves the quality of the output

of my work
5 EE-1 The interaction with the tool in Python is clear and under-

standable using the guidelines
6 EE-2 It’s easy for me to get experienced with the tool in Python

using the guidelines
7 EE-3 I find the tool in Python easy to use using the guidelines
8 EE-4 It takes too long to learn how to use the tool in Python, it’s

not worth it
9 ATT-1 Using the tool (in Python) is a good idea
10 ATT-2 The tool in Python makes work more interesting
11 ATT-3 Using the tool in Python is fun
12 ATT-4 I like working with a tool in Python
13 FC-1 I have the resources needed to use the tool in Python
14 FC-2 I have special and specific instructions for using the tool in

Python
15 FC-3 A specific person or group can be reached for help with

problems of the tool in Python
16 FC-4 Using the tool in Python is compatible with other aspects of

my job
17 SE-1 I can complete a task if: no one is there to tell me what to do

step by step
18 SE-2 I can complete a task if: I can call someone when I get stuck
19 SE-3 I can complete a task if: I get a lot of time to complete my

task for which the tool was created in Python
20 BIU-1 I intend to use the tool in Python every time a new ware-

house location problem comes up in at least the next 6
months
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21 BIU-2 I predict to start using the tool in Python every time a new
warehouse location problem comes up in at least the next 6
months

22 BIU-3 I plan to use the tool in Python every time a new warehouse
location problem comes up in at least the next 6 months
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