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Abstract
Due to increasing competition and cost pressure, many companies investigate in redesigning
or consolidating their existing warehouse network to improve its performance and efficiency.
Therefore, this thesis presents a methodology to determine the optimal design for the
warehouse network of a chemical company. The methodology starts with a thorough analysis
of the current warehouse network. Afterwards, the information obtained from the analysis is
used in an optimization. The warehouse network is optimized with a linear program such that
the total warehousing and transportation costs are minimized. In addition to these costs,
several qualitative factors are examined by means of an analytic hierarchy process model. The
final part of the thesis presents the results of the optimization and discusses recommendations
for the chemical company.
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Executive summary
Introduction
Due to increasing competition and cost pressures, companies have to compete on service,
cost and innovation level. In order to compete against competitors, it is beneficial to have an
efficient and effective warehouse network. The warehouse network is a key part of the supply
chain of companies. An optimal warehouse network not only reduces cost, it also reduces
effort and stress of a company. A growing company without a clear supply chain strategy can
benefit from an optimization of the warehouse network. This is also the case for the Company
described in this thesis. The Company is active in the chemical industry, developing high purity
products.
Over the past years, the complexity of the warehouse network of the Company expanded
substantially. Since the Company warehouses chemical products both from its own production
facility in City X and from production facilities in the United States (US), a complex warehouse
network evolved. Currently, the Company stores products at multiple warehouses. However,
literature shows that consolidating warehousing facilities may save warehousing costs.
Therefore, the Company wishes to analyze their current warehouse network and gain insights
into possible recommendations to increase efficiency and reduce costs. These objectives
request a possible redesign of the warehouse network and result in the following main research
question: What is the optimal design and use for the warehouse network of the Company?

Current warehouse network analysis
In order to answer the research question the current warehouse network is analyzed first. The
current warehouse network consists of one internal warehouse in City X and four external
warehouses. Besides inbound, outbound and storage services, the warehouses also execute
additional services. Examples are repacking and customs services for the imported US
products. The warehouse network is analyzed on, among others, inventory levels, sales and
services. The inventory analysis shows that inventory levels among the warehouses differ,
however, the levels are stable over time. The sales analysis concludes the sales of products
fluctuate over time and show no clear trend or seasonality. In addition, the customers of the
Company are scattered around Europe and two non-European countries. Furthermore, an
analysis of the services shows the variety of services executed at the external warehouses.
Since part of the services are executed sporadically and have low costs, a selection of which
services to include in the optimization is made. This selection results in the following services
selected to include in the optimization: inbound, outbound, storage, administration, customs
clearance documents, breaking of pallets, repacking and rebulking.

iii

Optimization
Secondly, the warehouse network is optimized. The Company wishes to optimize their network
not only based on costs, however, it also wants to incorporate qualitative criteria in the optimal
warehouse network. Therefore, an analytic hierarchy process model is applied prior to the cost
optimization. The qualitative criteria set by the Company are effort, communication, proactivity,
track record, change level and sustainability. By giving each criterion a priority and evaluating
the warehouses on the criteria with the necessary assumptions, a ranking of the warehouses
is formed. In addition to the current warehouses, three new external warehouse partners are
contacted and added to the model. The three warehouses scoring highest in the qualitative
analysis are the new warehouses WH5, WH6 and WH7.
For the cost optimization an integer program is constructed with the objective to minimize both
warehousing costs of the selected warehouse services and transportation costs. The model
results in the optimal assignment of products to warehouse(s). The model is optimized twice,
for all the warehouses and for the three warehouses with the highest scores in the AHP model
to incorporate the qualitative criteria. Input for the optimization is data on incoming and
outgoing product flows for the upcoming three years.
The IP optimization model is first optimized for all warehouses. This results in most products
assigned to WH0, WH5 and WH7. In addition, a small number of products are assigned to
WH1, WH2 and WH3. Furthermore, most products from the US are assigned to WH5 whereas
most products from City X are divided over WH0 and WH7. Secondly, the model is optimized
for the warehouses with the highest scores in the AHP model. In this optimal solution all
products are assigned to WH0, WH5 and WH7. The distribution of products remains most
products produced at City X assigned to WH0 and WH7, and most products produced in the
US assigned to WH5. Moreover, the transportation costs represent the highest cost factor in
the optimization, followed by storage costs.
To investigate the robustness of the optimization a scenario and sensitivity analysis is
executed. The scenario analysis analyzes changes in the optimization results if the input data
is generated with an optimistic and pessimistic perspective. Only the pessimistic scenario
shows a small change in inventory distribution. In addition, approximated input parameters for
the optimization are analyzed in the sensitivity analysis. The sensitivity analysis shows the
optimization results are not sensitive to small changes in the approximated input parameters
of the model. Therefore, the optimization model results are assumed to be relatively robust.

Recommendations
Finally, recommendations for the Company are given with first long-term opportunities
regarding the redesign of the warehouse network. By redesigning the warehouse network to
iv

the optimal solution based on cost (WH0, WH1, WH2, WH3, WH5 and WH7), the Company
saves 23.3% cost in three years compared to the current warehouse network. However, in this
redesign alternative the qualitative criteria are not considered.
Therefore, the Company could consider redesigning the warehouse network to the optimal
solution based on both costs and qualitative criteria (WH0, WH5 and WH7). The costs of this
warehouse design are only 1.3% higher compared to the optimal warehouse design based
only on costs. In addition to a better performance on qualitative factors, the complexity of the
warehouse network is reduced if products are stored at two external warehouses instead of
five. Furthermore, a redesign to two external warehouses results in more volume to offer the
external warehouses. Offering more volume to an external warehouse results in a stronger
position in rate negotiations in the future. Lastly, the integration process is easier with fewer
external warehouses.
Furthermore, an alternative to a full redesign of the warehouse network is redistributing the
products optimally among the current warehouses. This redistribution saves approximately
16% in costs compared to the current product distribution. Therefore, without redesigning the
entire warehouse network, costs can be saved. However, the current warehouses score
relatively low on the qualitative criteria. Hence, by redistributing inventory among the current
warehouses, the qualitative factors are not optimized.
In addition to the long-term opportunities some short-term opportunities are stated. Firstly,
inefficient and unnecessary movements should be omitted in the future. An example of an
inefficient movement is the transportation of products from an external warehouse to the
internal warehouse in City X, before products are exported to customers. By outsourcing the
export to the external partner, unnecessary costs are avoided. Furthermore, the Company
should proactively exploit the continuous improvement programs of external warehouses.
Especially since the Company aims to strive for continuous improvement in the future, the
Company itself must also invest time and effort in this activity.
Moreover, transportation is currently executed by multiple external transport carriers. However,
it might be profitable to consider allowing the external warehouse to arrange all transport
themselves. Finally, part of the complexity of the warehouse network of the Company is due
to the flexibility given to the customers. The Company must rethink if this flexibility is required
to maintain its current competitive advantage. Decreasing the flexibility reduces complexity in
both the warehouse network and production facility.
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Chapter 1. Introduction
This report serves as a master thesis project in order to graduate from the master’s degree in
Operations Management and Logistics at the Eindhoven University of Technology. This project
is performed at a chemical company, which will be referred to as “the Company” in the rest of
the report. The Company originated over 70 years ago. It established leading positions in four
key growth markets, namely: electronics, energy materials, specialties and structured
materials. The Company supplies the growing product demand and customer needs on high
purity products across the continent.
The Company warehouses chemical products both from its own production facility in City X in
the Netherlands, and from production facilities in the United States (US). Over the years, the
complexity of the warehouse network increased which led to a limited overview of the network.
It is unclear which services are executed at what warehouse, and what the costs are for these
services. Currently, products are stored at multiple warehouses. However, literature shows
that consolidating warehousing facilities may save warehousing costs, but possibly with higher
distribution costs or lower service levels (Melachrinoudis et al., 2005). Therefore, the Company
wishes to analyze their current warehouse network and gain insights into recommendations to
increase efficiency and reduce costs.
The remainder of this chapter discusses the problem description, the research questions, the
scope of the project and the outline of the rest of the report.

1.1 Problem description
The Company warehouses products from its production facility in City X and products produced
in the US. Products from the US are stored at two external warehouses, named WH1 and
WH2. Products produced at the production facility in City X are always first stored at the internal
warehouse in City X (WH0), as they wait for further transportation to other warehouses. The
warehouse in City X is too small to store all finished products produced in City X. Therefore,
the Company uses two external warehouses called WH3 and WH4. So, products are currently
stored in five different warehouses, including four third party warehouses (WH1, WH2, WH3
and WH4) and the internal warehouse in City X (WH0).
Currently, there is no clear overview of the warehouse network of the Company. The
warehouse network evolved over the past years without consciously chosen justification.
Product flows from City X are separated from product flows from the US. The product data and
storage of these two flows of products are separated. Furthermore, due to the complex
warehouse network no information and comparison of the external warehouses and their
services is available. Also, inventory, product and shipment data are stored at different data
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sources at the warehouses which requires extra time and effort to gather. Finally, the different
contracts with the external warehouses result in an unclear overview of their costs due to
various definitions of costs.
Due to the lack of an overview of the current warehouse network such an analysis is highly
desired. The Company requires a value determination of its current warehouse network and
the services bought from third party providers to receive an insight in its performance.
Furthermore, the analysis of the current warehouse network provides a basis for an
investigation into recommendations to optimize the warehouse network.
The focus of this research is two-parted. The first part delivers an elaborate analysis of the
current warehouse network of the Company. The second part entails an optimization of the
warehouse network which results in recommendations to optimize value and efficiency
involving long-term and short-term opportunities. The aspects on which the optimal warehouse
network is determined are warehouse services costs, transportation costs and qualitative
criteria. Finally, the project leads to a recommendation to optimize the warehouse network of
the Company. It should provide support to store the products at consciously chosen locations,
possibly consolidated, with consciously chosen costs in an optimal way.

1.2 Research questions
The objective of this project is to gain insight into the value of the Company its current
warehouse network and to find the optimal design and use for the warehouse network of the
Company. The project should develop recommendations for short-term and long-term
opportunities. The value and efficiency of the warehouse network are optimized based on three
aspects, elaborated underneath.
1. Warehouse services costs including inbound, outbound, storage and additional
services costs.
2. Transportation costs between production facility, warehouses and customers.
3. Qualitative criteria:
I.

Effort. For, among others, time spent by the Company on creating overviews
on inventory levels at different warehouses. This factor is partly dependent on
the warehouse its ability to share real time information.

II.

Communication. The responsiveness of the warehouse to requests.

III.

Proactivity. For instance, continuous improvement programs of the warehouse
and its willingness to customize services for the Company.

IV.

Track record. The customer base of the warehouse and its experience in
integration with customers.
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V.

Change level. A measure of the level of adaptation to changes in the warehouse
network, dependent on the current experience and integration with the
warehouse.

VI.

Sustainability. The focus on sustainability and CO2 footprint reduction programs
of the warehouse.

The main research question of the project is:

What is the optimal design and use for the warehouse network of the Company?
The main research question is supported by means of three sub-questions:
1. What is the current warehouse network design of the Company (as-is analysis)?
2. Which value adding services besides storage of products are necessary in the
warehouses?
3. Which warehouses are suitable for storage and value adding services, considering
qualitative criteria?
Sub-question 1 analyses the current warehouse network. The as-is analysis provides a central
overview of the warehouse network, inventory levels and costs. This analysis serves as a basis
for the research and provides a starting point for the optimization.
Sub-question 2 answers the question which services are required from the warehouses.
Examples of services are labelling and repacking products. These services might not be
necessary for all products, depending on where the product is manufactured and the
characteristics of the product.
Sub-question 3 analyzes the warehouses based on the qualitative criteria. This includes both
warehouses in which the Company stores its products now, and new potential warehouses.
This analysis results in a raking of the warehouses based on the qualitative criteria.

1.3 Scope
Due to the complexity of the warehouse network of the Company scoping is needed in the
project. The next paragraphs describe what is in and out of the scope of the project.
First, a summation of what is in the scope of the project. The ADR classification of products is
in the scope of the project. ADR is an abbreviation for "Accord européen relatif au transport
international de marchandises Dangereuses par Route", which is a codification method that
classifies dangerous products according to their hazard properties. Not all products of the
Company are dangerous, so only part of the products stored by the Company have an ADR
code. The ADR classification causes restrictions on the storage of products. Warehouses
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require permits to store a specific quantity of products per ADR code. The ADR classification
is, therefore, in the scope of the project.
In addition, part of the raw materials serving as production input for the production facility in
City X are part of the scope. The largest part of raw materials is stored in the internal
warehouse in City X (WH0). The raw materials stored in WH0 are out of scope for this project,
since these products are considered to belong to the production process which is not in the
scope of the project. However, part of the raw materials is stored externally. These raw
materials are part of the scope of this project. In addition, the warehousing activities of these
raw materials are part of the scope.
Furthermore, a definition of which warehouses are in the scope of the project. The internal
warehouse (WH0) and current external warehouses (WH1 until WH4) are part of the scope.
These warehouses are first analyzed in detail in the as-is analysis. However, the project is not
only focusing on the current warehouses, three new warehouses are investigated as well.
Additionally, the scope of the storage space at WH0. WH0 in City X is a different warehouse
than the external warehouses. The warehouse in City X stores four non-regular types of
products, summarized underneath:
-

Obsolete products. Products that have been stored in WH0 for multiple months. The
Company is deciding on what to do with these products, as the products are valuable
in terms of money, however, they are not useful in the production process.

-

Rework products. These are products stored in WH0 in between production runs.
These products are not yet finished and waiting to re-enter production.

-

Waiting finished products. All finished products are first stored in WH0 before they are
transported. This intermediate storage is necessary for the laboratory in City X to
perform quality checks on the products before they are transported.

-

Raw materials. Since WH0 is located at the production facility it also stores a large
amount of raw materials required for production.

Thus, only part of the storage space at WH0 is available for finished products. Obsolete
products, rework products, waiting products and raw materials are not in the scope of the
project, hence, only the remaining storage space is in the scope of the project.
The transportation of products is considered partly in the scope of the project. Since the
objective of the project is focused on the warehouse services and costs, the transportation
network is simplified. Currently, transportation is either arranged by the external warehouses,
or by the Company by means of third party transport carriers, all with different rates per load
and kilometer. To simplify the transportation, an average transportation rate is used in the
4

project. It is not the scope of the project to optimize the transport carriers. However, for the
optimal warehouse structure it is necessary to consider transportation to acknowledge distance
between production facility, warehouse and customers.
Furthermore, a definition of what is not in the scope of the project is given. Besides storage,
the external warehouses also execute additional services for the Company, for example the
repacking of products. Not all additional services at the warehouses are part of the scope,
services executed sporadically or with low costs are not considered.
Part of the products produced in City X require distillation. After distillation, dependent on the
product, the product is either finished and ready for sale, or it returns to the production plant
for further production. The distillation process is not considered part of the scope. Since the
project aims at optimizing the warehouse network, the distillation processes are not included.
In addition, currently there is another ongoing project at the Company analyzing the distillation
facilities, therefore this part of the warehouse network is not in the scope of this project.
The finished products directly transported to customers from the production facilities in City X
and the US are not in the scope of the project. These products are directly delivered from the
production facility to the customer, hence no warehousing is necessary.
Furthermore, inventory optimization is not in the scope of the project. It is not the purpose of
the project to find the optimal levels of inventory. In addition, it is also not the goal of the project
to optimize the production schedule of the Company. Instead the project is focused on how to
distribute inventory optimally over the warehouses.

1.4 Report outline
The remainder of the report is structured as follows. The next chapter discusses the literature
on the topic of this research, and its relation to the Company in specific. Chapter 3 describes
the methodology applied for the execution of the research. In Chapter 4 the current warehouse
network is analyzed on a detailed level. Chapter 5 describes the qualitative warehouse
selection model and Chapter 6 the quantitative warehouse selection model for the optimization.
In Chapter 7 the results of both models are discussed. Finally, Chapter 8 states
recommendations for the Company in the conclusion and discussion.
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Chapter 2. Literature
This chapter discusses relevant literature on the research topic, including warehouse network
performance, third party logistics and facility location models. In the conclusion of the chapter
the literature is discussed in relation to the Company in specific.

2.1 Warehouse network performance
Warehouse network performance entails performance of the whole network on a general level.
Different perspectives on measuring performance of the network are discussed. This section
is relevant to the Company since the first part of the project focusses on analyzing the
performance of the current warehouse network.
There are different perspectives in assessing the performance of a warehouse network. Teo
& Shu (2004) suggest an approach to measure the performance of a warehouse network by
taking all relevant costs and service-levels into account. This cost-based approach is the most
applied method for assessing performance a warehouse network. However, the relationships
between all relevant costs result in trade-offs which makes the overall performance difficult to
analyse.
In contrast to the cost based performance perspective, Korpela & Lehmusvaara (1999)
suggest a customer oriented approach. Due to the change in the business environment to a
more customer-centered position, a new approach to the network performance assessment is
required. The approach of Korpela & Lehmusvaara (1999) includes an analysis of the
customer-specific requirements as input for the evaluation of the warehouse partners. This
analysis results in a priority per customer for each warehouse partner. Subsequently, these
priorities are input for a mixed-integer linear programming (MILP) model which outputs the
overall service performance of a warehouse network.
A third perspective on the performance of a warehouse network is proposed by Melachrinoudis
& Min (2007). The authors extend on the cost-based approach by stating that in the
performance assessment of the network prior to a redesign, possible alterations in the current
warehouse network must be included. There are several redesign alternatives, namely the
retention or closing of existing warehouses and the establishment of new warehouses
(Melachrinoudis & Min, 2007). Especially the closure of redundant warehouses and the
establishment of new warehouses are important factors to consider. The termination of the
collaboration with a warehouse possibly results in closure and relocation cost. Moreover, the
establishment of partnerships with new warehouses lead to setup cost and start-up risks. A
new partnership is created which costs both time and money.
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2.2 Third party logistics selection
The previous section discusses perspectives on the performance of the overall warehouse
network. An important decision for a company is whether to carry out their own logistics
activities in the warehouse network or outsource the activities to third-party logistics (3PL).
Outsourcing of activities to 3PL is common due to the advanced core competences and unique
expertise of 3PL. In addition, it is costly and difficult for firms to execute all logistic activities
themselves (Jharkharia & Shankar, 2007).
The Company outsources part of their logistic activities. Both transportation and warehouse
activities are executed by 3PL. The objective of the project is to find the optimal warehouse
network of the Company which possibly includes the consolidation of the 3PL. In that case, a
selection must be made between a set of 3PL partners. The Company wishes to select their
3PL partners based on both quantitative and qualitative factors. Therefore, literature on both
quantitative and qualitative selection methods of 3PL is discussed below.
According to Aguezzoul (2014a), several techniques exists for the selection of 3PL. These
techniques can be classified in five categories: multi-attribute decision making (MCDM)
techniques, statistical approaches, artificial intelligence, mathematical programming, and
hybrid methods. Both MCDM and mathematical programming methods are elaborated in this
section.
Firstly, MCDM techniques aim at providing decision makers with a recommendation out of a
set of alternatives. An example of a MCDM method is analytic hierarchy process (AHP). In this
approach the 3PL is selected on both quantitative and qualitative factors (Korpela & Tuominen,
1996). AHP is a problem-solving framework which provides a procedure for depicting aspects
of a problem. By decomposing the qualitative criteria into a hierarchy, the complex and
qualitative problem becomes more manageable. After dividing the criteria over the levels, each
criterion is given a priority. These priorities are used to establish the overall priorities of each
decision alternative. The combination of the qualitative and cost analysis results into choosing
the best alternative.
The AHP framework is applied by (Soon-hoo & Kim, 2006) in a case study on four 3PL
companies in Korea. Soon-hoo & Kim (2006) state the major advantage is that the AHP
approach assesses the alternatives based on their priority. In addition, an advantage of the
AHP method is that it deals with complex and unstructured decisions since it evaluates a
criterion both quantitatively as well as qualitatively (Molenaers et al., 2012). The downside of
qualitative evaluation is, however, that it is based on expert judgments and thus is partly
subjective (Kabir & Ahsan Akhtar Hasin, 2011).
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Moreover, mathematical programming is another approach in evaluation and selecting 3PL.
According to Aguezzoul (2014b), there are several methods which apply mathematical
programming to 3PL selection. They suggest the following methods: (non)-linear programming,
dynamic programming, multi-objective programming, mixed integer programming and data
envelopment analysis (DEA). All methods consist of an objective function to optimize subject
to a set of constraints. An example of an objective function of a linear programming model is
to minimize the cost of the 3PL. A linear programming model can then be applied to determine
the optimal 3PL to use. In multi-objective programming there are multiple objective functions
that require to be optimized (Momeni et al., 2015). These objectives can be in conflict with
each other. An example of multiple objectives is maximizing service while minimizing costs.
Another mathematical programming approach is DEA. In DEA the 3PL are evaluated and
benchmarked based on multiple performance measurements (Liu et al., 2016). DEA is a linear
programming technique able to manage both multiple inputs and outputs in a model (Zhou et
al., 2008).

2.3 Facility location models
The previous section describes literature on the selection of 3PL. However, the optimization of
the warehouse network of the Company can be modelled on a higher level. Whereas the
previous section focusses on optimization by selecting the optimal 3PL partner(s) among a set
of alternatives, this section focusses on optimization of the warehouse network as a whole.
The warehouse network of the Company can be modelled with a facility location model. In a
facility location model, the full warehouse network is considered, including suppliers, 3PL
warehouses, customers, product flows and transportation. Since the Company wishes to
optimize their warehouse network not solely based on 3PL selection, but on the whole network
including product flows and transportation, the facility location model theory is elaborated in
the following paragraphs.
Facility location models are applied to decide where to locate facilities and how to allocate
capacity in order to maximize the overall profitability, while considering the total warehouse
network (Chopra & Meindl, 2007). The objective of most facility location models is optimizing
the system by minimizing the total cost (Askin et al., 2014). The total cost includes fixed
location cost, inventory cost and transportation cost. The facilities in the model obtain specific
roles in the supply chain network, for example production and warehousing (Melo et al., 2009).
The number, size and locations of facilities are determined in the facility location model. In
addition, demand of customers is assigned to warehouses. The decisions implied by the facility
location model are on a strategic level. The planning horizon of the decisions is a few years,
since the opening and/or closing of facilities are decisions with a large impact on the
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warehouse network. Changes in the warehouse network do not occur frequently, therefore it
is important to have grounded support for a redesign of the network.
There are multiple variants of the facility location models. The Single-Echelon SingleCommodity Location problem describes opening a set of facilities and assigning each
customer to one open facility while respecting its capacity (Ghiani et al., 2005). An extension
is the Single-Source Capacitated Facility Location Problem in which the number of warehouses
to locate is not fixed (Tragantalerngsak et al., 2000). In Two-Echelon facility location problems
the analyzed network compromises the number of production sites, number of warehouse and
number of customers (Tsiakis et al., 2001).

2.4 Conclusion
The literature on perspectives of warehouse network performance provides relevant insights
on the performance determination of a warehouse network. It is decided to analyze the
warehouse network performance of the Company mainly on costs. The customer-oriented
perspective proposed in the literature is not considered in the project, since it is not in the
scope of the project to optimize customer service levels. In addition, the literature on costs
related to determination of current contracts, or establishment of new contracts is relevant for
the Company. Therefore, these costs are considered in the qualitative criterion “Change level”.
Moreover, the 3PL selection section provides an overview of possible selection techniques.
The Company wishes to optimize their 3PL on both quantitative and qualitative factors. Since
it is difficult to measure qualitative factors, the AHP framework provides a helpful structure for
the warehouse selection process. Therefore, the AHP framework is applied in this project to
examine the qualitative factors of the warehouses. However, a gap between the literature and
the problem context of the Company are the qualitative factors studied. Most literature aims at
qualitative factors relating to service from the service provider to customers, while the
Company is focused on the service from the service provider towards the Company. Therefore,
the proposed qualitative factors in the literature are adjusted to the requirements of the
Company.
Furthermore, the literature review shows the availability of multiple models for the facility
location problem. The focus of most models lies on minimization of transportation costs. The
transportation costs have a large impact on the optimal location of, for example, a warehouse.
At first, the Company wanted an optimization of only the warehouse services costs. However,
due to the findings in literature it is decided to also include the transportation costs in the
optimization.
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Chapter 3. Methodology
This chapter describes the research methodology applied to answer the research questions.
The research methodology of the project is summarized in Figure 1. The steps in the research
methodology are elaborated in the sections below.

Figure 1 Research methodology

3.1 Analysis of as-is warehouse network
The first step in the research methodology is the analysis of the as-is warehouse network of
the Company. Research sub-question 1 and 2 are answered in this step. The current logistics
network is analyzed in multiple analyses. The analysis starts with creating an overview of the
current warehouse network. In addition the following topics are analyzed: inventory levels,
ADR classifications, sales, customer locations and warehouse services.

3.2 Potential new warehouses
After the detailed analyses of the current warehouse network, the solution design starts. An
important decision for the solution design is which warehouses to incorporate in the
optimization. The current warehouses are partly incorporated in the optimization. However, the
Company is not convinced the optimal warehouse is among their current warehouses.
Therefore, three new partners are contacted. In online meetings between the Company and
the new partners, the project is introduced, and required information is gathered. In addition,
the project is introduced in online meetings with the current partners to investigate if current
price and capacity information is still valid.

3.3 Qualitative warehouse selection model
The Company wishes to optimize the warehouse network based on only costs and based on
both costs and qualitative criteria. Therefore, an analytical hierarchy process (AHP) model is
developed to examine the qualitative criteria. The AHP model serves as the qualitative
warehouse selection model. The AHP model is introduced in the literature section. The
qualitative criteria are decomposed into a hierarchy. The criteria measured are effort,
communication, proactivity, track record, change level and sustainability. Each criterion is
given a priority. These priorities are used to establish the overall priorities of each warehouse
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alternative, answering research sub-question 3. Based on the results of the AHP model, the
warehouses are ranked. To combine the qualitative and quantitative criteria, the three
warehouses with the highest scores in the qualitative ranking are selected for the quantitative
cost optimization model. Three are selected since this is half of the total number of warehouses
considered.

3.4 Quantitative warehouse selection model
To optimize the network a quantitative warehouse selection model is developed. The objective
of the model is to minimize the total warehouse service and transportation costs. The model
results in the optimal assignment of products to the warehouse(s). The model is optimized for
the three warehouses with the highest scores in the AHP model to incorporate the qualitative
criteria. In addition, the model is optimized with all the warehouses to investigate the optimal
warehouse network based solely on quantitative criteria (costs).

3.5 Sensitivity and scenario analysis
To assess the robustness of the quantitative warehouse selection model the model is
optimized for an expected, optimistic and pessimistic scenario. The expected scenario
represents the expected future as well as possible. The optimistic scenario represents an
increase in production and demand while the pessimistic scenario represents a decrease in
both production and demand. The model is optimized for all three scenarios, to investigate if
the assignment of products to warehouses is sensitive to different scenarios. Furthermore, a
sensitivity analysis is applied to study if changes in input parameters affect the optimal
assignment of products to warehouses.

3.6 Evaluation and recommendation
Finally, the optimization results in recommendations for the Company on how to optimally
redesign their current warehouse network. In this final step the main research question is
answered.
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Chapter 4. Analysis of the current warehouse network
This chapter entails the analysis of the current warehouse network of the Company. The
following topics are discussed: warehouse network overview, inventory levels, ADR
classification, sales, customer location, and warehouse services. The analysis and diagnosis
of these topics results in answering sub-research questions 1 and 2.

4.1 Warehouse network overview
The Company handles product distribution for all customers in Europe and some countries
outside Europe. The products are either produced at the production facility in City X or at the
production facilities in the US. In total, the Company stores products at five different warehouse
(WH) locations, namely internal warehouse WH0 and external warehouses WH1 until WH4.
Furthermore, part of the products produced at City X require distillation before they are
finished. The distillation process is executed by two distillation facilities, D1 and D2.
Figure 2 illustrates the current warehouse network of the Company. The abbreviation N-EU
signifies customers in Northern Europe. The categorization of countries to regions in Europe
is shown in Appendix A – Country classification Europe.

Figure 2 Current logistics network

As can be seen, products are produced in the US and in City X. Finished products are either
packed in packages on pallets or in bulk. The products in bulk are directly transported to
customers when produced and are not represented in Figure 2, since they do not undergo any
warehouse services. Packed products produced in City X always first go through WH0. The
packed products are then either stored at WH3 or WH4, or directly transported to customers.
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Most packed products from the US are first stored in WH1 or WH2. Products from the US
directly transported to customers are not represented in the figure.

4.2 Inventory levels
Figure 3 shows a graph of the finished product inventory per warehouse per month in pallets
in 2019. As can be seen, inventory levels at WH0 and WH3 are the highest. The total inventory
levels fluctuate per month, with lower levels in the months February and September, and higher
levels in the middle of the year. The inventory level at WH4 is low. This location is not intended
as a warehouse since the core business of the WH4 is bulk transportation, not warehousing.
WH4 repacks packed products to bulk for the Company. However, there is a small quantity of
work-in-progress inventory stored at their location. In addition, the figure shows that the
inventory at WH1 and WH2, where all products from the US are stored, occupy approximately
one-third of the total inventory level of the Company. As a result, the products produced in City
X represent approximately two-third of the total inventory of the Company. These distributions
of products among the warehouses are relatively stable over the months.

Total inventory (pallet)

Inventory level per warehouse

201901 201902 201903 201904 201905 201906 201907 201908 201909 201910 201911 201912
WH0

WH1

WH2

WH3

WH4

Figure 3 Finished products inventory level per warehouse

There are multiple types of packaging in which products are stored. Products can be stored in
intermediate bulk containers (IBC), drums, bags and bulk. At the warehouses the inbound,
storage and outbound costs are paid per pallet. Therefore, the inventory in Figure 3 is analyzed
on pallet level. The number of products per pallet is dependent on the packaging in which the
product is stored. For example, 1 IBC occupies 1 pallet place whereas the number of drums
per pallet differs per type of drum.
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Besides the inventory levels per warehouse, the storage locations of different product groups
are analyzed. First, Table 1 gives an indication of how many product groups are stored at each
warehouse. All products of the same product type are defined as one product group,
independent on their packaging type. The data of both finished products and raw materials is
input for the table.
Table 1 Number of product groups per warehouse in 2019

Warehouse

WH0

WH1

WH2

WH3

WH4

Product groups

138

13

2

24

4

As can be seen, most product groups are stored at WH0. Furthermore, the table shows there
is a difference in number of product groups stored between products produced in City X and
products produced in the US. The total number of product groups stored in WH0 is 138,
whereas the total number of product groups of US products, which are stored at WH1 and
WH2, is 13. This large difference is explained by two reasons. Firstly, WH0 does not only store
finished products, it also stores raw materials required for the production facility at City X. Since
each raw material is a different product group, there are more product groups in WH0.
Contrarily, no raw materials are stored at WH1 and WH2. Secondly, all finished products
produced in City X are first stored at WH0 after production, since a product quality check is
executed before products are transported. This means that all product groups produced at City
X are stored in WH0, even though it might be for a short amount of time. Thus, WH0 stores
the entire set of products produced at City X, even products that are directly transported to
customers in bulk.
Table 2 shows the distribution of product groups among the warehouses. The table shows
most product groups are stored only at WH0. This indicates most product groups move directly
from WH0 to customers after the quality check is executed.
Table 2 Product groups stored in one or multiple warehouses in 2019

Product groups

Only WH0

Only WH1

WH0-WH3

WH0-WH4

WH1-WH2

110

11

24

4

2

4.3 ADR classification
Since the Company deals with chemical products, part of the products is hazardous and has
an ADR code. ADR is a codification method which classifies dangerous goods according to
their hazard properties. Products can have multiple ADR codes. Examples of ADR codes are
ADR code 3 which includes flammable liquids and ADR code 6.1 which includes toxic
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substances. The ADR codes and their description are given in Appendix B – ADR information.
The ADR classification results in limitations in both transportation and storage of products.
Appendix B – ADR information provides an overview of the ADR storage restrictions.
Warehouses are entitled to have permits to store chemical products. These permits concern
quantities of chemicals of specific ADR classes the warehouses are permitted to store.
Table 3 below shows the average percentage of inventory of the Company per ADR
classification. The dash in the table indicates products without ADR classification. If more than
one ADR code is stated, the product has multiple ADR classifications. However, in
combinations with multiple ADR codes one of the ADR classifications is prioritized and can be
defined as the leading ADR classification. The ADR with priority is highlighted in blue.
Table 3 ADR classification of average inventory in 2019 (pallets per month)

ADR

Percentage

ADR

Percentage

-

40%

3

2%

8

29%

3, 6.1, 8

2%

6.1

19%

3, 6.1

1%

9

7%

As can be seen, most finished products have no ADR classification. The next largest category
is ADR code 8. Besides the ADR classification of products, the division of products with ADR
codes among the warehouses is investigated in Figure 4 which shows the average monthly
inventory in the warehouses categorized by ADR code.

Figure 4 Average monthly ADR finished products inventory per warehouse in pallets
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As can be seen in Figure 4, WH0 and WH3 both store products of 6 different ADR classes,
whereas WH2 stores only 1 ADR class. Furthermore, products produced in the US are usually
ADR class 8, while most products produced in City X do not have an ADR classification.

4.4 Sales analysis
This section provides an analysis of the sales of 2019 of the Company. The data is available
in sales transactions on product level per month, so not per day. The sales analyzed in this
section represent the sales in the scope of the project, so the finished products sold to
customers which require warehouse services. For the inventory levels and warehouse service
analysis of the Company raw materials stored externally are also considered. The raw
materials are, however, not represented in the sales analysis since they are not sold directly
to customers. Thus, this sales analysis is exclusively relevant as a demand analysis for finished
products.
Figure 5 represents the sales per warehouse over 2019. The graph shows fluctuation in sales
over the year for all warehouses. The sales from WH0 are highest, especially in January, April
and October. Sales from WH1 are lowest compared to the other warehouses. The blue dots in
the figure show that in only two months in 2019 products are sold from WH4.
The sales analysis shows no clear seasonality. Demand fluctuates over the year. The total
demand of the products in scope of this project is relatively stable over 2019. There is a small
decrease in the second half of 2019. According to the Company this is due to the holiday in
this part of the year. In addition, in the fourth quartile of 2019 the Company experienced a small
dip in sales because some customers tend to reduce inventories at the end of the year.

Figure 5 Sales 2019 per warehouse
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The sales in Figure 5 can be compared to the data on inventory levels per warehouse in Figure
3. The high sales of WH0 are in line with its inventory levels of approximately one-third of the
total inventory over 2019. WH3 also covers approximately one-third of the total inventory over
2019. However, the sales of WH3 warehouse are not as high. This is partly explained by the
fact that besides finished products, also raw materials for the production process are stored at
WH3. This increases the inventory level but has no effect on the sales level since raw materials
are not sold to customers.
In addition to the analysis of the sales of 2019, the sales of the years 2017, 2018 and 2019 are
analyzed. Figure 6 shows the autocorrelation of the years 2017 to 2019 of the total demand
and of the demand of one product. Autocorrelation analyzes the correlation of time series data.
It measures whether the time series is linearly related to a lagged version of itself and it helps
to identify seasonality and trends in the data. Both figures show no autocorrelation in the
demand since the spikes are not statistically significant as they lie within the blue area. All
products are tested separately for autocorrelation and none show statistically significant
autocorrelation, indicating no trend or seasonality in the data. Therefore, it is concluded that
the product demand is stable over time.

Figure 6 Autocorrelations

In addition, the sales are analyzed on a product level. Five products represent 57% of the total
sales in 2019 of the Company. The rest of the finished products in the scope of the project,
represent less than 5% of the total sales of 2019. The sales of the five products with most sales
are shown in Figure 7.
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Sales (kg)

Sales 2019 per product

P1
P2
P3
P4
P5

Figure 7 Sales 2019 per product

The sales of product P1 is highest in 2019, followed by product P2. The rest of the five products
have similar sales figures compared to each other. The figure shows that all sales are
fluctuating over time. None of the products show a clear growth of sales over time.
For the products P3, P4 and P5 the same product type can be sold in different packages with
different weights. To further investigate these products, the products from the same product
type but different packaging are analyzed. For example, product P6 is the same product type
as P3 but with different packaging. This product P6 represents 0.65% of the total sales. The
rest of the products of the product types in Figure 7 with different packaging also show low
amount of total sales. This indicates certain packaging are more popular than others.

4.5 Customer location
The warehouse network is modelled from production until customer which includes
transportation from warehouse to customer. Therefore, the locations of customers of the
Company in scope of the project are analyzed. The customers are grouped per country
according to their location. The result of this analysis shows most customers are localized in
European countries. This is useful information for the project, since this might be an indication
that the location of the warehouse(s) has a large impact on the transportation cost. If most
sales were transported to far locations, the relative impact of different warehouse locations on
the total transportation costs would be smaller.

4.6 Warehouse services
In addition to the growth of the number of external warehouses of the Company, the variety of
services executed at the warehouses has grown too. The warehouses not only store the
products, however, they also repack and relabel part of the products. Dependent on the origin,
the type and the customer of the product these services are (partly) executed. This section
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elaborates on the warehouse services of the current external warehouses and results in a
selection of which services to include in the optimization model. The warehouse services of
the four external warehouses are analyzed. The total costs and count of these services per
month in 2019 are examined.
The analysis shows storage is the highest cost component for all four external warehouses. In
addition, inbound and outbound services are also large cost components. At WH3 the
Company only pays for the basic warehouse services inbound, outbound and storage, and one
extra service: repacking. The repacking entails the repacking of raw materials from bulk to
IBC’s. This repacking is necessary for the use of the raw materials in the production process
at City X.
At WH4 the rebulking of IBC to bulk is a large cost component, as this is the main reason for
storing products at this location. Part of the finished products produced in City X are sold in
bulk and not in packed IBC’s. However, City X does not own enough bulk tank trucks to store
all these finished products after production. Therefore, the products are stored in IBC until they
are sold. When sold, the products are rebulked and transported to the customers. One product
(P7) is always sent to WH4 in IBC’s, and thus always requires the rebulking service. For the
rest of the products it depends on the market, customer orders and available storage in City X
whether products are sent to WH4 for rebulking. Therefore, in the rest of the project only the
rebulking of P7 is considered.
At WH1 and WH2 the Company pays for preparing customs clearance documents, a service
required for transportation of the imported US products to customers. Each customer order
requires a customs clearance document. This service is mandatory for the US products and
thus important to include in the optimization.
Furthermore, the costs at WH0 are not analyzed. WH0 is owned by the Company itself and
costs are not available separately for all the services. However, the optimization requires input
on these costs. Therefore, these costs per service are approximated with assumptions.
The analysis of the costs at each warehouse shows not all services are invoiced at every
warehouse. Examples are costs related to supplying materials required to prepare a customer
order. These costs are incurred at the preparation of the order of a customer, specifically when
the order of a customer is not an integer number of pallets and a pallet needs to be broken
open. The order requires an additional pallet and stretch wrapping of the pallet, in order to
successfully transport the order to customer. The analysis shows these costs are for example
charged at WH1, however, not at WH3. So, dependent on the size of the customer order and
the warehouse these costs are charged.
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Due to the high variety of services executed at the external warehouses, it is decided to only
include a selection of the services in the optimization. Part of the services executed are
categorized as basic services. The basic services are services related to inbound, outbound
and storage. These services are always executed at the warehouses, therefore, these services
are included in the optimization. For the remaining additional services, for example the supply
of a pallet or use of the use a reach truck, a threshold is set for the selection. Services are
selected to include in the optimization if their total cost in 12 months divided by the sum of the
total cost of all additional services is > 5%. The threshold is set in accordance with the
Company. An example of this rule for the selection of the service “supply of pallet” at WH1 is
given below. All costs in the calculation are total costs at WH1 over the 12 analyzed months.
𝑇𝑜𝑡𝑎𝑙 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑐𝑜𝑠𝑡𝑠 − 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑏𝑎𝑠𝑖𝑐 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 "𝑠𝑢𝑝𝑝𝑙𝑦 𝑜𝑓 𝑝𝑎𝑙𝑙𝑒𝑡"
∗ 100% = 40%
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑠𝑡𝑠 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑒𝑟𝑣𝑖𝑐𝑒𝑠
Since the percentage is > 5%, the service “supply of pallet” is selected for the optimization.
This selection procedure results in the following warehouse services selected to include in the
optimization: inbound, outbound, storage, administration, customs clearance documents,
breaking of pallets (consisting of supply of a pallet and stretch wrapping), repacking and
rebulking. With this selection sub-research question 2 is answered.
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Chapter 5. Qualitative warehouse selection model
By using information obtained in the detailed analysis of the current warehouse network in
Chapter 4, a qualitative warehouse selection model is constructed. For the qualitative
selection, an analytic hierarchy process (AHP) model is developed and applied in order to
analyze the qualitative performance of the external warehouses. The AHP is a structured
technique used to select the warehouses based on multiple qualitative criteria. First, the
qualitative criteria on which the warehouses are evaluated are defined. Then, these criteria are
given priorities. Lastly, the warehouses are evaluated on each criterion. Together with the
priorities of the criteria these evaluations of the warehouses result in a ranking of the
warehouses according to their expected performance on the qualitative criteria.
The six warehouses WH1, WH2, WH3, WH5, WH6 and WH7 are incorporated in the AHP
model, consisting of three current warehouses and three new warehouses. Current WH4 is not
analyzed in the model since its core business is not warehousing but transportation. Therefore,
it is not possible to store products at WH4. After applying the model, the three warehouses
with the highest scores on the qualitative criteria are selected for the optimization. In the
sections below three steps of the AHP model are described and executed. In the final section
conclusions are drawn and the selection of warehouses for the optimization is stated.

5.1 Defining criteria
First, the criteria used in the AHP model are defined. The AHP model is shown in Figure 8.
Level 1 shows the overall objective of the analysis. Level 2 shows the criteria on which the
objective is analyzed. Level 3 in the model shows the different alternatives, so the six external
warehouses.

Figure 8 AHP model

The paragraphs below elaborate on the definitions of the six qualitative criteria.
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First, the criterion effort indicates the expected time spent at the Company regarding the
administration of warehouse activities. An example is time spent by the customer service
department of the Company on creating overviews not supplied by the warehouse. Besides
time, creating overviews of inventory levels by hand every day in order to process orders is
also subject to making mistakes which can cause stress. The criterion effort is partly based on
if the warehouse owns a digital portal in which real time information on inventory levels and
orders is easily checked and modified. This sharing of data increases everyday efficiency and
effectiveness.
Secondly, the criterion communication between the warehouse and the Company measures
the responsiveness of the communication, so whether the warehouse responds fast to
requests and how fast the warehouse provides information. In addition, the quality of the
communication is assessed. A smooth communication flow positively affects the partnership
with the warehouse.
Thirdly, the proactivity of the warehouse measures the willingness to customize services for
the Company. Furthermore, it measures if the warehouse proactively searches for efficient
ways to execute services by means of continuous improvement programs, beneficial to both
the warehouse and the Company. In addition, it measures whether the warehouse shares its
best practices among its customers to increase efficiency.
Fourthly, the criterion track record of a warehouse measures the customer base of the
warehouse, the integration with its customers and the core business activities. If the warehouse
has experience with multiple customers similar to the Company in products and size, this
experience can be used during the partnership with the Company. In addition, the current level
of integration of the warehouse with customers is a sign for possible integration with the
Company. Furthermore, core business activities of the warehouse preferably include
warehousing of ADR chemical goods and knowledge in value adding services.
Fifthly, the criterion change level entails the internal and external level of change for selecting
a specific warehouse. Part of the warehouses are new, hence the Company has no experience
with these partners. However, the Company already invested in the partnership with the
existing warehouses. The experience and existing cooperation in these current partnerships
are valuable. The ways of working of both the Company and the partner are adjusted to each
other. A new partnership, and thus significant changes in the everyday processes, can result
in internal resistance to change at the Company. In addition, the external change level is quite
high. Redesigning the warehouse network to new partners requires time and money as
products must be moved to new warehouses.
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Finally, the criterion sustainability is measured. Sustainability is essential for the long-term
perspective and prosperity of the Company. It is important for the Company that their partners
acknowledge the need of sustainability, by for example CO2 footprint reduction programs and
sustainability minded projects. A sustainable supply chain helps the Company to differentiate
from competition since it serves as a unique selling point to customers.

5.2 Deriving priorities for the criteria
The second step in the AHP model is deriving priorities for the criteria. Each criterion is
compared to all other criteria by using the fundamental scale of values (Saaty, 1987), shown
in Table 4. Each pair of criteria is given an importance score, which indicates how important a
criterion is compared to another criterion. For example, if the comparison of criterion A against
criterion B is given a 9, criterion A is extremely more important than criterion B.
Table 4 Fundamental scale of values for pairwise comparison

Importance

Definition

Explanation

1

Equal

Two criteria contribute equally to the objective

3

Moderate

Experience and judgment slightly favor one criterion
over another

5

Essential or strong

Experience and judgment strongly favor one criterion
over another

7

Very strong

A criterion is strongly favored, and its dominance
demonstrated in practice

9

Extreme

The evidence favoring one criterion over another is
of the highest possible order of affirmation

2,4,6,8

Intermediate values

When compromise is needed

Reciprocals If criterion i has one of the above numbers assigned to it when compared to
criterion j, then j has the reciprocal value when compared to i

By assigning the importance score to the pairs of criteria, a pair-wise comparison matrix is
developed. The pair-wise comparison matrix is shown in Table 5. The relative importance of
the criteria is set in accordance with the Company. For example, effort compared to proactivity
is given a 3 which indicates that effort is moderately more important to the Company than the
proactivity of the warehouse. The last row shows the sum of the values per column. The
importance scores are assigned by means of consensus decision making by multiple
employees at the Company. Among others, employees from the customer service department
who have most day to day contact with the external warehouses contribute to the consensus
decision making.
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Proactivity

Effort

Communication

Change level

Track record

Sustainability

Table 5 Pair-wise comparison matrix

Proactivity

1.00

0.33

0.50

3.00

4.00

5.00

Effort

3.00

1.00

2.00

3.00

5.00

6.00

Communication 2.00

0.50

1.00

2.00

4.00

5.00

Change level

0.33

0.33

0.50

1.00

3.00

5.00

Track record

0.25

0.20

0.25

0.33

1.00

2.00

Sustainability

0.20

0.17

0.20

0.20

0.50

1.00

Sum

6.78

2.53

4.45

9.53

17.50

24.00

The pair-wise comparison matrix is normalized by dividing each value of a criterion by the sum
of all the values of the criterion. The normalized values are given in Table 6. The final column
in the normalized table shows the criterion weight, which is calculated by summing up the
normalized values of each row and dividing it by the number of criteria. The criterion weight
indicates the relative importance of the criterion to the Company. As can be seen, the criterion
effort is most important, and the criterion sustainability is least important to the Company.

Proactivity

Effort

Communication

Change level

Track record

Sustainability

Criterion weight

Table 6 Normalized pair-wise comparison matrix

Proactivity

0.15

0.13

0.11

0.31

0.23

0.21

0.19

Effort

0.44

0.39

0.45

0.31

0.29

0.25

0.35

Communication 0.29

0.20

0.22

0.21

0.23

0.21

0.23

Change level

0.05

0.13

0.11

0.10

0.17

0.21

0.13

Track record

0.04

0.08

0.06

0.03

0.06

0.08

0.06

Sustainability

0.03

0.07

0.04

0.02

0.03

0.04

0.04

The consistency ratio measures the consistency of the judgments in Table 5. If the consistency
ratio is smaller than 0.10 the judgments are consistent. The consistency ratio calculation starts
with multiplying each cell of the pair-wise comparison matrix in Table 5 by the calculated
criterion weight shown in Table 6 corresponding to the criterion in the column of the cell. These
numbers are summed up per row. For example, for the row proactivity this summation is equal
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to (1.00 ∗ 0.19) + (0.33 ∗ 0.35) + (0.50 ∗ 0.23) + (3.00 ∗ 0.13) + (4.00 ∗ 0.06) + (5.00 ∗ 0.04) ≈
1.25. Then, these row summations are divided by the corresponding criterion weights, so 1.25
divided by 0.19 ≈ 6.58 for proactivity. The average of these numbers of all criteria is equal to
𝜆𝑚𝑎𝑥 ≈ 6.29. The consistency index is calculated as follows: 𝐶𝐼 =

𝜆𝑚𝑎𝑥 −𝑛
𝑛−1

with n representing

the total number of criteria. In this case, the consistency index is equal to 0,058. Then, the
consistency ratio is calculated with: 𝐶𝑅 =

𝐶𝐼
.
𝑅𝐼

RI represents the random index which is the

value of the consistency index if the pair-wise comparisons were completely random. The
random index for a 6x6 matrix is 1.24. This results in a consistency ratio of

0.058
1.24

≈ 0.05, which

indicates consistent pair-wise comparisons and thus appropriate criteria weights for the AHP
analysis.

5.3 Comparing alternatives on criteria
In the final part of the AHP analysis the warehouses are compared on every criterion, with the
necessary assumptions. The performance of the existing warehouse partners on the criteria is
evaluated based on experience during the course of the partnership. However, the new
warehouses cannot be evaluated based on experience, since the Company has no experience
with these partners. Therefore, the performance of the new warehouses on the criteria is set
as an expectation. This expectation is determined by obtaining information from the new
partners on the criteria, impressions during contact and references in the chemical industry.
For each criterion a pair-wise comparison matrix is established in which the warehouses are
compared. The pair-wise comparison matrices of the warehouses are shown in Appendix C –
Pair-wise comparison matrices. For every pair-wise comparison matrix the consistency ratio is
calculated, which are shown in the final table in the appendix. All pair-wise comparison
matrices are consistent. The pair-wise comparison matrices result in priority vectors for each
criterion in which priority values per warehouse are stated, shown in Table 7. The priority
vectors indicate how well the warehouse performs on every criterion.
Table 7 Priority vectors warehouses

Criterion weight

WH1

WH2

WH3

WH5

WH6

WH7

Proactivity

0.19

0.04

0.05

0.10

0.31

0.20

0.31

Effort

0.36

0.06

0.04

0.09

0.39

0.17

0.26

Communication

0.23

0.06

0.04

0.12

0.29

0.16

0.32

Change level

0.13

0.23

0.21

0.40

0.07

0.04

0.04

Track record

0.06

0.07

0.04

0.10

0.30

0.23

0.26

Sustainability

0.04

0.06

0.04

0.16

0.32

0.12

0.31
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The priority vectors are then multiplied by the criterion weights obtained in the previous section,
stated in Table 7. This multiplication results in a final score per warehouse on all criteria, shown
in Table 8.
Table 8 Final AHP score

Total score

WH5

WH7

WH6

WH3

WH1

WH2

0.30

0.26

0.16

0.14

0.08

0.06

5.4 Conclusion
Table 8 shows the final score of the warehouses on the qualitative AHP analysis. As can be
seen, WH5 scores highest on the qualitative criteria based on the judgments. The scores of
WH5 and WH7, WH6 and WH3, WH1 and WH2 lie relatively close to each other. The two
warehouses WH5 and WH7 scoring highest in the AHP model show promising performance
on the qualitative factors the Company deems important. They, for example, have the
possibility for full integration with the Company regarding processes and enterprise systems
which positively affects the communication and effort. They also initiate continuous
improvement programs with all their clients in which they proactively communicate
improvement opportunities. In contrast to WH5 and WH7, the remaining warehouses still have
room for improvement on these aspects.
To conclude, the three warehouses WH5, WH7 and WH6 with the highest scores on the
qualitative criteria are selected for the optimization including qualitative factors in the
quantitative warehouse selection model described in Chapter 6. In addition, the model of
Chapter 6 is optimized with all the warehouses to find the optimal warehouse network based
solely on quantitative criteria.

26

Chapter 6. Quantitative warehouse selection model
In order to answer the main research question: What is the optimal design and use for the
warehouse network of the Company, an optimization model is developed in this chapter. The
goal of the model is to find the optimal assignment of products to warehouses by minimizing
warehouse service costs and transportation costs. First, a conceptual model is discussed.
Second, the mathematical integer program (IP) model is developed.

6.1 Conceptual model
This section describes the conceptual model of the optimization. The goal of a conceptual
model is to create an abstraction of the real world, it describes what to model and how. This
conceptual model can then be translated to a mathematical model in the next section.
Incoming product flows, warehouse services and outgoing product flows are part of the model.
Warehouse services consists of the services selected in section 4.6 Warehouse services. The
incoming and outgoing product flows are incorporated in the model by calculating the
transportation costs of these flows. The warehouse network is modelled in time periods of
months. The goal of the model is to find the optimal warehouse partners for the Company to
store their products, and which products should be stored where considering the input data.
Each product is assigned to one warehouse, so products cannot be moved between multiple
warehouses over time. The optimization results in the optimal warehouse network use and
design for the Company. In the sections below the aspects of the conceptual model are further
elaborated.

6.1.1 Products
Data on start inventory for products, incoming products flows from production in City X and the
US, and outgoing product flows as customer demand serve as input to the model. Since most
data (sales, inventory and production) is available on a monthly level, the model also runs in
time periods of months. The product data is generated based on historical data of 2019. First,
the product data of 2019 is cleaned since the data sets are not always in compliance with each
other on a product level. After the data cleaning the products for the input data on start
inventory, production and customer demand are set. The product set is defined as:
𝐼 = 𝑠𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠,

𝑖 ∈𝐼

6.1.2 Warehouses
In addition to the products, the warehouses serve as input to the model. The warehouse set is
defined as:
𝐽 = 𝑠𝑒𝑡 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠,

𝑗 ∈𝐽

WH0 and warehouses resulting from the qualitative warehouse selection model in the previous
chapter are part of the warehouse set in which the qualitative criteria are considered. In
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addition, the model is optimized for the full warehouse set including all warehouses, both
current and new warehouses. Current WH4 is not analyzed in the model since its core business
is not warehousing but transportation. Therefore, it is not possible to store products at WH4.
Required information of the warehouses are the costs for the services and their (ADR)
capacities, which are defined in the quotations of the external warehouses. WH0 is different
compared to the external warehouses since it is owned by the Company itself. The costs for
the warehouse services are not defined on a detailed level. Therefore, the costs per service
are approximated with assumptions.
Furthermore, the capacity at WH0 is defined. Besides finished packed products, WH0 also
stores other product categories as explained in section 1.4 Scope. Examples are obsolete and
rework products. The products stored in WH0 per month of 2019 are divided over the product
categories as shown in Figure 9.

WH0 storage per month 2019
Storage (kg)

Finished product
Rework
Raw material
Waiting
Obsolete
1

2

3

4

5

6

7

8

9

10

11

12

Other

Figure 9 Storage per product category in WH0 in 2019

The data shows most of the available storage space at WH0 is occupied by finished products
ready for sale. The available storage space for finished products fluctuates per month over
2019. This fluctuating, monthly capacity of finished products shown in dark blue in the figure is
used in the model to resemble the actual capacity as well as possible. So, the dynamic monthly
capacity used in the model is equal to the total capacity of WH0 minus the products categories
rework, raw material, waiting products, obsolete products and other per month. The capacity
for the three years in the model is set by extrapolating the capacity for finished products of the
year 2019 shown in Figure 9.
In addition to the total capacity restriction, WH0 is limited by ADR specific capacity restrictions.
Since the total storage capacity is dynamic, the maximum ADR capacities are also set as
dynamic capacities. To set these capacities, first the number of finished products divided by
the total capacity is calculated per month over 2019 as a percentage in order to determine the
available storage space percentage for finished products. Second, these percentages are
multiplied by the maximum capacity per ADR class, resulting in dynamic, monthly capacities
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per ADR class. Hence, it is assumed the product categories of Figure 9 are equally distributed
over the ADR classes. Again, the ADR capacity for the three years is set by extrapolating the
data of 2019.

6.1.3 Customers
The outgoing product flows are transported to customers. The set of customers is defined as:
𝐶 = 𝑠𝑒𝑡 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠,

𝑐 ∈𝐶

An important characteristic of the customers is their location in coordinates. The coordinates
are used to calculate the distance from warehouse to customer in order to calculate
transportation costs.

6.1.4 Transportation
The first part of the transportation network of the Company consists of transportation from
either the production facility in City X to an external warehouse, or arriving US products at the
port to an external warehouse. The second part consists of transportation from the warehouse
to customers. Transportation within Europe is always executed by road transport. However,
some customers are located outside of Europe. Products to these customers are delivered via
water transport. To simplify, the transportation route from warehouses to customers outside of
Europe is modelled by road transport from warehouse to the port at which the products are
transferred to the boat. Hence, the water transport from port to customer outside of Europe is
out of scope for the project.
Currently, the Company manages road transportation in collaboration with multiple transport
carriers, and rates are arranged on the spot. In order to model the transportation, the current
transport carriers are simplified by assuming a fixed transportation rate. This transportation
rate is set per kilometer of distance travelled and per number of pallets transported. The fixed
transportation rate is approximated by using transportation rates of one of the external carriers.
In the approximation of the transportation rates the frequency of deliveries to different locations
is taken into account to ensure the approximated rate matches the costs of the most occurring
transportation routes best. This is accomplished by means of the following method. First, the
transportation rates per kilometer for different number of pallets is calculated for postal code
zones in countries in Europe. These rates per kilometer per zone are averaged per country.
Then, the demand data is analyzed. The frequency of deliveries to the countries in Europe is
investigated. The average transportation rates per kilometer per number of pallets per country
is then translated to an average rate for all countries by multiplying the rate per country by the
frequency of deliveries to that country. Thus, the countries to which most deliveries are
transported have a larger contribution to the final rate. Since the transportation rate is an
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approximation, a sensitivity analysis is executed after the optimization to analyze how sensitive
the result of the model is to the approximated transportation rates.
Finally, the transportation costs in the model are calculated by multiplying the rate per kilometer
for the specific transported weight by the number of kilometers of the route. Therefore, the
distance in kilometers between locations is required. By using the latitude and longitude in
radians of locations, the Euclidean distance between the locations it determined by using the
Haversine formula (Robusto, 1957). However, the actual travel distance is commonly higher
than the Euclidean distance due to road meandering. Therefore, the Euclidian distance is
multiplied by a circuity factor to determine the actual travel distance (Ballou et al., 2002).
Hence, the distance in kilometers between locations is calculated with the following formula:

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 2 arcsin (√sin(

𝜑2 − 𝜑1 2
𝜆2 − 𝜆1 2
) + cos(𝜑1 ) cos(𝜑2 ) sin(
) ) ∗ 𝑒 ∗ 𝑐𝑓
2
2

With 𝜑1 , 𝜑2 representing the latitude of location 1 and 2 in radians and 𝜆1 , 𝜆2 representing the
longitude of location 1 and 2 in radians. The 𝑒 represents the radius of the Earth, which is equal
to 6373 kilometers. In addition, 𝑐𝑓 represents the circuity factor. According to Ballou et al.,
(2002) the circuity factor for Europe is 1.46. Since all locations for which the distances are
calculated are in Europe, 1.46 is used as the circuity factor. To assess the sensitivity of the
results of the optimization to the circuity factor a sensitivity analysis is executed for this input
parameter.

6.1.5 Time period
The decision of which products to store where is a long-term decision, therefore, the model
should consider this long-term aspect as well. To incorporate the long-term perspective, input
data is generated for the upcoming three years. The time aspect is modelled in months for the
upcoming three years. The time-period set in the model is defined as:
𝑇 = 𝑠𝑒𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑝𝑒𝑟𝑖𝑜𝑑𝑠,

𝑡 ∈𝑇

6.2 Mathematical integer program model
This section shows the IP model for the optimization for the warehouse network of the
Company. The description of the decision variable, sets and parameters are shown in Table 9
and Table 10. Section 6.2.1 Intermediary parameters describes the intermediary parameters
required in the optimization model. The optimization model is stated in section 6.2.2
Optimization model. The model minimizes the total warehouse and transportation costs by
setting the decision variable 𝑥𝑖,𝑗 which decides whether product 𝑖 ∈ 𝐼 is stored in warehouse
𝑗 ∈ 𝐽. The decision variable 𝑥𝑖,𝑗 is a binary variable, since the Company wishes for a product
to be stored in one warehouse, and not be divided over multiple warehouses. However, to
30

extend the research, the model is additionally optimized with 𝑥𝑖,𝑗 as a continuous variable
between 0 and 1 to analyze what the effect is if products are allowed to be stored in multiple
warehouses.
Table 9 Decision variable

Decision variable

Description

𝒙𝒊,𝒋

1 𝑖𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑖𝑠 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽
={
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Table 10 Sets and parameters

(Sub)sets
(Sub)set

Description

𝑰

𝑆𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠,

𝑱

𝑆𝑒𝑡 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠,

𝑪

𝑆𝑒𝑡 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟𝑠,

𝑻

𝑆𝑒𝑡 𝑜𝑓 𝑚𝑜𝑛𝑡ℎ𝑠,

𝑨

𝑆𝑒𝑡 𝑜𝑓 𝐴𝐷𝑅 𝑐𝑜𝑑𝑒𝑠,

𝑨𝑫𝑹𝒂

𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖 ∈ 𝐼 𝑤𝑖𝑡ℎ 𝐴𝐷𝑅 𝑐𝑜𝑑𝑒 𝑎 ∈ 𝐴,

𝑹𝑩

𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖 ∈ 𝐼 𝑡ℎ𝑎𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒 𝑡ℎ𝑒 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑟𝑒𝑏𝑢𝑙𝑘𝑖𝑛𝑔,

𝑅𝐵 ⊆ 𝐼

𝑹𝑷

𝑆𝑢𝑏𝑠𝑒𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖 ∈ 𝐼 𝑡ℎ𝑎𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒 𝑡ℎ𝑒 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑟𝑒𝑝𝑎𝑐𝑘𝑖𝑛𝑔,

𝑅𝑃 ⊆ 𝐼

𝑖 ∈ 𝐼
𝑗∈ 𝐽
𝑐 ∈𝐶

𝑡∈𝑇
𝑎 ∈ 𝐴 𝑤𝑖𝑡ℎ 𝑎 = 3, 6.1, 8, 9
𝐴𝐷𝑅𝑎 ⊆ 𝐼

Costs
Parameter

Description

𝒄𝒔𝒋,𝑨𝑫𝑹𝒂

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑝𝑎𝑙𝑙𝑒𝑡 𝑜𝑓 𝑎 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑛 𝑠𝑢𝑏𝑠𝑒𝑡 𝐴𝐷𝑅𝑎 𝑤𝑖𝑡ℎ 𝑎 ∈
𝐴 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒊𝒏
𝒋

𝐼𝑛𝑏𝑜𝑢𝑛𝑑 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑝𝑎𝑙𝑙𝑒𝑡 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒐𝒋

𝑂𝑢𝑡𝑏𝑜𝑢𝑛𝑑 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑝𝑎𝑙𝑙𝑒𝑡 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒊𝒂
𝒋

𝐼𝑛𝑏𝑜𝑢𝑛𝑑 𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑜𝑟𝑑𝑒𝑟 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒐𝒂
𝒋

𝑂𝑢𝑡𝑏𝑜𝑢𝑛𝑑 𝑎𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑜𝑟𝑑𝑒𝑟 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒅𝒐𝒄
𝒋

𝐶𝑜𝑠𝑡 𝑓𝑜𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑠 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑑𝑜𝑐𝑢𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝑎𝑛 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑜𝑟𝑑𝑒𝑟
𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒃𝒓𝒆𝒂𝒌
𝒋

𝐶𝑜𝑠𝑡 𝑡𝑜 𝑏𝑟𝑒𝑎𝑘 𝑎𝑛 𝑢𝑛𝑒𝑣𝑒𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 𝑝𝑒𝑟 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑜𝑟𝑑𝑒𝑟 𝑓𝑜𝑟
𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒓𝒃
𝒋

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑟𝑒𝑏𝑢𝑙𝑘𝑖𝑛𝑔 𝑎 𝑝𝑎𝑙𝑙𝑒𝑡 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒋

𝒓𝒑

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑟𝑒𝑝𝑎𝑐𝑘𝑖𝑛𝑔 𝑎 𝑝𝑎𝑙𝑙𝑒𝑡 𝑓𝑜𝑟 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒄𝒕

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑖𝑛𝑔 𝑜𝑛𝑒 𝑝𝑎𝑙𝑙𝑒𝑡 𝑝𝑒𝑟 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟
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Product flows
Parameter

Description

𝒑𝒊,𝒕

𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑡 ∈ 𝑇

𝒐𝒊,𝒄,𝒕

𝑂𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑜𝑟𝑑𝑒𝑟 𝑖𝑛 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑡𝑜 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑐 ∈ 𝐶 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑡 ∈ 𝑇

𝑰𝒊,𝒕

𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑖𝑛 𝑝𝑎𝑙𝑙𝑒𝑡𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑡 ∈ 𝑇

Binary parameters
Parameter

Description

𝑴𝟏

𝐴 𝑙𝑎𝑟𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑐𝑟𝑒𝑎𝑡𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝐼𝐵𝑖,𝑡

𝑰𝑩𝒊,𝒕

1 𝑖𝑓 𝑡ℎ𝑒𝑟𝑒 𝑎𝑟𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖 ∈ 𝐼 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑡 ∈ 𝑇
={
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑴𝟐

𝐴 𝑙𝑎𝑟𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑐𝑟𝑒𝑎𝑡𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑂𝐵𝑖,𝑐,𝑡

𝑶𝑩𝒊,𝒄,𝒕

1 𝑖𝑓 there is an order of product 𝑖 ∈ 𝐼 to customer 𝑐 ∈ 𝐶 in month 𝑡 ∈ 𝑇
={
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
1 𝑖𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑖𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑈𝑆
{
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
1 𝑖𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼 𝑖𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑖𝑛 𝐶𝑖𝑡𝑦 𝑋
{
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑼𝑺𝒊
𝑪𝒊𝒕𝒚𝒊
𝑴𝟑

𝐴 𝑙𝑎𝑟𝑔𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑐𝑟𝑒𝑎𝑡𝑒 𝑏𝑖𝑛𝑎𝑟𝑦 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑊𝐻𝑗

𝑾𝑯𝒋

1 𝑖𝑓 𝑜𝑛𝑒 𝑜𝑟 𝑚𝑜𝑟𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑎𝑟𝑒 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽
={
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝒐𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝒊,𝒄,𝒕

1 𝑖𝑓 𝑡ℎ𝑒 𝑜𝑟𝑑𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 ∈ 𝐼, 𝑜𝑓 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑐 ∈ 𝐶, 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑡 ∈ 𝑇
={
(𝑜𝑖,𝑐,𝑡 )𝑖𝑠 𝑎 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Capacity
Parameters

Description

𝑪𝒋

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝑪𝒋, 𝑨𝑫𝑹𝒂

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑖𝑛 𝑠𝑢𝑏𝑠𝑒𝑡 𝐴𝐷𝑅𝑎 ∈ 𝐼 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

Transportation distances
Parameters

Description

𝒅𝒑,𝒋

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑝𝑜𝑟𝑡 𝑜𝑓 𝑎𝑟𝑟𝑖𝑣𝑎𝑙 𝑜𝑓 𝑈𝑆 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑎𝑛𝑑 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽. 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝐻𝑎𝑣𝑒𝑟𝑠𝑖𝑛𝑒 𝑓𝑜𝑟𝑚𝑢𝑙𝑎
𝑒𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟

𝒅𝒄𝒊𝒕𝒚,𝒋

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝐶𝑖𝑡𝑦 𝑋 𝑎𝑛𝑑 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽

𝒅𝒋,𝒄

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑒𝑟𝑠 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑗 ∈ 𝐽 𝑎𝑛𝑑 𝑐𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝑐 ∈ 𝐶

Additional
Parameters

Description

𝒎𝒂𝒙𝑾𝑯

𝑇ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒𝑠 𝑖𝑛 𝑤ℎ𝑖𝑐ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑐𝑎𝑛 𝑏𝑒
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𝑠𝑡𝑜𝑟𝑒𝑑

6.2.1 Intermediary parameters
The objective function of the IP optimization model minimizes the costs of the selected
warehouse services and the transportation costs. These costs are calculated by means of
intermediary parameters. In the next paragraphs the equations of these intermediary
parameters are stated and explained.
𝑠
𝑠
𝐶𝑖,𝑗,𝑡
= 𝑐𝑗,𝐴𝐷𝑅
∗ 𝐼𝑖,𝑡
𝑎

∀𝑖 ∈ 𝐴𝐷𝑅𝑎 , ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑎 ∈ 𝐴

(1)

Equation (1) calculates the storage costs of products. Since the storage cost per ADR code
can differ, the costs are calculated based on the ADR codes of the products. The storage cost
𝑠
per pallet for ADR code 𝑎 ∈ 𝐴 for warehouse 𝑗 ∈ 𝐽 (𝑐𝑗,𝐴𝐷𝑅
), are multiplied by the amount of
𝑎

inventory 𝐼𝑖,𝑡 of products 𝑖 ∈ 𝐴𝐷𝑅𝑎 in pallets. The storage costs are calculated for every ADR
code 𝑎 ∈ 𝐴.
𝑖𝑛
𝐶𝑖,𝑗,𝑡
= 𝑐𝑗𝑖𝑛 ∗ 𝑝𝑖,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇

(2)

Equation (2) calculates the inbound costs for incoming products 𝑖 ∈ 𝐼 at warehouse 𝑗 ∈ 𝐽. The
𝑐𝑗𝑖𝑛 per pallet are multiplied by the number of incoming products 𝑝𝑖,𝑡 in pallets. Parameter 𝑝𝑖,𝑡
is obtained from the input data to the model.
𝑖𝑎
𝐶𝑖,𝑗,𝑡
= 𝑐𝑗𝑖𝑎 ∗ 𝐼𝐵𝑖,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇

(3)

Equation (3) calculates the inbound administration cost per incoming order. The inbound
administration cost per order 𝑐𝑗𝑖𝑎 are multiplied by binary parameter 𝐼𝐵𝑖,𝑡 . The binary parameter
𝐼𝐵𝑖,𝑡 is constructed in the model by applying the Big M method, in which a binary parameter is
created by using two equations and a large parameter M. The two equations are shown in
Equation (4) and (5).
𝑝𝑖,𝑡 ≤ 𝑀1 ∗ 𝐼𝐵𝑖,𝑡

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇

(4)

𝐼𝐵𝑖,𝑡 ≤ 𝑀1 ∗ 𝑝𝑖,𝑡

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇

(5)

The binary parameter 𝐼𝐵𝑖,𝑡 required for the inbound administration costs calculated in Equation
(3) is set by means of support parameter 𝑀1 and main parameter 𝑝𝑖,𝑡 in Equation (4) and (5).
The binary parameter is equal to 1 if the main parameter is larger than 0, and equal to 0 if the
main parameter is equal to 0. The large parameter 𝑀1 must be larger than the upper bound of
the main parameter, which is ensured in Equation (6).
𝑀1 ≥ max (𝑝𝑖,𝑡 + 1)

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇

(6)

33

Thus, the binary parameter 𝐼𝐵𝑖,𝑡 indicates if a product has incoming products in a month or not.
The production data is not available on a more detailed level than per month. As a result, it
cannot be calculated how many times a month one specific product is delivered to the
warehouse. Therefore, the assumption is made that when a product is produced in City X, the
product is delivered to the warehouse in one delivery. If the specific product is produced in that
month, the full production batch is delivered to the warehouse, so the 𝐼𝐵𝑖,𝑡 is 1. If there is no
production in that month, the 𝐼𝐵𝑖,𝑡 is equal to 0. This assumption indirectly also assumes that
products are not combined with other types of products in their shipments to the warehouse
after production. This assumption is acceptable, since production batches are large and take
a long time to produce. Therefore, it is reasonable to assume that after production the products
are shipped individually to the warehouse without waiting time for the next production batch.
𝑜
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐𝑗𝑜 ∗ 𝑜𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(7)

Equation (7) calculates the outbound costs for outgoing products 𝑖 ∈ 𝐼 at warehouse 𝑗 ∈ 𝐽.
The costs 𝑐𝑗𝑜 per pallet are multiplied by the outgoing orders 𝑜𝑖,𝑐,𝑡 in pallets.
𝑜𝑎
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐𝑗𝑜𝑎 ∗ 𝑂𝐵𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(8)

𝑜𝑖,𝑐,𝑡 ≤ 𝑀2 ∗ 𝑂𝐵𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(9)

𝑂𝐵𝑖,𝑐,𝑡 ≤ 𝑀2 ∗ 𝑜𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(10)

𝑀2 ≥ max(𝑜𝑖,𝑐,𝑡 + 1)

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(11)

Equation (8) calculates the outbound administration costs similar to the inbound administration
cost calculation in Equation (3). Now, the outbound administration costs 𝑐𝑗𝑜𝑎 are multiplied by
the binary parameter 𝑂𝐵𝑖,𝑐,𝑡 , which indicates whether there is an order of product 𝑖 ∈ 𝐼 to
customer 𝑐 ∈ 𝐶 in month 𝑡 ∈ 𝑇. This multiplication assumes all orders of the same product per
customer are consolidated per month. Since the sales data is only available on a monthly level,
this assumption is unavoidable. The binary parameter 𝑂𝐵𝑖,𝑐,𝑡 , is created in Equation (9) until
(11) by means of the Big M method.
𝑑𝑜𝑐
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐𝑗𝑑𝑜𝑐 ∗ 𝑈𝑆𝑖 ∗ 𝑂𝐵𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(12)

Equation (12) represents the preparation of customs documents which are required for every
outgoing US order. The costs for document preparation 𝑐𝑗𝑑𝑜𝑐 are multiplied by binary parameter
𝑈𝑆𝑖 and binary parameter 𝑂𝐵𝑖,𝑐,𝑡 . Parameter 𝑈𝑆𝑖 represents whether product 𝑖 ∈ 𝐼 is an US
product. Binary parameter 𝑂𝐵𝑖,𝑐,𝑡 , indicates if there is an order of product 𝑖 ∈ 𝐼 to customer
𝑐 ∈ 𝐶 in month 𝑡 ∈ 𝑇, and thus if a customs document requires to be prepared in that month.
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𝑏𝑟𝑒𝑎𝑘
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐𝑗𝑏𝑟𝑒𝑎𝑘 ∗ 𝑜𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(13)

Equation (13) calculates the costs charged for breaking pallets. If a customer order is smaller
than a whole number of pallets, a pallet needs to be broken open which entails the supply and
stretch wrapping of a new pallet. The cost 𝑐𝑗𝑏𝑟𝑒𝑎𝑘 for breaking open a pallet for a customer
order are multiplied by binary parameter 𝑜𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑖,𝑐,𝑡 which indicates whether customer order
𝑜𝑖,𝑐,𝑡 is a fraction.
𝑈𝑆𝑊𝐻
𝐶𝑖,𝑗,𝑡
= 𝑐 𝑡 ∗ 𝑈𝑆𝑖 ∗ 𝑝𝑖,𝑡 ∗ 𝑑𝑝,𝑗

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇

(14)

𝐶𝐼𝑇𝑌𝑊𝐻
𝐶𝑖,𝑗,𝑡
= 𝑐 𝑡 ∗ 𝐶𝑖𝑡𝑦𝑖 ∗ 𝑝𝑖,𝑡 ∗ 𝑑𝑐𝑖𝑡𝑦,𝑗

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇

(15)

𝑊𝐻𝐶
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐 𝑡 ∗ 𝑜𝑖,𝑐,𝑡 ∗ 𝑑𝑗,𝑐

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(16)

Equation (14), (15) and (16) calculate the transportation costs. Equation (14) and (15)
respectively represent the transportation costs between the port in which US products arrive
to the warehouse, and the production location in City X to the warehouse. Equation (16)
calculates the costs between the warehouse and customer location. All equations apply the
𝑐 𝑡 , which is the transportation rate per pallet per kilometer. These costs are first multiplied by
the distance in kilometers. Then, the costs and distance are multiplied by the number of pallets
transported which is represented by either 𝑝𝑖,𝑡 for transportation between production and
warehouse, and 𝑜𝑖,𝑐,𝑡 for transportation between warehouse and customer.
𝑟𝑏
𝐶𝑖,𝑗,𝑡,𝑐
= 𝑐𝑗𝑟𝑏 ∗ 𝑜𝑖,𝑐,𝑡
𝑟𝑝

𝑟𝑝

𝐶𝑖,𝑗,𝑡,𝑐 = 𝑐𝑗

∗ 𝑜𝑖,𝑐,𝑡

∀𝑖 ∈ 𝑅𝐵, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(17)

∀𝑖 ∈ 𝑅𝑃, ∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑐 ∈ 𝐶

(18)

Equation (17) and (18) respectively calculate the rebulking and repacking costs. These costs
are incurred for two subsets of products, namely 𝑅𝐵 ⊆ 𝐼 for the products requiring rebulking
𝑟𝑝

and 𝑅𝑃 ⊆ 𝐼 for the products requiring repacking. The costs of these services 𝑐𝑗𝑟𝑏 and 𝑐𝑗

per

pallet are multiplied by the order quantity 𝑜𝑖,𝑐,𝑡 in pallets.

6.2.2 Optimization model
In this section the IP optimization model is stated and explained.
Objective function:
𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒
𝑠
𝑖𝑛
𝑖𝑎
𝑜
𝑜𝑎
𝑑𝑜𝑐
𝑏𝑟𝑒𝑎𝑘
𝑈𝑆𝑊𝐻
∑𝑖∈𝐼 ∑𝑗∈𝐽 ∑𝑡𝜖𝑇 ∑𝑐∈𝐶 𝑥𝑖,𝑗 ∗ (𝐶𝑖,𝑗,𝑡+
𝐶𝑖,𝑗,𝑡
+ 𝐶𝑖,𝑗,𝑡
+ 𝐶𝑖,𝑗,𝑡,𝑐
+ 𝐶𝑖,𝑗,𝑡,𝑐
+ 𝐶𝑖,𝑗,𝑡,𝑐
+ 𝐶𝑖,𝑗,𝑡,𝑐
+ 𝐶𝑖,𝑗,𝑡
+
𝑟𝑝

𝐶𝐼𝑇𝑌𝑊𝐻
𝑊𝐻𝐶
𝑟𝑏
𝐶𝑖,𝑗,𝑡
+𝐶𝑖,𝑗,𝑡,𝑐
) + ∑𝑖∈𝑅𝐵 ∑𝑗∈𝐽 ∑𝑡∈𝑇 ∑𝑐∈𝐶 𝑥𝑖,𝑗 ∗ 𝐶𝑖,𝑗,𝑡,𝑐
+ ∑𝑖∈𝑅𝑃 ∑𝑗∈𝐽 ∑𝑡∈𝑇 ∑𝑐∈𝐶 𝑥𝑖,𝑗 ∗ 𝐶𝑖,𝑗,𝑡,𝑐

(19)
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Subject to:
𝐼𝑖,𝑡+1 = 𝐼𝑖,𝑡 + 𝑝𝑖,𝑡 − ∑𝑐∈𝐶 𝑜𝑖,𝑐,𝑡

∀𝑖 ∈ 𝐼, ∀𝑡 ∈ 𝑇

(20)

∑𝑖∈𝐼 𝑥𝑖,𝑗 ∗ 𝐼𝑖,𝑡 ≤ 𝐶𝑗

∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇

(21)

∑𝑖∈𝐴𝐷𝑅𝑎 𝑥𝑖,𝑗 ∗ 𝐼𝑖,𝑡 ≤ 𝐶𝑗,𝐴𝐷𝑅𝑎

∀𝑗 ∈ 𝐽, ∀𝑡 ∈ 𝑇, ∀𝑎 ∈ 𝐴

(22)

∑𝑗∈𝐽 𝑥𝑖,𝑗 = 1

∀𝑖 ∈ 𝐼

(23)

∑𝑖∈𝐼 𝑥𝑖,𝑗 ≤ 𝑀3 ∗ 𝑊𝐻𝑗

∀𝑗 ∈ 𝐽

(24)

𝑊𝐻𝑗 ≤ 𝑀3 ∗ ∑𝑖∈𝐼 𝑥𝑖,𝑗

∀𝑗 ∈ 𝐽

(25)

∑𝑗∈𝐽 𝑊𝐻𝑗 ≤ 𝑚𝑎𝑥𝑊𝐻

(26)

𝑥𝑖,𝑗 𝜖 {0,1}

∀𝑖 ∈ 𝐼, ∀𝑗 ∈ 𝐽

(27)

𝑀3 ≥ max(∑𝑖∈𝐼 𝑥𝑖,𝑗 + 1)

∀𝑗 ∈ 𝐽

(28)

Equation (19) states the objective function of the IP model. In the objective function the
decision variable 𝑥𝑖,𝑗 is multiplied by the intermediary parameters of the warehouse services
and transportation costs stated in section 6.2.1. Since some intermediary parameters are
applied to a subset of products 𝑖 ∈ 𝐼, the objective function is split into parts. The optimization
model is subject to several constraints, which are explained in the paragraphs below.
Constraints inventory balance Equation (20)
Equation (20) states the inventory balance equation. The inventory level for product 𝑖 ∈ 𝐼 for
the next month 𝑡 + 1 is calculated by the inventory level of the previous month 𝑡 ∈ 𝑇, plus
incoming products minus outgoing orders. The incoming products and outgoing orders are
derived from data input to the model.
Constraints regarding capacity Equation (21) and (22)
In Equation (21) the overall capacity restrictions per warehouse are maintained. The
summation of all inventory in a month at the warehouse ∑𝑖∈𝐼 𝑥𝑖,𝑗 ∗ 𝐼𝑖,𝑡 must be smaller or equal
to the maximum total capacity of the warehouse, 𝐶𝑗 . Besides overall capacity restrictions, a
warehouse can also be entitled to ADR specific capacity restrictions. This is stated in Equation
(22). The ADR capacity constraint is similar to the overall capacity constraint in Equation (21),
only it does not regard all products 𝑖 ∈ 𝐼 but only products in subset 𝐴𝐷𝑅𝑎 ⊆ 𝐼 for ADR codes
𝑎 ∈ 𝐴.
Additional constraints Equation (23) until (26)
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Equation (23) ensures each product 𝑖 ∈ 𝐼 is assigned to 1 warehouse 𝑗 ∈ 𝐽 by setting the
decision variable 𝑥𝑖,𝑗 equal to 1 for all warehouses. Equation (24) and (25) make use of the Big
M method to create the binary variable 𝑊𝐻𝑗 which equals 1 if one or more products are
assigned to warehouse 𝑗 ∈ 𝐽, and 0 otherwise. This variable is used to set the maximum
number of warehouses in which products can be stored in Equation (26), where parameter
𝑚𝑎𝑥𝑊𝐻 equals the maximum number of warehouses. The model is optimized for multiple
settings of the parameter 𝑚𝑎𝑥𝑊𝐻, to investigate what the optimal assignment of products is
to warehouses in case the maximum number of warehouses in which products can be stored
is set to different values of 𝑚𝑎𝑥𝑊𝐻.
Decision variable and parameter bound constraints Equation (27) and (28)
Equation (27) and (28) set the bounds of the decision variable and parameter.
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Chapter 7. Results
In this chapter the optimization of the IP model is executed, and the results are discussed. In
the first section the data generation of the three data input scenarios is elaborated, in addition
some assumptions are stated. In the next sections the IP model is optimized twice. First, it is
optimized with all the warehouses as input to analyze the optimal warehouse network if only
costs are considered. Secondly, the model is optimized with the warehouse selection resulting
from the AHP analysis to combine qualitative and quantitative optimization. Furthermore, since
the transportation costs have a large effect on the total warehousing costs a center of gravity
method is applied to the Company its transportation network. Finally, the scenario and
sensitivity analysis of the IP model are given.

7.1 Data generation
First, the data generation of the expected scenario is explained. The IP model requires a start
inventory for products in order to replicate the real world as well as possible. Since the model
runs in time steps of months, the start inventory per product is set as the average monthly
inventory of 2019. Besides the start inventory, production from City X and the US per time
period also serves as input data for the model. Since there is no trend or seasonality in the
production data, the data for the upcoming three years is generated based on the historical
data of 2019. However, the Company requires the input for the optimization to be in line with
their goals for the upcoming years. Since the Company is planning to grow 3% in the coming
3 years, the historical data of production of 2019 is multiplied by a growth percentage of 3%
year on year to generate the production data for the expected scenario.
Furthermore, the IP model requires input data of the demand. The analysis in section 4.4 Sales
analysis shows no seasonality or trend, but fluctuating demand throughout the year. In
addition, the IP model requires product demand not on a product level, but on a customer level.
The demand per product per customer is required to calculate the transportation costs between
warehouse and customer. This means that the product demand is needed on a detailed level
which makes it difficult to find patterns in the data.
In addition, the exact month in which demand for a customer occurs is not decisive for the
results of the optimization model since the warehouse service prices are constant over time.
However, as the transportation costs are dependent on the size of orders, is important to
generate data on customer orders as close to reality as possible. Therefore, in consultation
with the Company, the historical demand of 2019 is used to generate the demand of the
expected scenario. The historical demand of 2019 per product per customer for the expected
scenario is multiplied by a growth percentage of 3% year on year. So, the inventory levels per
product for a specific month required in the model to determine for example the storage costs
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are calculated as follows: inventory level of the previous month plus generated production data
of the month minus generated demand data of the month. For the inventory level calculation
of the first month the inventory level of the previous month is set to the start inventory.
Moreover, data for the optimistic and pessimistic scenario for the scenario analysis is
generated. The optimistic scenario includes increasing production and customer demand
resulting in growth of the Company. The data for the optimistic scenario is generated by
applying a growth percentage of 13% on historical production and demand data year on year.
The pessimistic scenario entails a decrease in production combined with a decrease in
demand, both with 10% compared to the historical data. The scenarios are illustrated in Figure
10. In reality the transition between years is more fluently than shown in the figure due to
fluctuations in the data.

Figure 10 Scenario effects on data generation

7.2 Assumptions
In order to execute the optimization some assumptions are made. First, assumptions for the
costs at WH0 are stated. The inbound, outbound and administration costs are set equal to the
rates of the external warehouse with the minimum costs. So, it is assumed the Company is
able to execute the warehouse activities for the lowest rate available of the warehouses in
scope. In addition, there are no costs at the internal storage area at WH0, therefore, the
storage costs at WH0 are set to zero. Lastly, the costs for preparing customs clearance
documents are set equal to the costs of an external customs specialist executing this service.
If WH0 stores US products in the future, no new employees will be hired to perform this service.
Therefore, these services will be outsourced to an external customs specialist.
Secondly, assumptions on the rebulking and repacking rates are stated. Not all warehouses
are able to execute rebulking and repacking services. If these services are required, the

39

services are outsourced to external parties. Therefore, the rates for rebulking and repacking
of the warehouses unable to execute rebulking and repacking are set to the average rates of
all warehouses that do perform these services.
Thirdly, an assumption regarding the breaking of pallets rate is made. Not all warehouses
provide an indication for the rate of an order smaller than one pallet. Therefore, if this rate is
unavailable, it is calculated as follows: the costs of providing one euro pallet plus the costs for
stretch wrapping a pallet plus the costs for a quarter of a manhour of work.
Finally, to assess the sensitivity of the results of the optimization to the assumptions on
rebulking, repacking and breaking of pallets rates, a sensitivity analysis is executed for these
input parameters in section 7.6 Scenario and sensitivity analysis.

7.3 Quantitative warehouse selection model results
This section presents the results of the quantitative optimization, thus without including the
qualitative factors. All results in this section are based on the expected scenario. In order to
solve the IP model, Python is selected as the software package and Gurobi is used as the
mathematical optimization solver.
The optimization results per setting of parameter maxWH are shown in Table 11. The
parameter maxWH sets the maximum number of warehouses in which products can be stored.
If the parameter is set to 7, the model is free to choose the number of warehouses in which
products are stored. The optimal solution is highlighted in the table. The last row shows the
costs of the current warehouse partners and current distribution of products among the
warehouses as input to the model. Due to confidentiality, the total costs for the three years are
shown as the deviation percentage from the optimal solution.
Table 11 Optimization results warehouses and costs

maxWH Warehouses selected

Total costs

1

WH7

+ 16.3%

2

WH0, WH7

+ 6.9%

3

WH0, WH5, WH7

+ 1.3%

4

WH0, WH2, WH5, WH7

+ 0.3%

5

WH0, WH2, WH3, WH5, WH7

+ 0.1%

6 and 7

WH0, WH1, WH2, WH3, WH5, WH7

0.0%

-

Current warehouses and product distribution

+ 23.3%

As can be seen, the optimal solution of warehouses with the lowest costs is WH0, WH1, WH2,
WH3, WH5 and WH7. Remarkably WH6 is never chosen in the optimization. In addition, if the
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maximum number of warehouses is equal to 1, the optimal warehouse is WH7. If maxWH is
equal to 2, WH0 is added to the selected warehouses. This is not surprising, since WH0 has
the lowest costs for the warehousing activities. However, WH0 is not selected for the maxWH
setting of 1, since the capacity at WH0 is not sufficient to store all products.
In addition, the distribution of inventory of the optimal solution shown in blue in Table 11 with
maxWH equal to 6 and 7, is shown in Figure 11. As shown, the largest part of the inventory is
stored at WH5, with mostly US products. The figure shows the second most inventory is stored
at WH0, with all inventory produced in City X. The third most inventory is stored at WH7, also
with all inventory produced in City X. The rest of the inventory is stored at WH1, WH2 and
WH3. This division of inventory produced in the US and City X indicates it is cheaper to store
US products at WH5 and products from City X at WH0 and WH7. This is also in line with the
result that if only 1 warehouse is chosen, WH7 is the optimal solution. Since the largest part of
products stored are produced in City X and storing products from City X is cheaper at WH7,
the optimal distribution with 1 warehouse is to store all products at WH7.

Inventory (pallets)

Distribution inventory optimal solution

City X
US
Total

WH5

WH0

WH7

WH1

WH2

WH3

Figure 11 Distribution inventory optimal solution

There are multiple reasons why storing most US products at WH5 and most products from City
X at WH0 and WH7 is optimal. Firstly, the products from City X are produced in City X, therefore
the transportation costs between production and WH0 in City X are zero. In addition, WH7 is
located near City X which also results in low transportation costs between production and the
external warehouse. The products from the US arrive at the port, which is closely located to
WH5. Therefore, the transportation costs between the port and WH5 are low. In addition, the
production and demand patterns of products from City X and products from the US differ.
Therefore, different rates on for example inbound administration costs influence the optimal
assignment of these two types of products to warehouses.
Furthermore, the average monthly inventory levels over the three years for the optimization
results are demonstrated in Figure 12. As can be seen, the average inventory level at WH0 is
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steady across settings of the parameter maxWH. This average inventory level is equal to the
maximum capacity at WH0. This is not surprising, since the costs at WH0 are low compared
to the other warehouses, therefore, the full capacity of WH0 is used. In addition, the inventory
stored at WH3 is extremely low, almost negligible.

Inventory (pallets)

Average inventory per warehouse
WH0
WH1
WH2
WH3
1

2

3

4

5

maxWH

6

7

WH5
WH7

Figure 12 Average inventory per warehouse

Moreover, Figure 13 demonstrates the total costs per cost factor for the optimal solution versus
the current warehouse network and distribution of products. As can be seen, the transportation
costs from warehouse to customer is the highest cost factor, followed by storage. This indicates
the location of the warehouse might be an important factor in the optimization. The largest
difference between the optimal solution and the current warehouse network are the
transportation costs from production to the warehouse.

Total costs (€)

Costs per cost factor

Optimal
As-is

Figure 13 Total costs per cost factor

Finally, the model is optimized only for the current warehouses. This to compare the costs of
the current product distribution among the current warehouses to the costs if the products are
optimally redistributed among the current warehouses. The results are shown in Table 12. The
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first row in the table indicates the costs over 3 years if the Company changes nothing in their
current warehouse network. The products remain assigned to the warehouses in which they
are stored now. The second row indicates the costs if the products are optimally redistributed
among the current warehouses by the optimization model. In addition, the third row states the
costs of the optimal solution with the lowest costs for both current and new warehouses shown
in blue in Table 11. As can be seen, without redesigning the warehouse network, the Company
can save costs by optimally redistributing the products among the current warehouses.
However, the decrease in costs between the optimal redistribution of products among the
current warehouse partners and the optimal warehouse network with current and new
warehouses are relatively high with 6.2%.
Table 12 Current warehouse network redistribution

Model input

Total costs

Current warehouses with current product distribution

+ 23.3%

Current warehouses with optimally redistributed products

+ 6.2%

Optimal solution with all warehouses

0.0%

7.4 Quantitative and qualitative warehouse selection model results
In this section the results of the qualitative warehouse selection model are combined with the
cost optimization model. Therefore, the IP model is optimized for WH0 and the external
warehouses scoring highest in the AHP model: WH5, WH6 and WH7. Thus, the warehouses
WH1, WH2 and WH3 are excluded from this optimization. The parameter maxWH is set to 4,
so the model can choose freely in how many warehouses products are stored. All results in
this section are based on the expected scenario.
The optimal solution of the optimization is storing products in WH0, WH5 and WH7. In Table
13 the results of the optimal solution based on the quantitative and qualitative model are
compared to the current warehouse distribution and the optimal results of the previous section.
As can be seen, the optimal results considering qualitative factors is only 1.3% higher than the
optimal solution without consideration of qualitative factors.
Table 13 Optimal results comparison

Warehouses selected

Total costs

Current warehouses and product distribution

+ 23.3%

Optimal solution quantitative and qualitative model

+1.3%

Optimal solution quantitative model

0.0%
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The optimal solution of WH0, WH5 and WH7 is the same solution found in the optimization of
all warehouses, with parameter maxWH set to 3. This outcome is not surprising. The previous
section shows most products are stored at WH0, WH5 and WH7 in the optimal solution based
on costs. Therefore, the exclusion of WH1, WH2 and WH3 in this optimization has a small
effect on the result. This is a pleasant outcome since it indicates the warehouses with the
highest score in the qualitative analysis also result in the lowest costs for the Company.
The distribution of products of the optimal solution is shown in Figure 14. So, considering the
qualitative factors, quantitative factors, and letting the model decide freely on the number of
warehouses, this is the optimal distribution of products. As can be seen, most products are
stored at WH7 with most products produced in City X. Most products from the US are stored
at WH5 and at WH0 only products from City X are stored.

Inventory (pallets)

Distribution inventory optimal solution

City X
US
Total
WH7

WH5

WH0

Figure 14 Distribution inventory optimal solution including qualitative factors

The total cost per cost factor of the optimal solution are shown in Figure 15. As shown, the
transportation costs from warehouse to customer are the highest cost factors. The
transportation cost for this factor at WH7 are relatively low compared to the WH0 and WH5.
This can be explained by the fact that most customers of the products stored at WH7 are
located close to WH7. In addition, the storage cost at WH7 is higher compared to WH5. This
is partly due to a higher amount of inventory stored at WH7. In addition, many ADR classified
product are stored at WH7, while at WH5 less products have an ADR code. Since storage of
ADR products is more expensive, the total storage costs at WH7 are higher compared to WH5.
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Tottal cost (€)

Total cost per cost factor

WH0
WH5
WH7

Figure 15 Total cost per cost factor

Furthermore, in the optimal solution the product requiring the rebulking service is stored at
WH5. WH5 is able to execute this service at their own warehouse. However, the products
requiring the repacking service are stored at WH0 and WH7 and these warehouses do not
have the possibility to repack products. Therefore, this service has to be outsourced to external
parties.
In addition, the inventory levels over time per warehouse of the optimal solution are shown in
Figure 16. As can be seen, the inventory level at WH7 is highest and has the most fluctuations
over time.

Inventory (pallets)

Inventory optimal solution

WH0
WH5
1

3

5

7

9

11 13 15 17 19 21 23 25 27 29 31 33 35

WH7

Month

Figure 16 Inventory level optimal solution over time

Moreover, the IP model is additionally optimized with decision variable 𝑥𝑖,𝑗 as a continuous
variable between 0 and 1. In the previous optimizations the decision variable is set as a binary
variable, so a product is stored at one warehouse only. However, in the optimization with the
continuous decision variable, the inventory of one product can be divided over multiple
warehouses.
45

The total costs of the continuous decision variable optimization are approximately 1% lower
compared to the binary decision variable optimization. Thus, this difference in negligible. The
continuous variable optimization results in the inventory of 9 products split between WH0 and
WH7. Of these products, most products are assigned for approximately 80% to one warehouse
and the remaining 20% to the other warehouse. In addition, some products are moved from
WH0 to WH7 or the other way around. This can be explained by the capacity restrictions of
WH0. As some products are now partly assigned to WH0, other products are moved to retain
to the capacity restrictions. To conclude, the continuous decision variable optimization results
in some differences in product assignment to warehouses. However, since the difference in
cost is relatively small, it is more efficient to apply the binary decision variable optimization
results.

7.5 Center of gravity method
The analysis of the optimization shows the transportation costs have a large effect on the total
costs of the warehouse network. Therefore, the transportation network of the Company is
further analyzed on a deeper level by means of the center of gravity method. The center of
gravity method is a method to determine the center of gravity in which the existing locations of
production facilities and customers, the volume of products moved, and transportation
distances are considered (Zhao, 2014). The center of gravity location is the location which
minimizes the weighted distance between itself and the supply and distribution points, thus the
optimal location of a warehouse for the Company. The center of gravity is extended by a circle
with a radius of 100 kilometers which results in the optimal area for warehouse(s) of the
Company.
First, the locations of the Company its transportation network consisting of the production
facilities and customers are placed on a coordinates system map. Second, the load at each
location is determined with the three year data of the expected scenario. The load per location
is calculated by summing up all the transportation in pallets from or to the location. A possible
extension of the center of gravity method is to consider the transportation rate as an additional
parameter to the load of a location. For this study it is decided not to include the transportation
rate. First, because the transportation rate used in the IP model is an approximation. Actual
transportation rates depend on the timing of transportation, since prices are set with spot
prices. Second, the research is extended by analyzing the transportation network both based
on the approximated transportation rates in the optimization, and without the rates in the center
of gravity analysis.
Third, the coordinates of the center of gravity are calculated by means of the following
equations.
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𝑥∗ =

∑𝑖 ∈𝐼 𝑙𝑖 𝑥𝑖
∑𝑖 ∈𝐼 𝑙𝑖

𝑦∗ =

Equation (1)

∑𝑖 ∈𝐼 𝑙𝑖 𝑦𝑖
∑𝑖 ∈𝐼 𝑙𝑖

Equation (2)

Where
𝐼 = 𝑠𝑒𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑥𝑖𝑠𝑡𝑖𝑛𝑔 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠,

𝑖 ∈𝐼

𝑥 ∗ = 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
𝑦 ∗ = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
𝑙𝑖 = 𝑙𝑜𝑎𝑑 𝑜𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖 ∈ 𝐼
𝑥𝑖 = 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖 ∈ 𝐼
𝑦𝑖 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑜𝑓 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑖 ∈ 𝐼.
Applying Equation (1) and (2) to the data results in the following center of gravity: 𝑥 ∗ =
𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 = 51.04323°, 𝑦 ∗ = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 = 5.346093°. This location is extended by a circle with
a radius of 100 kilometers which results in the optimal area for warehouse(s) of the Company
shown in Figure 17.

Figure 17 Optimal warehouse area the Company

Due to confidentiality, the locations of the warehouses are not shown in the figure. All
warehouses except for WH3 and WH6 are located in the optimal area. This is in line with the
results from the optimizations, since WH6 is never selected as a warehouse in the optimization,
and if WH3 is selected only a small number of products are stored there.
The location of the center of gravity is a starting point for determining the optimal location of a
warehouse. However, it should not be the only factor in the decision on the warehouse network
design of the Company. In real life, a warehouse located in the center of gravity does not
necessarily result in the lowest transportation costs because transportation rates are
dependent on the hub locations of a transportation company. In addition, the center of gravity
method uses Euclidean distances to calculate distances. So, actual roads and geography are
not considered while actual distances could be remarkably longer.
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7.6 Scenario and sensitivity analysis
In this section the scenario and sensitivity analysis of the optimization are executed to assess
the robustness of the results of the model. In the scenario analysis the optimization model is
optimized for the optimistic and pessimistic scenario, explained in section 7.1 Data generation.
To determine the robustness of the results of the model, it is investigated if the assignment of
inventory to warehouses changes in the optimistic and pessimistic scenario compared to the
expected scenario. In addition, the sensitivity of approximated input parameters and their effect
on the optimal solution is checked in the sensitivity analysis. The sensitivity analysis is
executed for the following input parameters: transportation rates, circuity factor used to
approximate the actual travel distances, repacking and rebulking rates, and breaking of pallets
rate.

7.6.1 Scenario analysis
First, the scenario analysis is discussed. Figure 18 shows the total inventory over time per
scenario. The inventory levels of all three scenarios are comparable, with a small increase in
the optimistic scenario and a small decrease in the pessimistic scenario compared to the
expected scenario. The inventory levels might be comparable, however, the sizes of incoming
and outgoing products flows differ resulting in different costs per scenario.

Total inventory (pallets)

Inventory per scenario

Optimistic
Pessimistic
Expected

1 2 3 4 5 6 7 8 9 101112131415161718192021222324252627282930313233343536

Month
Figure 18 Inventory per scenario

The IP model is optimized with the three scenarios for all warehouses (quantitative) and the
selection of warehouses resulting from the AHP analysis (quantitative and qualitative). The
inventory levels per warehouse for the three scenarios of both optimizations are shown in
Figure 19.
As can be seen, there are no large changes in the optimization results between the expected
and optimistic scenario. The optimal warehouses chosen in both optimizations in the optimistic
scenario are the same as in the expected scenario. In addition, the inventory assignment to
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warehouses between the optimistic and expected scenario is comparable. However, the
pessimistic scenario shows different results compared to the expected scenario. In the
quantitative optimization of the pessimistic scenario no inventory is distributed to WH1, WH2
and WH3. All this inventory is moved to WH7. On the other hand, the inventory levels at WH0
and WH7 in the pessimistic scenario are comparable to the expected scenario. The inventory
distribution of the pessimistic scenario in the quantitative and qualitative optimization is similar
to the distribution in the expected scenario. The same warehouses are chosen as optimal
warehouses, however, part of the inventory stored at WH5 in the expected scenario is moved
to WH7 in the pessimistic scenario.
It can be concluded that the differences in the optimal solution between the expected and the
optimistic scenario are relatively small. Therefore, the results of the model are robust for
growing product and customer demand of the Company. However, the results of the model
are less robust for a decrease in production and demand. The optimal solution changes by
storing all products at only WH0, WH5 and WH7 and most products at WH7. This change in
the optimal solution in the pessimistic scenario applies specifically to the quantitative
optimization.

Figure 19 Inventory assignment per scenario

7.6.2 Sensitivity analysis transportation rates
Furthermore, a sensitivity analysis of the transportation rates is performed. The sensitivity
analysis shows the effect of a change in the transportation rates on the results of the model.
The transportation rates are approximated by using the rates of one transport carrier. These
approximated rates are used in the optimization. In addition, the optimization results show the
transportation costs are the highest cost factors in the optimization. Therefore, the sensitivity
of the transportation rates is examined to check the robustness of the optimization solution.
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Figure 20 demonstrates the results of the sensitivity analysis of the transportation rate in the
optimization model including all warehouses. The model is optimized six times, all with the
data of the expected scenario. The sensitivity of the transportation rate is analyzed by
increasing or decreasing the transportation rate inputs with a certain percentage. The
approximated transportation rate used in the model is indicated as the applied rate in the figure.

Sensitivity transportation rate
Inventory (pallets)

Increase 50%
Increase 10%
Applied rate
Decrease 10%
Decrease 50%
Decrease 100%
WH0

WH1

WH2

WH3

WH5

WH7

Figure 20 Sensitivity analysis transportation rate quantitative optimization

As can be seen, the difference in inventory distribution among the warehouses is limited for
small modifications of the transportation rate. A decrease and increase of 10% of the rate
results in negligible changes in the inventory distribution. The decrease of 50% shows small
changes, with inventory movement from WH2 to WH1 and WH7 to WH5.
Furthermore, the model is optimized with a transportation rate decrease of 100%, resulting in
zero transportation costs. These results show how much impact the transportation costs have
on the result of the model. With zero transportation costs, the outcome of the model is fully
dependent on the warehousing costs. The transportation rate equal to zero results in some
differences in inventory distribution compared to the approximated transportation costs. With
zero transportation costs, inventory is moved from WH2 to WH1 and from WH7 to WH5,
compared to the approximated transportation rate. The largest changes in inventory
distribution occur with an increase of the transportation rate of 50%. If the transportation rate
increases with 50%, almost all inventory assigned to WH1 is moved to WH7.
Moreover, the sensitivity of the transportation rates of the quantitative and qualitative
optimization model is tested in Figure 21, with data from the expected scenario. As can be
seen, the inventory distribution among warehouses is relatively stable for all modifications of
the transportation rate. A transportation rate increase of 50% shows the largest difference
compared to the applied approximated transportation rate, with inventory moved from WH5 to
WH7. In addition, if the transportation rate is set to zero, inventory is moved from WH7 to WH5.
These results are in line with the results shown in Figure 20.
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Sensitivity transportation rate
Inventory (pallets)

Increase 50%
Increase 10%
Applied rate
Decrease 10%
Decrease 50%
WH0

WH5

WH7

Decrease 100%

Figure 21 Sensitivity analysis transportation rate quantitative and qualitative optimization

7.6.3 Sensitivity analysis circuity factor
Moreover, the sensitivity of the model to the circuity factor used in the distance determination
is investigated. The circuity factor used in the model is 1.46, which is the average circuity factor
for Europe. However, the circuity factor varies per country. Therefore, it is examined what the
effect is of increasing or decreasing this circuity factor. According to Ballou et al. (2002), the
country with the lowest circuity factor of all European countries is Italy with 1.18. France has
the highest circuity factor, namely 1.65. These two values are set as the lower and upper
bounds for the circuity factor. The results of the sensitivity analysis of the circuity factor of both
optimizations with the data of the expected scenario are shown in Figure 22. The circuity factor
of 1.46 is indicated as the applied circuity factor.
As can be seen, the results of both optimizations show no sensitivity to increasing the circuity
factor. The lower bound of the circuity factor shows a small difference in the assignment of
products to warehouses. When the circuity factor decreases, a small amount of inventory is
moved from WH7 to WH5 in both optimizations.

Figure 22 Sensitivity analysis circuity factor
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7.6.4 Sensitivity analysis repacking and rebulking rates
Furthermore, the sensitivity of the results of the model on the assumption on repacking and
rebulking rates is assessed. An assumption is made that the rates for rebulking and repacking
of the warehouses unable to execute these services themselves are equal to the average rates
of all warehouses that do perform these services. These average rates are applied for WH0,
WH1, WH6 and WH7. The impact on the inventory distribution results for both optimizations
when increasing and decreasing the assumed average rates are shown in Figure 23. For both
optimizations the data of the expected scenario is used, and the assumed average rates
applied in the model are represented as the applied rates.
The figure shows the results of the model for both optimizations do not change if the repacking
and rebulking rates are increased. Only if the repacking and rebulking rates are decreased by
50% the results show differences compared to the applied rates. For the quantitative
optimization inventory is moved from WH2 to WH7 and for the quantitative and qualitative
optimization inventory is moved from WH5 to WH7. All inventory that is moved is inventory of
products that require the service rebulking, the products requiring the service repacking do not
move. This indicates that in the quantitative optimization with the applied rate the products
requiring rebulking are stored at WH2, whereas in the quantitative and qualitative optimization
these products are stored at WH5. WH2 and WH5 are able to execute the services rebulking,
therefore, their rates are not adjusted in the sensitivity analysis. If the applied rate of WH0,
WH1, WH6 and WH7 for rebulking is decreased in the sensitivity analysis, it is cheaper to move
the inventory requiring rebulking from WH2 and WH5 to one of these warehouses. Apparently,
WH7 is the cheapest option to move to in both optimizations.
The result of a stable inventory distribution when increasing the repacking and rebulking rates
is positive. Since the warehouses unable to execute these services will outsource these
services to other companies, it is likely the rates will increase and not decrease compared to
the applied rates, due to additional transportation costs. Since the increased rates do not
change the outcome of the model, the results are quite robust for the assumed repacking and
rebulking rates.
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Figure 23 Sensitivity analysis repacking and rebulking costs

7.6.5 Sensitivity analysis breaking of pallets rate
Finally, the assumption regarding the rate for the breaking of pallets is tested with a sensitivity
analysis. If this rate is unavailable for a warehouse, it is assumed to be equal to the costs of
providing one euro pallet plus the costs for stretch wrapping a pallet plus the costs for a quarter
of a manhour of work. This assumed rate is applied to WH5, WH6 and WH7. The results of the
sensitivity analysis for both optimizations with the data of the expected scenario are shown in
Figure 24. The approximated rate used in the model is represented as the applied rate.
As can be seen, the impact on the results of both optimizations is small for changes in the
applied rate for breaking of pallets. In the quantitative optimization an increase of 50% on the
breaking of pallets rate result in a small amount of inventory moved from WH5 to WH1. Since
the rate for breaking of pallets increases at WH5, it is cheaper to move inventory to WH1. The
rest of the modifications of the breaking of pallet rate show no changes in the inventory
distribution in the quantitative optimization. Furthermore, in the quantitative and qualitative
optimization some inventory is moved from WH5 to WH7 if the breaking of pallets rate is
increased by 50%. This difference is, however, negligible.

Figure 24 Sensitivity analysis breaking of pallets costs
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7.6.6 Scenario and sensitivity analysis conclusion
To conclude, the scenario analysis shows the optimal solution for the quantitative and
qualitative optimization does not change substantially for the optimistic or pessimistic scenario.
The quantitative optimization result does, however, change in the pessimistic scenario. In
addition, the sensitivity analysis of the transportation rates shows the optimal solution is not
sensitive to small modifications of the transportation rates. The inventory distribution does
show a small adjustment if the transportation rate is set to zero. The results of the model are
most sensitive to an increase of 100% of the transportation rate. However, these rate
modifications are quite unrealistic. Furthermore, the optimization results are not sensitive to
increasing or decreasing the circuity factor and the assumed breaking of pallets rate. Lastly,
the results of the model are insensitive to an increase in the rebulking and repacking rates,
which is the most likely deviation of these rates. Therefore, since the results are only sensitive
to relatively large changes of the input parameters, the results of the optimization model are
found to be relatively robust.
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Chapter 8. Conclusion and discussion
This chapter contains the conclusion, recommendations, limitations and options for further
research.

8.1 Conclusion
In order to determine the optimal warehouse network for the Company, a model is developed
and optimized with the objective to minimize the warehousing and transportation costs. Prior
to the optimization, the warehouses are examined on the qualitative criteria by means of the
AHP model. The results of the AHP model show that the three warehouses WH5, WH6 and
WH7 score highest on the qualitative criteria. Remarkably, these three warehouses are the
new warehouses. This is partly explained by the Company believing there are improvement
opportunities on the qualitative criteria for the current warehouses.
The IP optimization model is first optimized for all the warehouses. This results in most
products assigned to WH0, WH5 and WH7. A smaller number of products is assigned to WH1,
WH2 and WH3. In addition, most products from the US are stored at WH5 whereas most
products from City X are divided over WH0 and WH7. Secondly, the model is optimized for the
warehouses with the highest scores in the AHP model. In this optimization, all products are
assigned to WH0, WH5 and WH7. The division of products remains most City X products
stored at WH0 and WH7, and most US products stored at WH5.
To investigate the robustness of the optimization a scenario and sensitivity analysis is
executed. The scenario analysis analyzes changes in the optimization results if the input data
is generated with an optimistic and pessimistic perspective. The analysis shows no significant
change in the distribution of inventory among the warehouses in the optimistic scenario. In the
pessimistic scenario, inventory is moved from WH1, WH2 and WH3 to WH7. In addition, the
sensitivity of approximated input parameters and their effect on the optimal solution is checked
in the sensitivity analysis. The sensitivity analyses show the results of the model are only
sensitive to relatively large changes of the input parameters. Therefore, the optimization model
results are found to be relatively robust.

8.2 Recommendations
8.2.1 Long-term opportunities
First, long-term opportunities regarding the redesign of the warehouse network are given. By
redesigning the warehouse network to the optimal solution based on cost (WH0, WH1, WH2,
WH3, WH5 and WH7) the Company saves 23.3% cost in three years compared to the current
warehouse network. However, in this redesign alternative the qualitative criteria are not
considered. Since WH1, WH2 and WH3, are part of this optimal cost solution, and these
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warehouses do not score high in the qualitative analysis, this redesign alternative does not
score well on the qualitative criteria.
Therefore, the Company could consider redesigning the warehouse network to the optimal
solution based on both costs and qualitative criteria (WH0, WH5 and WH7). The costs of this
warehouse design are only 1.3% higher compared to the optimal warehouse design based
only on costs. In addition to the better performance on qualitative factors there are other
arguments for redesigning the warehouse network to WH0, WH5 and WH7. First, the
complexity of the warehouse network is reduced if products are stored at two external
warehouses instead of five. Secondly, when redesigning to two external warehouses the
Company has more volume to offer the external warehouses. Offering a larger volume of
products to an external warehouse results in a stronger position in rate negotiations in the
future. Thirdly, the integration process is easier with fewer external warehouses. The
integration of processes and systems requires time and money per external partner, which
reduces with fewer external partners. To conclude, it is recommended to redesign the
warehouse network to WH0, WH5 and WH7.
Furthermore, an alternative to a full redesign of the warehouse network is redistributing the
products optimally among the current warehouses. This redistribution saves approximately
16% in costs compared to the current product distribution. Therefore, without redesigning the
entire warehouse network, costs can be saved. However, the current warehouses score
relatively low on the qualitative criteria. So by redistributing inventory among the current
warehouses, the qualitative factors are not optimized.

8.2.2 Short-term opportunities
In addition to the long-term opportunities some short-term opportunities are stated. Firstly,
inefficient and unnecessary processes and movements should be omitted in the future. An
example of an inefficient movement is the following. Currently, when products are exported,
they are occasionally transported from the external warehouse to City X to relabel the products.
Afterwards, the products are exported to their destination. This intermediate transportation is
unnecessary and non-efficient because the external warehouse is also able to relabel the
products. In addition, the warehouse can easily export the products due to its location near
water. Thus, by outsourcing the relabeling and export to the external partner unnecessary
transportation is avoided.
Furthermore, discussions with the current partners show some have continuous improvement
programs with their customers. In addition, they are open to feedback and eager to improve
their processes. However, the Company is currently not exploiting these opportunities. Since
the Company is performing well in terms of profit, it seems unnecessary to improve. However,
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the external warehouses state continuous improvement is a process requiring effort from both
sides. Thus, if the Company wants to focus on continuous improvement in the future, the
Company should also invest time and effort in this activity.
Moreover, data on the warehouse network of the Company is distributed over multiple sources.
There is no central overview or reviewing of costs. A possible reason for this is the lack of a
supply chain department at the Company. If the Company decides to redesign their current
warehouse network, it might be important to make someone responsible for this. In addition,
the Company expects to grow the following years, therefore, a supply chain department or
even one dedicated employee could be valuable to accompany this growth.
Additionally, transportation is currently executed by multiple transport carriers. However, it
might be more profitable to consider outsourcing all transportation to the external warehouses.
The cost analysis shows external warehouses charge extra for external transport carriers
loading the products. In addition, if transport is arranged by the external warehouse, orders
can be consolidated to decrease the transportation costs. Furthermore, outsourcing the
transportation results in better integration with the partner and less time and effort spend by
the Company on arranging the transportation.
Finally, part of the complexity of the warehouse network of the Company is due to the flexibility
given to the customers. Customers are allowed to order products a few days in advance. This
complicates not only the warehousing activities, but also the production schedule as it is
frequently disrupted by rush orders. The Company must rethink if this flexibility in service is
required to maintain its current competitive advantage. Especially since the Company operates
in industries in which flexibility is generally not necessary. However, since the customer are
offered the fast deliveries, they will make use of this service. Nonetheless, decreasing the
flexibility reduces complexity in the warehouse network and production facility. In addition, it
decreases effort and stress caused by rush orders which disrupt the normal processes.

8.3 Limitations
In this section, the limitations of the thesis are reflected. First, data of production, customer
demand and inventory levels are only available on a monthly level. Therefore, the IP model
also runs in time periods of months. As a result, it is assumed that all production and orders in
a month are consolidated. However, in real life this does not have to be the case. The assumed
consolidation of orders affects the inbound and outbound processes in the warehouses. In
addition, the transportation costs are affected. Orders per month are transported to customers
at once in the model, while in real life orders might be transported twice a month resulting in
less load per order and twice the distance travelled.
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Secondly, the same approximation of transportation rates is applied to all countries in the
model. However, transportation rates between countries differ in reality. In addition, in the
approximation of the rates not all countries in Europe are included, since not all rates were
available. Therefore, available rates are extrapolated to all the countries in Europe which might
not be in line with the real rates of these countries.
Thirdly, the AHP model is a broadly applied method to quantify a qualitative decision. However,
qualitative analyses are subject to judgments, bias and belief of the assessor. In addition, the
Company has actual experience with the current warehouses and not with the new
warehouses. Therefore, the expectations of the new warehouses might be high, however,
before having actual experience with the new warehouses the Company cannot fully rely on
these expectations.
Fourthly, assigning a fixed cost to opening a warehouse in the optimization model is
considered. Such fixed costs allow for dealing with the hurdle of too many warehouses that
might arise in the solution of the model. However, the inclusion of these fixed costs entails
some limitations. First, the fixed costs involved per warehouse are unknown as these result
from labor required for communication, time spent on starting up the partnership, and other
costs that might come forward, particularly for new warehouses. Estimating these costs for a
warehouse would potentially influence the favorability of the warehouse. Secondly, by focusing
on the variable costs in the model rather than the fixed costs, the Company gains insight in the
performance of warehouses compared to one another. This vital information can create
additional leverage during negotiations and allows the Company to decide themselves on the
number of warehouses they want to collaborate with in the future. The results of the model for
different settings of the parameter 𝑚𝑎𝑥𝑊𝐻 shows the different optimal options and leaves the
decision to the Company. Therefore, fixed costs are disregarded in the project.
Lastly, even though the warehouse network is modelled as well as possible, not all aspects in
the daily warehouse network are covered by the model. Aspects not included in the model are
rush orders and additional repacking services. These aspects are difficult to model in advance,
therefore, it is decided to exclude them. Furthermore, the model is simplified by modelling only
the selected services in the warehouses. In real life, additional services like relabeling and
manhours are also executed and charged. Hence, the actual costs in real life will be higher.

8.4 Future research
A direction for future research is to extend the transportation network analysis and optimization.
The transportation rates are considered in a simplified form in this model. However, for more
precise optimization the transportation rates of all transport carriers should be included
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especially since the transportation costs encompass a large part of the total costs of the
warehouse network.
In addition, the transportation could be extended by a focus on truckloads of transportations.
For example, less than truckload and full truckload rates differ in real life. However, in this
research this difference in rates are not considered. In addition, a research towards possible
consolidation of orders by optimizing the production planning and customer order
transportation schedule could be profitable for the Company.
The final direction for future research is to investigate how to implement the redesign of the
warehouse network. Redesigning the current network results in extensive changes to the
current ways of working. In addition, to achieve full integration with an external partner the day
to day processes have to be thoroughly analyzed. Future research in terms of continuing with
the results of the project could, therefore, include a change and implementation planning for
the redesign.
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Appendix A – Country classification Europe
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Appendix B – ADR information
Table 14 ADR classification

Class Description
1

Explosive substances and articles

2

Gases, including compressed, liquified, and dissolved under pressure gases
and vapors

3

Flammable liquids

4.1

Flammable solids, self-reactive substances, and solid desensitized explosives

4.2

Substances liable to spontaneous combustion

4.3

Substances which, in contact with water, emit flammable gases

5.1

Oxidizing substances

5.2

Organic peroxides

6.1

Toxic substances

6.2

Infectious substances

7

Radioactive material

8

Corrosive substances

9

Miscellaneous dangerous substances and articles
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Figure 25 ADR storage separation
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Chemicals stored according to Figure 25 must comply with the following instructions:
Table 15 ADR storage separation

These combinations should not be kept in the same building
compartment or outdoor storage compound. Compartment walls
should be imperforate, of at least 30-minute fire resistance and
sufficiently durable to withstand normal wear and tear. Brick or
concrete construction is recommended. An alternative is to
provide separate outdoor storage compounds with an adequate
space between them.
Separation may not be necessary but consult suppliers about
requirements for individual substances. Note that some types of
chemicals within the same class, particularly Class 8 corrosives,
may react violently, generate a lot of heat if mixed, or evolve
toxic fumes.
This is used for organic peroxides, for which dedicated buildings
are recommended. Alternatively, some peroxides may be stored
outside in fire resisting secure cabinets. In either case, adequate
separation from other buildings and boundaries is required.
Separate packages by at least 3 meters in the storeroom or
storage area outdoors. Materials in non-combustible packaging
that are not dangerous substances and present a low fire hazard
may be stored in the separation area. This standard of
separation should be regarded as a minimum between
substances known to react together readily, if that reaction
would increase the danger of an escalating incident.
The lower standard refers to the outside storage of gas
cylinders. Where non-liquefied flammable gases are concerned,
the 3-meter segregation distance may be reduced to 1 meter.
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Appendix C – Pair-wise comparison matrices
Table 16 Pair-wise comparison matrix proactivity

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

0.50

0.33

0.20

0.25

0.20

WH2

2.00

1.00

0.25

0.14

0.17

0.14

WH3

3.00

4.00

1.00

0.25

0.33

0.25

WH5

5.00

7.00

4.00

1.00

2.00

1.00

WH6

4.00

6.00

3.00

0.50

1.00

0.50

WH7

5.00

7.00

4.00

1.00

2.00

1.00

Table 17 Pair-wise comparison matrix effort

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

3.00

0.33

0.17

0.25

0.20

WH2

0.33

1.00

0.33

0.14

0.20

0.17

WH3

3.00

3.00

1.00

0.20

0.33

0.25

WH5

6.00

7.00

5.00

1.00

3.00

2.00

WH6

4.00

5.00

3.00

0.33

1.00

0.50

WH7

5.00

6.00

4.00

0.50

2.00

1.00

Table 18 Pair-wise comparison matrix communication

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

2.00

0.25

0.17

0.33

0.20

WH2

0.50

1.00

0.25

0.20

0.25

0.20

WH3

4.00

4.00

1.00

0.33

0.50

0.25

WH5

6.00

5.00

3.00

1.00

2

1.00

WH6

3.00

4.00

2.00

0.50

1.00

0.33

WH7

5.00

5.00

4.00

1.00

3.00

1.00

Table 19 Pair-wise comparison matrix change level

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

1.00

0.33

5.00

6.00

6.00

WH2

1.00

1.00

0.33

5.00

5.00

5.00

WH3

3.00

3.00

1.00

5.00

6.00

6.00

WH5

0.20

0.20

0.20

1.00

2.00

2.00
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WH6

0.17

0.20

0.17

0.50

1.00

1.00

WH7

0.17

0.20

0.17

0.50

1.00

1.00

Table 20 Pair-wise comparison matrix track record

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

1.00

1.00

0.25

0.33

0.25

WH2

1.00

1.00

0.25

0.17

0.17

0.17

WH3

1.00

4.00

1.00

0.33

0.33

0.33

WH5

4.00

6.00

3.00

1.00

2.00

1.00

WH6

3.00

6.00

3.00

0.50

1.00

1.00

WH7

4.00

6.00

3.00

1.00

1.00

1.00

Table 21 Pair-wise comparison matrix sustainability

WH1

WH2

WH3

WH5

WH6

WH7

WH1

1.00

2.00

0.25

0.17

0.33

0.25

WH2

0.50

1.00

0.20

0.17

0.20

0.20

WH3

4.00

5.00

1.00

0.33

2.00

0.33

WH5

6.00

6.00

3.00

1.00

3.00

1.00

WH6

3.00

5.00

0.50

0.33

1.00

0.25

WH7

4.00

5.00

3.00

1.00

4.00

1.00

Consistency ratio

0.046 0.049

Sustainability

Track record

Change level

Communication

Effort

Proactivity

Table 22 Consistency ratios of pair-wise comparison matrices

0.043 0.039 0.028 0.048
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