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Abstract

The goal of this research was to optimize the rail 
eet size at SABIC based on, among other things,
GPS data. A discrete event simulation model has been developed to improve understanding of 
eet
behavior. As a result, the optimal 
eet size and composition was determined under a homogeneous
and heterogeneous 
eet composition assumption. Besides that, the holding time and travel time
were considered to be stochastic.

It has been concluded that the holding time has a major in
uence on the optimal 
eet size,
while the travel time has little. Besides, a large di�erence was found between the optimal 
eet size
under stochastic and deterministic travel and holding times. An increase in 
eet size was observed
if the 
eet composition was treated as heterogeneous rather than homogeneous. It is concluded
that SABIC’s current 
eet size is near-optimal. However, their 
eet composition requires to be
adjusted.
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Executive summary

The goal of this thesis was to optimize the rail 
eet size at SABIC based on, among other things,
GPS data. Several stakeholders were interviewed to get an understanding of the problem and
system characteristics. A discrete event simulation model was developed to improve understanding
of the 
eet behavior and to �nd an optimal 
eet size which minimizes the utilization of parking
space in the multi-use parking area.

Currently, the 
eet of SABIC consists of 461 RTCs which can be classi�ed into four RTC
groups. The RTCs are transported by both single wagon and block train transport. Most volume
is transported by block train due to its cost-e�ectiveness and reliability. Besides that, a continuous

ow of good must be guaranteed due to limited storage capacity.

It has been concluded that the holding and travel time are important model factors. A sensit-
ivity analysis revealed that the parameter holding time has a major in
uence on the optimal 
eet
size, while the travel time has little. Even though the GPS data quality of Ovinto was not optimal,
the model output agreed on 75,37% of the days with the values present in internal spreadsheets.
Besides that, the modeled behavior of di�erent RTC groups showed good results.

To ensure that the parking limit of 300 is never exceeded again, the maximum suitable 
eet size
was concluded to be 461. However, to ensure 100% availability of every RTC group a total 
eet
size of 524 is required. Combining the WECO and Flange-2 
eet or an introduction of a holding
policy did not result in a 100% availability and 100% under the parking limit. A Pareto analysis
was performed to compare alternative con�gurations against the two objectives. The optimal
con�gurations identi�ed have an availability ranging from 99,4% to 99,7% and a percentage of
days below 250 RTC at the RTT ranging from 96,5% to 98,5%. Table 1 provides a summary of
the identi�ed Pareto e�cient con�gurations. It can be concluded that the current 
eet size is
near-optimal, however, the 
eet composition is not optimal.

RTC type Current(summer) Current(winter) Proposed(summer) Proposed(winter)
TODO 25 25 (33-37) (33-37)
WECO 80 80 87 87
Flange 1 298 258 (292-294) (252-254)
Flange 2 59 59 (39-42) (39-42)
Totaal 462 422 (451-460) (411-420)

Table 1: Pareto e�cient con�gurations

Recommendations are:
1. Reconsider 
eet composition
2. Emphasis on decreasing holding times instead of decreasing travel times
3. Share multi-use parking space forecasts
4. Improve utilization of Ovinto’s GPS-system
5. Decrease the total required amount of RTCs by making a modal shift
6. Merge customer service rail roles
7. Increase parking space
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Chapter 1

Introduction

Most chemical production plants cost billions to build, are highly complex, in
exible, and incur
high set-up costs (Kirschstein, 2014). Therefore, such plants can only run pro�table if operated
continuously (Kirschstein, 2014). In consequence, it is essential that logistical processes also

ow continuously. Due to the big amounts of chemicals transported, high-capacity systems are
favorable. In his literature review, Pierey (2019) concluded that the rail transportation system is
essential to execute the required high capacity deliveries towards customers or suppliers without
good waterway or pipeline connections.

Most large scale chemical companies own or rent a medium to large-sized 
eet to manage their
rail transports by themselves. (Closs, Keller & Mollenkopf, 2003; Kirschstein, 2018). Therefore,
a company's transport capacity over rail is often directly related to the amount of available rail
cars (Beaujon & Turnquist, 1991; Sayarshad & Ghoseiri, 2009). According to M. S. Milenkovi�c,
Bojovi�c, �Svadlenka and Melichar (2015, p. 162), the optimal number of rail cars for a particular
system requires a trade-o� between the cost of owning rail cars and the potential costs or penalties
associated with not meeting some demands as a result of not having su�cient cars available.

At these large-scaled chemical companies, 
eet management problems are relevant at both
tactical and operational levels (Bielli, Bielli & Rossi, 2011). Two major 
eet management chal-
lenges identi�ed in the literature are: �nding the right 
eet size (1) and �nding the right 
eet
composition (2) (Pierey, 2019). According to Hungerl•ander and Steininger (2018, p. 1) \
eet
sizing is mainly used in order to �nd the minimal number of freight cars (�xed costs) needed to
operate the transportation network successfully (e.g. satisfy customer demands)." According to
Baykaso�glu, Subulan, Ta�san and Dudakl� (2018, p. 642) the \
eet composition problem can be
de�ned as determining both the type of vehicles to operate and also number of each type".

Several authors developed models that deal with the 
eet sizing and 
eet composition problem
simultaneously(Papier & Thonemann, 2008; Bojovic & Milenkovic, 2008; Bojovic, Boskovic, Mi-
lenkovic & Sunjic, 2010; Klosterhalfen, Kallrath & Fischer, 2014; M. S. Milenkovi�c et al., 2015).
The total costs of the 
eet are not only related to the direct costs of owning rail cars, but also to
the indirect cost of having di�erent types of rail cars. A reduction in rail car types would result
in easier parking strategies with less indirect costs (e.g. shunting costs). Moreover, a reduction in
rail car types results in a reduction of direct costs (e.g. renting costs).

The F-Man project was started to improve the 
eet management processes in the rail industry
in 2001 (Cosulich, Derito, Giannettoni & Savio, 2006). Cosulich et al. (2006) investigated the
possibilities of tracking rail cars by GPS modules. Besides that, they investigated the possibilities
of on-board sensing systems covering both the condition of the rail car and the load. At the same
time, some new startup enterprises o�ered systems to enable 
eet managers to track and monitor
their rail 
eets (Kiss Leizer & Tokody, 2017).

In the Netherlands, more and more buildings are built along transport routes that are used to
transport dangerous goods (Instituut Fysieke Veiligheid & Ministerie van Infrastructuur en Mileu,
2015). Transports on these routes is expected to increase soon. Simultaneously, people who live
along those routes are increasingly worried about their safety. This is illustrated by an increasing
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CHAPTER 1. INTRODUCTION

amount of articles published in national newspapers including the one written by De Limburger
(2018). The \Basisnet" law was introduced in 2014 to regulate the increasing number of transports
of dangerous goods (Instituut Fysieke Veiligheid & Ministerie van Infrastructuur en Mileu, 2015).

Together with the introduction of \Basisnet", the Dutch petrochemical industry is developing a
safety culture (van Everdingen, 2015). In this culture, there is a shared responsibility for safety at
the production sites and the transport of the chemical products. In line with these developments
SABIC, a large petrochemical company in the Netherlands, is committed to making the chemical
industry safer. SABIC intends to achieve this, among other things, by increasing the control over
their parked rail 
eet at their chemical production site located at the Chemelot Industrial area.

Despite the fact that a variety of rail freight car 
eet sizing and composition models is de-
veloped, none of them includes policies to deal with a maximum capacity at the company's yard
(Pierey, 2019). Therefore, this research is aimed at �nding the optimal 
eet size and composition
while maximizing availability and satisfying permitted maximum number at the production site's
yard. In this research, a discrete event simulation model is developed, which was validated and
tested at SABIC.

1.1 Problem context

1.1.1 Company description

This thesis has been performed at SABIC. SABIC is a global company which is based in Saudi
Arabia and has a large presence in Europe with o�ces in Sittard and Bergen op Zoom in the
Netherlands. In Europe, the manufacturing locations are located in Geleen (NL), Wilton (UK),
Gelsenkirchen (DE), and Bergen op Zoom (NL). SABIC produces raw materials for the plastic
industry, converting naphtha in ethylene, propylene, Crude C4, and other materials. The transport
of these materials goes by pipe, ship, truck, and rail.

SABIC's production site in Geleen is located at the Chemelot industrial area. At the Rail
Tank Terminal (RTT), located in this area, the rail tank cars (RTCs) are loaded or discharged
with liquid or gaseous chemicals. Besides that, at Chemelot a shunting yard exists to shunt and
compose trains.

Rail transports in Europe are only carried out from the production site in Geleen. This is
done with 462 RTCs that serve customers in The Netherlands, Germany, Sweden, Denmark, The
Czech Republic, France, and Belgium. The complete RTC 
eet is leased from several companies.
In recent times there was a problem of lost RTCs and lack of control over the 
eet. This problem
was solved by equipping the total 
eet with GPS modules. Data regarding past and actual GPS-
locations are available in the 
eet management system Ovinto.

1.1.2 Observed business problem

For parking yard capacity reasons, the total Chemelot industrial area works with a �xed maximum
amount of rail tank cars (RTCs). An agreement was made with the other site users (OCI, Fibrant
and Anqore), which allows SABIC to have 250 RTCs on site. This capacity can be used by SABIC
only. Besides that, there is a shared parking space which can be used by all site users. This shared
parking space works on a �rst come �rst serve (FIFO) principle.

According to calculations of Deutsche Bahn Cargo (DBC), responsible for managing the park-
ing facility at Chemelot, there is capacity for 50 RTC of SABIC at this shared parking space most
times. However, there is a small risk that the rail infrastructure of Chemelot is fully occupied. If
so, an incoming train from another site user or SABIC itself will be rejected at the gate and will
be sent back to its origin. According to DBC, there is a large risk that rail infrastructure is fully
occupied when SABIC is exceeding the number of 300 RTCs on site. Therefore, a danger zone is
de�ned from 250 to 300 RTCs on site.

Eventually, management of SABIC agreed that the number of days in the danger zone should
be minimized. Unfortunately, in 2018 on 45.1% of the days the number of RTC was in the de�ned

2 Determining the optimal rail freight car 
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CHAPTER 1. INTRODUCTION

danger zone. Even worse, it exceeded the number of 300 RTCs on 6.3% of the days. In �gure
1.1, a moving average of three days is used to compute the number of RTCs on days that no RTC
counting had taken place.

Figure 1.1: Number of RTCs on site in 2018

However, the problem cannot be resolved by simply reducing the amount of RTCs. SABIC's
plants can only be used in an economically reasonable way if operated continuously. Since only
limited storage is available, produced chemicals need to be loaded into RTCs as soon as possible.
When no RTCs are available and storage locations are fully occupied, it is forbidden to 
are the
chemicals to keep the plant running at maximum capacity. It is also not possible to get new RTCs
towards Geleen quickly. As a consequence, the production of the plant needs to be ramped down
(read: production scale down), which involves high costs. Not to mention the fact that, due to a
lack of RTCs and a resulting production scale down, customer demand cannot be full �lled, which
results in reputation and economical damage.

When no empty RTCs are available all produced products need to be stored in the limited
storage locations. The bottleneck storage location is one of product X and has a capacity of 1500
tons. Every hour 30 tons of product X are produced in the plants in Geleen. SABIC's plants
consume 17 tons of product X per hour. The remaining 13 tons per hour 
ow into the storage
tank. If this tank was empty at the start of the non-availability of the RTCs, it is full after 115
hours. However, the average �ll rate of the tank is 57,8%. Consequently, on a regular moment in
time, the storage tank is full after 48,7 hours. Once the storage tank is full, one of SABIC's plants
needs to be stopped. Stopping a plant costs arounde 22.500 per hour and renting a RTC costs
e 10.950 per year. Stopping a factory for an hour costs about the same as renting two RTCs for
a whole year. As a consequence, sourcing & planning tend to plan the amount of required RTCs
safely to be sure that a factory stop is not caused by having too few RTCs.

Storage tank capacity of product X = 1500 tons
Production of product X = 30 tons per hour
Internal consumption of product X = 17 tons per hour
Increase in volume in storage tank = 30� 17 = 13 tons per hour
@Fill rate of 0% storage tank full after = 1500

13 � 115 hours
@Fill rate of 57,8% storage tank full after = 1500

13 � (1 � 0; 578) � 48; 7 hours

According to a senior manager, it is hard to attach a cost factor to an exceeding of the capacity
limit of 250 RTCs or 300 RTCs, because SABIC is not penalized once they are exceeded. Besides

Determining the optimal rail freight car 
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CHAPTER 1. INTRODUCTION

that, no other costs related to a fully occupied parking yard were involved in the past.

1.2 Problem statement de�nition

The goal of this research is to improve the current situation by minimizing the utilization of parking
space in the multi use area. This improvement will be achieved by obtaining a better understanding
of how the 
eet size and composition are related to the surpassed boundaries. Subsequently, an
optimal 
eet size and composition will be determined which has a reduced amount of days in
danger zone.

1.3 Research question

Based on the problem stated above, the subsequent research question and sub-research questions
are formulated as follows:

What is the optimal RTC 
eet size while maximizing availability and satisfying a
permitted maximum number at the production site's yard?

The answers on the following sub-questions will help to answer the main research question:

1. Business understanding:

(a) Sub-Q1: What is the best modeling technique for the situation at SABIC? (p. 11)

(b) Sub-Q2: How are the rail related processes at SABIC organized? (p. 13)

(c) Sub-Q3: What is the performance of the de�ned KPIs? (p. 14)

2. Modeling:

(a) Sub-Q4: What are important factors and parameters and their corresponding values
and distributions? (p. 25)

(b) Sub-Q5: What is the e�ect of di�erent scenarios on the optimal 
eet sizes? (p. 37)

Chapter 2 will provide background information on the topics discussed in this thesis. Chapter
3 will elaborate on the methodology applied in this thesis. This includes a discussion on which
modeling technique is best suitable for the situation at SABIC (sub-question 1a). In chapter
4, SABIC's rail-related activities and context factors will be discussed. This chapter includes
an explanation on SABIC's rail-related processes (sub-question 1b) and the performance of the
de�ned KPI's (sub-question 1c). In chapter 5, an explanation will be given on the data sources,
the quality of the data sources, and the preparation steps on the acquired data. Chapter 6 will
answer on sub-question 2a by explaining on how the model is composed. In chapter 8, the results
of this thesis will be presented. This includes results on the e�ect of di�erent scenarios on the

eet size (sub-question 2b). In chapter 9, a discussion on these model results will be provided.

1.4 Key performance indicators

The key performance indicators (KPIs) relevant for this master thesis are:

1. Costs: The costs related to SABIC's rail operations should be minimized. The costs associ-
ated with these rail operations which are relevant for this research are cost expenses related
to the 
eet size (holding costs per RTC per day) and the costs associated with running out
of RTCs.

4 Determining the optimal rail freight car 
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2. RTCs at the production site: The total amount of RTCs parked at the production site
is measured every day. If there are no parked RTCs available, the amount of parked RTCs
is in the danger zone range, or the amount of parked RTCs is above 300, action is required.

(a) Parked RTCs = 0 (non-availability): As mentioned before, no availability of empty
rail tank cars can result in high costs. Therefore, the total days where no RTCs are
available at the RTT should be minimized.

(b) 250 � parked RTCs � 300 (danger zone): In cooperation with the other site
users, SABIC agreed upon a parking limit of 250 RTC.

(c) Parked RTCs � 300: According to DBC a big chance of a fully-occupied rail infra-
structure exists when SABIC exceeds the number of 300 RTCs on site.

Determining the optimal rail freight car 
eet size & composition using GPS-data 5



Chapter 2

Background

This chapter provides a background on some important concepts to be able to understand the

eet sizing models discussed later in this report.

2.1 The 
eet sizing problem

Fleet sizing is relevant in many areas and is considered to be a mid- to long-term planning problem
(Imai & Rivera, 2001; Kallrath, Klosterhalfen, Walter, Fischer & Blackburn, 2017; Baykaso�glu et
al., 2018). Applications are found for the optimization of rail car, locomotive, truck, automobile,
container, and material handling equipment 
eets (Beaujon & Turnquist, 1991; Imai & Rivera,
2001; Yaghini & Khandaghabadi, 2013). In each application area, the 
eet sizing decision often
involves big capital investments and holding cost (Turnquist & Jordan, 1986; Dong & Song, 2009;
Ho�, Andersson, Christiansen, Hasle & L�kketangen, 2010).

Papier and Thonemann (2008, p. 302) de�ne the 
eet size as \the total number of vehicles
that the company operates". According to Hungerl•ander and Steininger (2018, p. 1) \
eet sizing
is mainly used in order to �nd the minimal number of freight cars (�xed costs) needed to operate
the transportation network successfully (e.g. satisfy customer demands)." M. S. Milenkovi�c et al.
(2015, p. 162) stated that for a company: \the optimal number of cars for a particular system
requires a trade-o� between the cost of owning rail cars and the potential costs or penalties
associated with not meeting some demands as a result of not using enough cars." M. S. Milenkovi�c
et al. (2015) identi�ed that proposed rail 
eet sizing models treat 
eets either as homogeneous or
heterogeneous. Input parameters in these models, like demand and traveling time, are considered
to be deterministic, stochastic or fuzzy.

However, 
eet sizing is not only related to customer demand or a desired service level but
also with the utilization of the units (Baykaso�glu et al., 2018). Numbers on this utilization factor
can often be obtained by analyzing historical data. The system utilization is highly depended on
the demand patterns, vehicle travel times and 
eet management quality. If the 
eet is managed
poorly, it often results in a low utilization rate and thereby excessive 
eet requirements. (Cheon,
Furman & Sha�er, 2012)

2.2 The 
eet composition problem

According to Baykaso�glu et al. (2018, p. 642) the \
eet composition problem can be de�ned as
determining both the type of vehicles to operate and also number of each type". Vehicle types may
di�er in terms of load capacity and fuel consumption, among other things. In the industry, a 
eet
is mostly heterogeneous due to their cost-e�ectiveness and 
exibility (Bielli et al., 2011). Bojovic
et al. (2010) stated that it is important that this 
eet structure corresponds to the demand. If the

eet of a certain type is oversized, it may result in unnecessary costs. Where an undersized 
eet
may result in unsatis�ed demand and thereby pro�t losses. (Baykaso�glu et al., 2018)
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CHAPTER 2. BACKGROUND

In the rail industry some authors developed models that deal with the 
eet sizing and 
eet
composition problem simultaneously (Papier & Thonemann, 2008; Bojovic & Milenkovic, 2008;
Bojovic et al., 2010; Klosterhalfen et al., 2014; M. S. Milenkovi�c et al., 2015). The total costs of
the 
eet is not only related to the direct costs of owning rail cars, but also to the indirect cost of
having di�erent types of rail cars. A reduction in the amount of RTC types would result in easier
parking strategies with less indirect costs. Moreover, a reduction in the amount of types also
results in a reduction of direct costs. This is caused by the fact that existing risks can be pooled
when reducing the amount of types, which results in a lower overall safety stock requirement.
(Klosterhalfen et al., 2014)

2.3 RTC 
eet behaviour

When deployable, the utilization cycle of a RTC consist of four stages, which is illustrated in �gure
2.1 (Closs et al., 2003; Cheon et al., 2012). It should be noted that in this model it is not visible
if a RTC is loaded or empty.

Figure 2.1: Time phased rail car cycle time by Closs et al. (2003)

In this section, these four stages will be discussed, which will answer sub-question 1b. In
sub-section 2.3.1 the transit period from the plant to a customer/supplier (2) and transit period
back to the plant (4) will be discussed. In sub-section 2.3.2 the waiting time at the plant (1) or a
customer's/supplier's site (3) will be explained.

2.3.1 In transit (stage 2 & 4)

A RTC is in transit when it is moving towards a given location. During transport, it is carried
by one or multiple freight forwarders (Kirschstein, 2018). For chemical transports, two di�erent
ways, visualized in �gure 2.2, for the transportation of RTCs exist: handing over a (1) full train
of RTCs to the same destination (block trains) or (2) handing over a set of RTCs (single wagon
transport) (Kallrath et al., 2017; Kirschstein, 2018). In single wagon transport, a train of RTCs
with di�erent locations is composed at the company's yard and handled by the freight forwarder.
The freight forwarder collects multiples of these trains from multiple customers and sorts the RTCs
at a shunting yard (e.g. Kijfhoek). From these shunting yards, the RTCs depart either towards
another shunting yard or towards the �nal destination.

Determining the optimal rail freight car 
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Figure 2.2: Two di�erent ways of transporting RTCs

According to Kallrath et al. (2017) the chemical industry heavily relies on single wagon trans-
port. This is because this type is required to serve customers who buy below the volume of a
complete block train (approx. 20 - 26 RTCs in Europe). However, if the customer's volume is
big enough, it is desired to ship complete block trains due to cost savings potentials (Kirschstein,
2018).

A long-distance shipment often involves a multiple carrier shipment due to geographical re-
strictions. Therefore, a RTC is often longer in transit towards its destination. This is partly
caused by the extra time involved to complete carrier changes. The variability of this transit time
is an important aspect. This is because a lot of chemical companies maintain a safety stock to
cope with the variability of transit times (Closs et al., 2003; M. Milenkovi�c & Bojovi�c, 2013).
When the transit time variability can be reduced, a company can reduce its 
eet size as a result.
Besides that, a low variability and thereby a great transit time reliability is of economic value for
the shippers of the goods (Halse, �stli, Killi & Landmark, 2019). (Closs et al., 2003)

2.3.2 Holding time at a yard (stage 1 & 3)

Stages 1 & 3 represent the holding time at the plant or a customer's or supplier's production site
(Cheon et al., 2012). In stage 1, the RTC arrives at the factory and will either be prepared for its
next trip or stored as a bu�er. This bu�er is maintained to protect against temporary shortages
due to uncertainties in travel time and holding time (Beaujon & Turnquist, 1991; M. Milenkovi�c
& Bojovi�c, 2013).

In stage 3, the RTC is located at the customers or supplier's site. About the same process of
loading or discharging needs to be executed. Yard ine�ciencies are a common contributor to an
increased holding time (Closs et al., 2003). Another contributor is the fact that some customers
use the RTCs as 'stock on rail'. In that case, they hold the RTCs to cope with their variability in
demand and keep the RTC until all product is consumed (Cheon et al., 2012). This leads to an
increased holding time and holding time variability. Incentives or penalties may help to get the
RTCs back in the agreed-upon time frame (Closs et al., 2003).

8 Determining the optimal rail freight car 
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Chapter 3

Methodology

The goal of this research is to determine the optimal 
eet size and composition while maximizing
availability and satisfying a maximum capacity at the production site's yard.

Based on this goal, the research question, and the de�ned sub-questions, a methodology has
been developed to investigate the problem. This project includes the rail-related activities from
2017 and 2018. Rail transports from 2019 have been excluded due to battery problems in the
GPS-tracking modules. The data generated before 2017 was not suitable to use, because not all
RTCs were equipped with GPS-modules. Besides that, there is concentrated on the European rail
system, because it signi�cantly di�ers from the American system (Pierey, 2019).

Figure 3.1: CRISP-DM project life cycle
(Chapman et al., 2000)

This research is a mixed method study
which mainly adopts the CRISP-DM method
described by Chapman et al. (2000). This
method is speci�cally designed to structure a
data mining project. Given the data-driven
nature of this research, it is desirable to ad-
opt this approach. The method is displayed in
�gure 3.1 and contains a project life cycle of six
phases. The phase sequence is not �xed, where
it is even required to move back and forth
between them. The direction of this movement
depends on the outcome of the last completed
phase. (Chapman et al., 2000)

The outer circle of the project life cycle
symbolizes the cyclical nature of data mining
projects. This means that the broader pro-
ject of RTC 
eet improvement will not be com-
pleted if this study is �nished. Lessons learned
and conclusions made can trigger new, often
more-focused business questions. The six pro-
ject phases will be elaborated in the following
subsections. (Chapman et al., 2000)

According to Yin (2014), elements of a case study can be a part of a larger mixed-method
study. An advantage is that the examiner gains a more profound understanding of the subject to
be examined (Gustafsson, 2017). Yin (2014, p. 16) de�nes the case study method as: \a study that
investigates a contemporary phenomenon in depth and in its real-world context". A case study
is useful to illustrate speci�c topics within an evaluation (Yin, 2014). This research questions the

eet size and composition of SABIC.
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CHAPTER 3. METHODOLOGY

3.1 Business understanding

The goal of this phase is to get familiar with SABIC and their business problem (Chapman et
al., 2000). The management of SABIC, employees from customer service, sourcing & contracting
as well as employees from the RTT are involved in this inquiry. A description of their tasks is
included in chapter 4. An in-depth data collection involving multiple sources is required since this
study uses elements of the case study method (Creswell, 2013).

Informants and participants were required to gather data and are de�ned in consultation
with the company supervisor (Yin, 2014). A table of participants is included in appendix A.2.
According to (Yin, 2014, p. 239) an informant is: \a subject of study but who also provides critical
information or interpretations about the case and who may suggest other sources of evidence for
the researcher to check". The informants of this study are presented in table 3.1.

Title
Customer Service C4 Operations
Sr. Representative Sourcing & Contracting
Business Analyst
Sr. Business Manager

Table 3.1: List of case study informants

The use of multiple sources of evidence is required during data-collection to ensure construct
validity (Yin, 2014). In this research, multiple sources include a documentary study of reports
from SABIC and relevant literature, analysis on historical emails and data from Ovinto's GPS-
platform, and informal conversational interviews with informants and participants. Besides that,
the informants and participants have been observed in the rail optimization meeting weekly. Incor-
porating these multiple qualitative methods generates the opportunity for more complete explan-
ations (Morgan, Pullon, Macdonald, McKinlay & Gray, 2016). These more complete explanations
served to achieve the goal of this phase to transform the gained knowledge into a problem de�nition
and a research proposal (Chapman et al., 2000).

3.2 Data understanding

The data understanding phase is designed to get familiar with the available data and to discover
�rst insights into the data (Chapman et al., 2000). In this project, rail related data from Ovinto,
SAP, internal spreadsheets and ASPEN has been used. These data sources are explained in
chapter 5. In order to understand the data, an understanding of the included attributes was
required (Chapman et al., 2000). This was done by consulting Ovinto, the participants, and the
informants of this inquiry.

After an understanding of the attributes was created, the next step was to explore the data and
verify its quality (Chapman et al., 2000). This was done by plotting the values of the attributes
travel time and distance, researching outliers in depth via the Ovino platform, applying process
discovery, and consulting the informants of this inquiry. Process discovery was used to discover
the routes the RTCs have taken towards a customer and back. This process discovery can be used
to check if the discovered behavior re
ected the expected behaviour (van der Aalst, 2016). The
informants of this research have been consulted to check the data quality of SABIC's SAP and
ASPEN systems.

3.3 Data preparation

In this phase, all activities to construct the �nal data set have been performed which is also
described in chapter 5. This phase included tasks to select relevant data and tasks to transform
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CHAPTER 3. METHODOLOGY

and clean this data (Chapman et al., 2000). These tasks have been executed multiple times and
do not have a prescribed order (Chapman et al., 2000).

The data preparation phase is started by deleting incorrect trips. Subsequently, the data
was scanned for RTC trips that belong together in the same train. When these were identi�ed,
they were connected by atrain attribute. After that, all connected RTC trips shared the same
characteristics in terms of arrival time, departure time, and travel time. The reason to do this was
to create a better approximation of the real travel time. After that, the attribute holding time
was constructed. Finally, round trips and RTC types were identi�ed and assigned to the trips in
the data set. The attribute RTC type is required in the modelling phase. After all the attributes
are constructed, the �nal data sets for di�erent kinds of analysis were constructed. All executed
data preparation steps are presented in algorithm 1.

Algorithm 1: Data preparation steps executed
Input: SAP-BD-Sales, Ovinto-Trips
Output: Prepared data
// Data cleaning

1 Delete incorrect trips
// Improve data quality

2 Identify RTCs trips belonging together in a train
3 Connect RTCs trips via the train attribute and create shared characteristics

// Construct data
4 Compute RTC holding times
5 Identify and assign round trips
6 Identify and assign RTC types
7 Construct di�erent data sets (actual, deterministic, stochastic)

3.4 Modeling & evaluation

In this phase, di�erent versions of a 
eet sizing and composition model have been developed. The
model was veri�ed and validated to ensure the quality of each model before moving on towards
the next version of the model. Simulation results and model behavior have been discussed with
the relevant informants and participants. A key objective in these discussions was to determine
if the system behavior is modeled well and if results made sense. When modeling mistakes were
found or results did not make sense, a step backward to the modeling phase had been made. When
an intermediate model was �nished, the process was started again at the business understanding
phase (Chapman et al., 2000).

Pierey (2019) performed a literature review on proposed 
eet sizing and composition models
and reviewed them against the modeling requirements of the problem at SABIC to �nd an answer
on sub-question 1a. The author concluded that thediscrete event simulation models proposed
by Lesyna (1999); Kraakman (2007) are best suitable. Because the models can treat all required
uncertainty factors well (e.g. canceled trains or production stop). This complexity, dynamics,
and randomness should be included in the system since under- and overshooting inventory could
result in major consequences. Besides that, the discrete event simulation models are also capable
of handling smaller 
eet sizes (� 600) and are relatively easy to implement. The only drawback
of the simulation model developed by Kraakman (2007) is that it does not treat a heterogeneous

eet.

According to Fishman (2001), the use of discrete event simulation is, among other things,
bene�cial when the goal of the research is to increase system understanding (RTC 
eet behavior).
Besides that, it is advantageous to test the desirability of system modi�cations (e.g. decrease 
eet
size or an increase of the capacity limit). During the development of the simulation model, the ten
steps of conducting a simulation study described by Fishman (2001, p. 37-38) have been followed.

Furthermore, Fishman (2001) advises to built the model with an object-oriented programming
language. This approach is bene�cial because of its ease of programming and the provided program
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reuse. Therefore, the model has been built with the object-oriented programming languagePython.
First, a 
eet sizing model has been developed. This version is created to check the similarity

of the GPS-data (actual location) and the system data (processed information) available in the
spreadsheets. Historical time stamps and events are used to verify and validate the model. Second,
the 
eet sizing model has been extended into a 
eet composition model. Third, the model has
been extended by including the �lling state (empty/full) of a RTC to �t the model even more on
the real-world system.

Figure 3.2: Development of model

3.5 Deployment

In the deployment phase, the developed models has been used to produce model results. For each
model di�erent test cases were developed. These test cases are described in more detail in chapter
6. In these test cases several 
eet sizes were examined to �nd the right results. Fleet sizes were
re�ned till the minimum required 
eet size (e.g. increase in case of a minimum stock value below
0) or the maximum suitable 
eet size (e.g. decrease in case of a maximum stock value above 250
or 300) were found. This involved most of the times multiple iterations.

The main objective of the �rst model has been to determine the maximum suitable 
eet size.
The purpose of this second model was to determine the optimal 
eet composition for the maximum
suitable 
eet size. A two-dimensional Pareto analysis was performed to compare di�erent 
eet
composition con�guration outputs against the two objectives: availability and days below 250.

12 Determining the optimal rail freight car 
eet size & composition using GPS-data



Chapter 4

Business understanding

The goal of this phase has been to get familiar with SABIC and the business problem (Chapman et
al., 2000). The management of SABIC, employees from customer service, sourcing & contracting
as well as employees from the RTT have been involved in the inquiry. First, their responsibilities
will be explained. After that, the rail-related processes will be described (answer on sub 1b).
Subsequently, the realization of the KPIs in 2018 will be treated (answer on sub-question 1c).
Finally, the current 
eet size and composition is explained.

4.1 Rail related business units at SABIC

The rail-related activities of the departments: Sales & feedstocks, customer service (CS), rail tank
terminal (RTT), and sourcing & contracting are explained to understand the current situation at
SABIC.

1. Sales: are responsible for the yearly, quarterly and monthly planning of volumes. This
planning in
uences the amount of RTCs required to ful�ll outbound transport demand.

2. Feedstock: are responsible for the yearly, quarterly and monthly planning of procurement
volumes. This planning in
uences the amount of RTCs required to ful�ll inbound transport
demand.

3. Customer service: is responsible for the weekly and daily transport planning of RTCs. Be-
sides that, they are responsible for monitoring the location of RTCs and ensuring availability
of RTCs at the RTT.

4. Rail Tank Terminal: is located in Geleen and is responsible for loading and dischar-
ging goods in and from RTCs. They make daily operational planning based on the weekly
planning made by customer service.

5. Sourcing & Contracting: is responsible for the procurement and contracting of rail ser-
vices (e.g. RTC rental & contracting freight forwarders)

6. Business: is responsible for the pro�t and losses of the rail-related products.

4.2 Rail related processes

RTCs are loaded and discharged at the RTT. To be able to load RTCs, su�cient empty RTCs (for
the correct product with the correct coupling) should be available. The process of RTC loading
and discharging at the RTT is visualized in �gure 4.1. At SABIC's production site a RTC is
shunted by DBC towards one of the tracks in front of the three weighing bridges to prepare it for
its next shipment.

From these tracks in front of the weighing bridges, the RTCs are winched into one of the
weighing bridges. At these bridges, transfer arms suitable to connect to di�erent RTC couplings
are present (e.g. WECO, TODO, and 
ange). When a RTC is connected to a transfer arm, the
inbound or outbound transfer 
ow of chemicals is started. Via a pipeline system, the chemicals are
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transported to and from limited storage locations. These storage locations, presented in appendix
B.1, are also connected via a pipeline system to the production facilities.

Figure 4.1: The process of RTC loading and discharging

When a RTC is fully loaded by the RTT, it is ready to be transported to the customer. DBC
controls the shunting process of RTCs at the production site. The transport processes are managed
and operated by rail freight service providers. Customer service plans the RTC on a trip to move
RTCs between the customers and the RTT (SABIC-Customer-SABIC) or between the RTT and
a supplier (SABIC-Supplier-SABIC). A shipment is either executed using single wagon transport
or by using a block train.

Since demand at SABIC is relatively stable, a �xed departure and arrival schedule is arranged
with freight forwarders for the transportation of block trains. Thereby, a locomotive including a
driver is reserved to transport goods from and to the chemical production site at �xed moments
in the week. If and only if a train is dispatched or canceled too late, SABIC is required to pay for
the locomotive and driver. An advantage of having these reserved time slots is that on-schedule
deliveries are guaranteed (Gleissner & Femerling, 2013).

Due to unpredictable RTC travel times in single wagon transport, a trip including multiple
customers or suppliers is currently not executed. When making a round trip with a block train
sometimes a swap is performed. This means that the customer is also a supplier of another
chemical. SABIC's current organization of rail transport does not allow multiple customers and/or
suppliers to be involved in a block train round trip.

In the Netherlands, once per four years, a RTC is sent away to execute a compulsory revision.
A RTC needs to be cleaned before it is allowed to be repaired or revised. At SABIC, the number of
RTCs that are in revision is not equally distributed over the years. Revisions are always executed
at an external workshop. Due to a lack in cleaning capacity at the RTT, the RTCs need to be
cleaned at the workshops, resulting in a huge increase of time in maintenance.

Besides these planned revisions, some defects arise unplanned. Defects are often found during
mandatory checks after every hand over (e.g. a check is executed after SABIC receives a RTC from
a freight forwarder). When something is broken, the RTC is sent away to be repaired at either DB
Schenker's workshop in Geleen or at an external workshop. To cope with the uncertainty related
to these RTC breakdowns, SABIC is required to add extra RTCs to their 
eet.

4.3 SABIC's performance in 2018

In this subsection, an answer on sub-question 1c is provided by evaluating the performance of the
KPIs de�ned in chapter 1. This included KPIs related to costs, availability, days in danger zone
and days above the danger zone limit. Internal spreadsheets were used to evaluate the performance
of the KPIs.

The costs associated with the rail operations which are relevant for this thesis are cost expenses
related to the 
eet size (costs per RTC per day) and the costs associated with running out of RTCs.
A RTC costs around e 30 per day. In total SABIC rented 422 RTCs for a full year and 40 RTCs
for half a year. No costs were made associated with running out of RTCs. Resulting in a total
costs of: 422� 30� 365 + 40 � 1

2 � 365 = e 4:628:200; � .
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The daily number of RTCs on the RTT during 2018 is presented in �gure 1.1. Unfortunately,
in 2018 on 45.1% of the days the number of RTC was in the de�ned danger zone. Even worse,
it exceeded the number of 300 RTCs on 6.3% of the days. According to the informants of this
inquiry, no cracker stop or ramp down was caused by the unavailability of RTCs.

Table 4.1 presents the rail volumes of 2018. These volumes are relatively stable and are
similar to the volumes transported in 2017. Using the capacities of the di�erent RTC types, the
corresponding minimum number of RTC trips is computed. On average a RTC used to transport
gaseous goods can hold a volume of 55 tons. A RTC used for transporting the liquid Product C
can hold a volume of 65 tons. Thus, a total number of 11664 trips is required for the shipment of
650 kilotons, whereby on average a single RTC is used for 25.24 shipments per year.

Total gaseous volume = 190 + 45 + 120 + 90 + 150 = 595 kilotons
Total liquid volume = 55 kilotons
Total required trips = 595000

55 + 55000
65 = 11664 trips

Average trips per RTC = 11664
462 = 25:24 trips

RTC

Inbound transport (feedstock) Outbound transport (sales)
Item Volume #trips Item Volume #trips
Product A 190 kilotons 3455 Product D 120 kilotons 2182
Product B 45 kilotons 819 Product E 90 kilotons 1637
Product C 55 kilotons 847 Product F 150 kilotons 2728

Total inbound: 290 kilotons 5121 Total outbound: 360 kilotons 6547

Table 4.1: Inbound and outbound transports and corresponding volumes

4.4 Current 
eet size and composition

SABIC leases its complete 
eet of RTCs from di�erent contractors. Current lease contracts are for
a three to �ve years period. In summer the current 
eet, which is presented in table 4.3, consists
of 462 RTCs. All gaseous products are transported in the white-colored RTCs with the orange
strip (�gure 4.2). Product C is the only liquid transported by rail and is transported in the RTC
visualized in �gure 4.3. Due to the characteristics of the RTC, it is not possible to load product
C into a gas-RTC and vice-versa.

Figure 4.2: RTC used for the transportation
of gasses

Figure 4.3: RTC used for the transportation of li-
quids (VTG, 2019)

The total 
eet can be classi�ed either by coupling type or by product dedication. This �rst
classi�cation is applied because in the chemical rail industry di�erent RTC couplings types are
required for the shipment to speci�c customers. These di�erent couplings are visualized in �gures
4.4, 4.5 and 4.6. The characteristics of these di�erent coupling types are presented in table 4.2.

Determining the optimal rail freight car 
eet size & composition using GPS-data 15



CHAPTER 4. BUSINESS UNDERSTANDING

Figure 4.4: Flange coupling
(Smedt, 2019)

Figure 4.5: WECO coupling
(Smedt, 2019)

Figure 4.6: TODO coupling
(Smedt, 2019)

In the European chemical industry, there is an ongoing debate about which type of coupling
should be the standard (Smedt, 2019). The 
ange coupling is hard to decouple or couple to
transfer arms. A WECO coupling is easier to (de)couple and thereby more time e�cient. A
complete transfer to the WECO would result in time savings and productivity improvements. In
the Dutch, Belgian and French industry a WECO coupling is currently used. A 
ange coupling is
used in the German, Italian and Eastern European industry. SABIC is capable of handling both
couplings at the RTT to satisfy demand in both regions. SABIC only equipped their liquid-RTCs
with TODO couplings.

Flange WECO TODO
Standard connection with bolts
and nuts

Screw connection Dry-break connection

Labor intensive to connect Easy to connect Easiest to connect
Can always be tightened in
case of leakage

Can often be tightened in
case of leakage

Cannot be tightened in
case of leakage

Table 4.2: Characteristics of di�erent coupling types (Smedt, 2019)

The second RTC classi�cation is on product dedication. Product D requires dedicated RTCs,
whereas product A, B, E and F can make use of the same set of RTCs. The dedication is demanded
since customers request a purity of 99.6% product D or higher in their delivery. If the RTC was
not dedicated, the remnants of the previous delivery (read: another product than product D)
jeopardize that requested purity.

Current 
eet Used for transporting product

RTC with coupling type
#RTC
summer

#RTC
winter

A B C D E F

TODO (dedicated) 25 25 X
WECO (dedicated) 80 80 X
Flange 1 (interchangeable) 298 258 X X X X
Flange 2 (dedicated) 59 59 X
Total 462 422

Table 4.3: Current RTC 
eet of SABIC

During summer product A is cheaper due to a reduced demand in the petrol industry and a
reduced demand for the heating of homes, increasing purchased volume (EPRINC, 2009). There-
fore, 40 RTCs (Flange 1), which are used to transport product A, are added to the 
eet during
the summer period.
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Chapter 5

Data understanding & preparation

The data understanding phase is designed to get familiar with the available data and to discover
the �rst insights into the data. The data preparation phase includes all activities that have been
performed to construct the �nal data. This chapter will elaborate on every data source on how
the data is gathered, the quality of the data, and if data preparation steps were required. In line
with the scope of the project, all data sets cover all events from both 2017 and 2018. In table
5.1 a description is made of the acquired data. This chapter will start by explaining the recorded
GPS data and how it is processed. Detailed algorithms are provided in appendix C. Subsequently,
the data from the ASPEN and SAP system will be discussed. Finally, the data present in internal
spreadsheets will be elaborated.

Metric available Ovinto Aspen Internal spreadsheets SAP Sales
Trip information X
RTT information X X
Chemelot RTC storage
information

X

Data creator Ovinto RTT RTT / CS CS
Total data entries 105720 19835 730 578

Table 5.1: Data description

5.1 Ovinto's GPS data

Figure 5.1: Ovinto's data collection
method

SABIC's RTCs are equipped with a GPS-device from the
company Ovinto to de�ne their location on the globe.
The device sends its location to the servers of Ovinto
every two hours. The collected GPS-data points are
then further processed by Ovinto. As a result, inform-
ation regarding the behavior of the 
eet is available
through Ovinto's online platform. This includes rail car
utilization measures and detailed RTC trip information.
Ovinto's data collection process is visualized in �gure
5.1.

Traveling times and distances will be obtained by us-
ing improved GPS data from Ovinto's RTC round trip
overview. This round trip overview includes trip data on
the name of the �nal destination, distance driven, dur-
ation, start time and end time. Using this data, average travel times, average holding times at
locations, total trips towards customers, and average time in maintenance will be determined.

17



CHAPTER 5. DATA UNDERSTANDING & PREPARATION

5.1.1 Understanding the data

The employees of SABIC can de�ne a geofence to learn Ovinto's system the locations of the
important areas. Ovinto (2019) de�nes a geofence as a \virtual area which you draw to de�ne
certain locations, for example, your production site, the customer's site, a workshop, etc". The
system can create trips between the de�ned geofences.

According to Ovinto, a trip is created by using the last position in the departure geofence (e.g.
production site) and the �rst position in the arrival geofence (e.g. customer's production site).
This is illustrated in �g 5.2. SABIC has de�ned geofences of suppliers, customers, shunting yards,
border crossings, and repair shops in the Ovinto System.

Figure 5.2: Trip calculation

5.1.2 Verifying data quality

The attribute distance traveled was investigated to investigate the quality of the GPS-data. One
would expect that a distance traveled over rail is almost constant. In �gure 5.3 the distance of 1274
trips that were made between 2017-01-01 and 2018-12-31 from RTT towards CUS-05 are displayed.
When looking at �gure 5.3, it can be concluded that this traveled distance is not constant. The
mean of the traveled distance is 115,50 kilometers and the standard deviation is 23,65 kilometers.
The Euclidean distance between the RTT and CUS-05 is 120 kilometers and the distance over rail
is according to the Ovinto-platform 157 kilometers.

Figure 5.3: Distance to CUS-05

The trips from Chemelot towards CUS-05 are
investigated to explore the quality of the time meas-
ure in more detail. The mean travel time towards
this destination is 0,33 days and the standard devi-
ation is 0,09 days. The average speed can be calcu-
lated by using this mean travel time. According to
the European court of Auditors (2016), the average
speed of a freight train is around 18 kilometers per
hour on European international routes. SABIC's
average speed on this route is 157

(0 ;33� 24) � 20 kilo-
meters per hour. This indicates that the average
travel time on this route can be correct. However,
the travel time measure needs to be investigated in
more detail to validate it for every route.

Process discovery was used to validate the travel
time for every route. Besides that, it was used to
discover the routes the RTCs have taken towards a location and back. As described in chapter 2, a
RTC can only travel between SABIC and a customer, between a SABIC and a supplier or between
SABIC and a workshop. The discovered routes were used to check if this expected behavior is
also present in the data.
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Figure 5.4: Trip to & from CUS-05

It is required to have at least an event name, event time
stamp, and case identi�er for every event to be able to use
the data in process mining software. An event name captures
the executed activity, the event timestamp covers the start
time or end time of the activity, and the case identi�er tells
us which executed activities belong together. The collection
of these events is called the event log. Based on the event
log, a process model can be constructed which captures the
behavior seen in the log. (van der Aalst, 2016)

In this inquiry, an event is either the arrival or a departure
of a RTC. Corresponding timestamps are present in the data.
A case starts at the departure of a RTC at the production site
in Geleen and ends when it is returned. The code described
in algorithm ?? was used to apply this logic to the data.

In �gure 5.4 one of the discovered routes is visualized. The
cases were �ltered on the event \Arrive at CUS-05" to obtain
this route. When looking at the discovered route, it can be
concluded that on the way up to CUS-05 sometimes a stop
is made at Sittard Station. For all customers and suppliers,
the same analysis was done. For most routes between de�ned
Geofences, the discovered behavior re
ected the expected be-
havior.

Although almost all routes showed expected behavior,
some outlier trips were present in the data. These outlier
trips involve (example in �gure 5.5) a exceptionally long dis-
tance travelled (e.g. 22002,93 km). When investigating one
of these trips in more detail, it was concluded that some data
points were not correct. According to Ovinto, these GPS-
modules have drifted intentionally to identify almost empty
batteries. When a GPS unit has drifted, it has generated false
locations during non-moving state (Thong, Han & Rahman,
2007).

.

Figure 5.5: Incorrect data points creating a trip

5.1.3 Preparing the data

In this phase, all activities to construct the �nal data have performed. These executed steps are
described in chapter 3 in algorithm 1.

In the data, some trips were present where the departure location was equal to the �nal
destination (e.g. CUS-06 to CUS-06). As mentioned in chapter 5, the creation of these trips
is mainly caused by GPS-drifting. Unfortunately, these trips are interfering the holding time
calculations at customers and suppliers. Therefore, it is required to remove these incorrect trips
from the data set to compute the right holding times. This was done by using an if statement in
excel. A total of 1321 trips with these characteristics was removed from the data set.
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In table 5.2 all RTC data entries of a complete block train are shown. One would expect that
all RTCs on a train would have the same arrival time and departure time. However, as presented
in table 5.2, this hypothesis is not true. Another thing that stands out from this table is that the
time between the �rst departure time and last departure time is about four hours. This indicates
that the promised two-hour interval between GPS-points is not always achieved. Besides that, it
stands out that there is a huge di�erence between the distance traveled.

RTC number Dep. Arr. Dep. Time Arr. Time Distance Travel time
33807809732-0 RTT CUS-06 02-01-18 23:26 03-01-18 17:18 127,19 0,74
33807809148-9 RTT CUS-06 02-01-18 23:30 03-01-18 17:30 114,61 0,75
33807809494-7 RTT CUS-06 02-01-18 23:33 03-01-18 17:18 129,55 0,74
37847809329-7 RTT CUS-06 03-01-18 00:01 03-01-18 15:54 105,33 0,66
33807819401-0 RTT CUS-06 03-01-18 00:06 03-01-18 16:11 126,58 0,67
37807819351-3 RTT CUS-06 03-01-18 00:06 03-01-18 16:15 127,17 0,67
37807819255-6 RTT CUS-06 03-01-18 00:18 03-01-18 16:30 157,14 0,67
37807819345-5 RTT CUS-06 03-01-18 00:18 03-01-18 16:26 157,63 0,67
37807819366-1 RTT CUS-06 03-01-18 00:39 03-01-18 16:39 163,98 0,67
37807819387-7 RTT CUS-06 03-01-18 00:42 03-01-18 18:44 164,02 0,75
37807809494-3 RTT CUS-06 03-01-18 00:42 03-01-18 18:42 164,1 0,75
37807819253-1 RTT CUS-06 03-01-18 00:54 03-01-18 16:54 165,13 0,67
33807809758-5 RTT CUS-06 03-01-18 00:54 03-01-18 17:01 165,74 0,67
33807809754-4 RTT CUS-06 03-01-18 00:55 03-01-18 17:04 165,45 0,67
37807809476-0 RTT CUS-06 03-01-18 01:03 03-01-18 17:03 165,32 0,67
33807819411-9 RTT CUS-06 03-01-18 01:15 03-01-18 17:15 150,77 0,67
33807809765-0 RTT CUS-06 03-01-18 01:28 03-01-18 17:18 128,62 0,66
33807809718-9 RTT CUS-06 03-01-18 02:34 03-01-18 16:26 90,82 0,58
37807819341-4 RTT CUS-06 03-01-18 03:15 03-01-18 17:06 94,65 0,58

Table 5.2: Example data that shows some problems

Algorithm 2: Identifying trains and compute new travel time
Input: Ovinto trips data set
Output: Improved Ovinto trips data set + identi�ed trains

1 Sort all trips �rst by RTCNumber and than by departureTime
2 Merge trips where the trip departure time is equal to the arrival time of the previous trip
3 Sort all trips �rst by departure location, second by arrival location and third by departure

time
4 for all trips do
5 if RTC trip belongs in the same train as the previous RTC tripsthen
6 Assign RTC trips to the same train

7 else
8 Create new train with characteristics of RTC

9 Compute train travel times
10 Assign train characteristics to individual RTC trips

Algorithm 2 was developed to identify the di�erent trains in the data. The algorithm starts
by sorting the data set on RTCNumber and then by departure time. After that, the trips were
merged wherever the arrival time was equal to the departure time of the next trip in the sorted
trip list. This merge was required because for example half of the train paused at Sittard Station
and half of the time train drove directly towards the customer. In this situation, half of the RTCs
send their position to the server exactly in the half-hour they were inactive at Sittard station.
The other half was not scheduled to send a location in that half an hour and therefore missed the

20 Determining the optimal rail freight car 
eet size & composition using GPS-data



CHAPTER 5. DATA UNDERSTANDING & PREPARATION

Geofence Sittard station.
The resulting new data set was sorted �rst by departure location, second by arrival location,

and third by departure time. Thereafter, the data set could be scanned to identify the RTC trips
that belong together in a train. RTC trips belong together if the departure and arrival times are
in between six hours of each other. Besides that, the departure and arrival location should be the
same. ThetrainNumber attribute is used to indicate which RTCs belong to witch train and to
assign the same arrival and departure times.

At the last part of the algorithm, the new travel time of each train is computed. The travel
time was maximized to 22 days because this was the last observation shared by four RTC trips
(train of 4 RTCs). The train characteristics can replace the RTC characteristics when this is done.
The result of algorithm 2 is shown in table 5.3, which is the improved version of table 5.2.

RTC number Dep. Arr. Dep. Time Arr. Time Train nr Travel time
33807809148-9 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809494-7 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809718-9 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809732-0 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809754-4 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809758-5 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807809765-0 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807819401-0 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
33807819411-9 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807809476-0 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807809494-3 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819253-1 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819255-6 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819341-4 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819345-5 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819351-3 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819366-1 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37807819387-7 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61
37847809329-7 RTT CUS-06 03-01-18 01:15 03-01-18 15:54 1788 0,61

Table 5.3: Result of train identi�cation algorithm

After the travel time attribute was improved, the holding time attribute was constructed from
Ovinto's trip data. Formula 5.1 describes the holding time calculation of a RTC at a given location.
During executing the model, some incorrect negative holding times have been discovered. This is a
consequence of the inaccuracy in Ovinto's departure and arrival times. According to an employee
of customer service, a customer needs two days to discharge a RTC. Therefore, the minimum
holding time has been equated to two days.

RTC holding time = RTC trip departure time � RTC previous trip arrival time (5.1)

Literature suggests that the holding time and travel time t ij are log-normal distributed (Chang,
2010). However, when using the Shapiro{Wilk test to test the data for normality, the log-normal
distribution could not be proven for the travel time. The same holds for the holding time hl at
location l 2 L. Therefore, it was decided to pick random values out of the true distribution when
creating new time stamps for simulation. The distributions of both the travel time and holding
time are given in appendix D. Figure 5.7, 5.6, 5.9 and 5.8 are used to illustrate the distributions.
In these �gures, 98% of the total data is included which is consolidated in 25 bins.
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Figure 5.6: Travel time to CUS-05 Figure 5.7: Holding time at CUS-05

Figure 5.8: Travel time to parking yard SUP-06 Figure 5.9: Holding time at SUP-06

The next step was to identify trips belonging together in a round trip. A round trip starts
at the RTT and ends when it is returned. An example of a round trip is RTT - Shunting yard
Kijfhoek - SUP-06 - RTT. It is essential to identify round trips to classify the �nal destinations
of single RTC trips. All trips in that round trip receive a shared round trip id attribute when a
round trip is identi�ed.

Based on the �nal destination attached to the round trip id, the RTC type that is associated
with a round trip could have been determined. Overall, only one type of RTC is used for shipments
towards a single customer or supplier. Therefore, it is possible to construct the coupling type based
on the �nal destination of the trip. Only for transports towards CUS-12 the types Flange BD and
Flange C4 are used. The separation between di�erent transports can be made by using the BD
sales data from SAP. SAP data regarding the RTC-identi�cation number with the RTC type was
concluded to be invalid.

5.1.4 Constructing new timestamps

The historical timestamps were replaced by new timestamps to test di�erent model con�gurations.
These were created by picking a random value out of the true distribution oft ij and a random
value out of the true distribution of hl . In appendix D statistics on these parameters are presented.
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Algorithm 3 elaborates on how the new timestamps are computed.

Algorithm 3: Creating new departure and arrival time for each simulation run
Input: List of trips; list of holding times; list of trains
Output: Set of trips T

1 Group trips by departure and arrival location
2 Group holding time list by location
3 for all train do
4 for #simulation runs do
5 take a random value out of real distribution for t ij and assign to train

6 for all trips do
7 for #simulation runs do
8 if Start trip in case then
9 D t = actual D t

10 else
11 D t = A t � 1 + random hl

12 A t = D t + t ij of assigned train

Besides that, It has been decided that all RTCs start at the RTT to increase model under-
standably. Consequently, all trips scheduled from other locations towards the RTT were excluded
from the data set causing a required startup period.

Trip logs with the following timestamps were created:
1. Actual timestamps
2. Timestamps with deterministic holding and travel time
3. 10� Timestamps with stochastic holding and travel time for ten simulation runs
4. Timestamps with stochastic holding and travel time for sensitivity analysis

5.2 Internal spreadsheets

An internal spreadsheet is used to measure and discuss di�erent KPIs during the weekly rail
meeting. This �le includes, among other things, KPIs on �ll rates of storage tanks and the
number of RTCs located at the production site. This last number is obtained by an employee
working on the RTT. That employee manually counts the number of RTCs in SAP and enters
that into the spreadsheet.

5.3 Aspen & SAP

In Aspen, every discharge and loading of a RTC at the RTT is recorded. The system holds a lot
of data which is irrelevant for this project. In this project, the attributes: product, completion
time of loading or unloading, and the action (loading/unloading) have been included.

In the SAP system, among other things, the sales-related data of SABIC is stored. For modeling
purposes, it was required to obtain sales data related to the sales of product D towards CUS-12.
The data set holds a lot of sales-related data which is irrelevant for this project. Relevant attributes
are the RTC-number and trip departure time. Other data was not required since this download
was made from trips with the same product to the same customer starting at the same location.

According to the specialist Chemicals Europe, both the ASPEN and SAP's Sales systems are
used to create invoices and bills of loading. Errors in the system can have signi�cant consequences.
Therefore, system inputs are double-checked to be sure that no data errors have occurred. However,
in the ASPEN system, some educational RTC loading and unloading was recorded. Fortunately,
these are easy to detect since the handled volume strongly deviates.
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Modelling

In this phase, the model has been constructed which represents the RTC 
eet transportation
system. The constructed model is a closed-loop system and is visualized in �gure 6.1. In this
system, a RTC can have one of the following statuses: full at the RTT (grey RTC), empty at the
RTT (white RTC), broken at the RTT (yellow RTC), in transit (pink arrow), at customer/supplier
(factory) and in maintenance (yellow repair shop). It is assumed that the RTT makes clever
decisions on which RTC should be loaded or discharged with which product. These decisions are
based on, among other things, sales information and storage tank levels. Therefore, the streams

owing to and from the plants and the capacity and dynamics of storage locations are considered
out of scope.

Traveling times and distances, represented as pink arrows, will be obtained using the improved
GPS data described in chapter 5. The trip data includes data on the name of the �nal destination,
distance driven, duration, start time and end time. Using this, average travel and holding times,
total trips towards customers and average time in maintenance will be determined. First, an
answer will be provided on sub-question 2a by explaining important factors and their distributions.
Subsequently, the developed 
eet sizing and composition model is explained. Finally, di�erent test
cases are elaborated.

Figure 6.1: Visualization of system behaviour
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6.1 Model parameters

In this sub-section, important model factors and parameters and their corresponding distributions
are discussed to answer on sub-question 2a. In discrete event simulation, an event changes the
state of the system (Fishman, 2001). The complete set of eventsE is constructed by covering
both the set of trips T in the data of Ovinto and the loadings and discharges in the ASPEN data.
Therefore, event typesC include arrival, departure, loading, and discharge. An eventet;c happens
at time t and is associated with type c 2 C. 146782 events are included in the model.

Parameter Description
T Set of trips
E Set of events
C Set of event types
L Set of locations
G Set of RTC types
et;c;l;g Event happening at time t of type c 2 C

happening at location l 2 L with type g 2 G
St;l;g Stock of type g 2 G at time t at location l 2 L
at;l;g Availability of type g 2 G at time t at location l 2 L
t ij Travel time from i 2 L to j 2 L
hl Holding time at location l 2 L
RTC g RTC associated with type g 2 G

Table 6.1: Mathematical notation used throughout the text

Important locations L are included in table 6.2. 80% of these shipments were executed towards
only four locations (L) (three customers (C), one supplier (S)). Even though the volume trans-
ported to each location is relatively stable, it should be noted that there is a major distinction
between 2017 and 2018. This is caused by a major supplier shift where SUP-01 was changed to
SUP-06. The distance presented in table 6.2 is Euclidean. Besides that, it is stated which RTC
type G is handled by a location. The di�erent types are Flange 1 (F1), Flange 2 (F2), WECO
(W) or TODO (T). Moreover, it is stated if a RTC is transported via a block train (BT) or by
single wagon transport (SW).

CODE Distance(km) BT/SW L g 2 G Movements V(kt) % of transport
SUP-06 155,70 BT S F1 5828 160,27 30%
CUS-12 605,33 BT C F1, F2 4112 113,08 21%
CUS-05 119,54 BT C F1 3897 107,17 20%
CUS-06 73,30 BT C F1 1717 47,22 9%
SUP-02 139,41 SW S T 1500 45,00 8%
CUS-03 372,93 SW C W 852 23,43 4%
SUP-03 144,96 SW S F1 548 15,07 3%
CUS-01 294,47 SW C W 479 13,18 2%
CUS-15 429,42 SW C F2 196 5,39 1%
CUS-07 80,30 SW C F1 168 4,62 1%

Table 6.2: Top 10 locations in terms of movements in 2018

As mentioned before, a division was made which allows SABIC to have 250 RTCs parked on-
site for private use only. This is a soft constraint because parking space in the multi-use parking
area will be used if this single-use parking space is completely occupied. However, SABIC desires
to minimize the usage of space in this multi-use parking area. Therefore, it is required to include
constraint 6.1 concluding on the optimal 
eet size.
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GX

g=0

St;RT T;g � 250 8t; g 2 G (6.1)

According to DBC, a big chance of a fully-occupied rail infrastructure exists when SABIC
exceeds the number of 300 RTCs on site. Therefore, equation 6.2 is a hard constraint that cannot
be relaxed.

GX

g=0

St;RT T;g � 300 8t; g 2 G (6.2)

One of the objective of this thesis is to maximize the availability ART T;g , while satisfying
constraint 6.1 and 6.2. at;l;g is used to check if a RTC group was available at timet at location l
2 L. at;l;g is a binary value and is either 0 or 1.at;l;g = 0 represents no availability and at; 1;g = 1
represents availability of a RTC group at time t. Equation 6.3 calculates the 
eet size and equation
6.4 calculates the availability of a RTC group.

Fleet size =
GX

g=0

RTC g g 2 G (6.3)

ART T;g = 100 �
P T

t =0 at;RT T;g

jT j
8t; g 2 G (6.4)

The attribute t ij represents the travel time from i 2 L to j 2 L. The attribute hl represents the
holding time at location l 2 L. For both parameters the distributions in the data are used since
no statistical distribution could have been proven. Examples of these distributions are given in
section 5.1.3.

6.2 Assumptions

In the construction of the models, assumptions had to be made. The most important assumptions
are listed below. Di�erent test cases are explained further in this report.

1. General

(a) All trips that are made between 01-01-2017 and 31-12-2018 are present in the data.
(b) External revisions and maintenance are present in the data.
(c) A RTC is never broken if it is located at the RTT.
(d) The 
eet composition cannot be changed in between 01-01-2017 and 31-12-2018.
(e) The arrival of extra RTCs in summer is present in the data. The amount of these

arriving RTCs cannot be changed.
(f) No costs are involved when constraint 6.1 or 6.2 are violated.
(g) The RTT, Customers, and suppliers are interconnected by rail links.
(h) The model constructed is a closed-loop system. A RTC only leaves the system when

its rental is terminated.
(i) The parameter demand is deterministic
(j) The loading state of a RTC is not included.
(k) At t0 all RTCs are located at the RTT (

P G
g=0 S0;RT T;g = 
eet size g 2 G)

(l) A RTC can arrive and depart at the RTT, a customer, or supplier at any point in time.

2. Model 1: 
eet sizing:

(a) In test case 1.1: t ij and hl are deterministic minimum and mean values
(b) In test case 1.2: t ij and hl are stochastic
(c) The 
eet is homogeneous.G = f 1g
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3. Model 2: 
eet sizing and composition

(a) In test case 2.1 + 2.2: t ij and hl are stochastic
(b) The 
eet is heterogeneous. G = f TODO ; Flange 1; Flange 2; WECOg
(c) The coupling type used for transports can be determined by using the �nal destination

L . One single location can only handle one coupling type

6.3 Model development:

The developed models which will be discussed in this section. First will be started by discussing
the 
eet sizing model (model 1). Subsequently, the developed 
eet composition model will be
elaborated (model 2). Finally, the implementation of the �lling state (full/empty) of a RTC will
be discussed (model 3).

The main objective of the �rst model is to determine the maximum suitable 
eet size. The
purpose of this second model is to determine the optimal 
eet composition for the maximum
suitable 
eet size. Di�erent test cases were designed to understand system behavior and to validate
the models. The functioning of both models is covered in algorithm 4.

The model uses the prepared set of trips as an input. This can either be the set with ac-
tual travel and holding times, the set including deterministic travel times, or the set containing
stochastic travel times. After the list is imported, the list is converted into a list of events. The
list includes arrival and departure events with their corresponding event timestamp. Thereafter,
the created list of events is sorted by the time of the timestamp. Hereafter, at every event, the
stock at location l is updated and stored in a list for further analysis.

Algorithm 4: Model
Input: Set of trips T, S0;l;g

Output: Tables of St;l;g 8t
1 Convert list of trips T into list of events E
2 Sort event list on event time t
3 for 8et;c;l;g do
4 Update St;l;g // function is explained in algorithm 5
5 Store St;l;g // value at time t is stored in a list

Algorithm 5 explains how the stock at location l is updated. In the �rst model, no distinction
is made between di�erent g. Although, in the second model, this distinction is made. The function
requires St � 1;l;g and et;c;l;g as an input. In case of a departure, the stock is deducted by one. In
case of an arrival, the stock is increased by one. AfterSt;l;g is calculated, it is returned to the
model.

Algorithm 5: Update St;l;g

Input: St � 1;l;g ; et;c;l;g

1 if et; departure ;l;g then
2 St;l;g = St � 1;l;g - 1

3 else if et; arrival ;l;g then
4 St;l;g = St � 1;l;g + 1

5 return St;l;g

Finally, in the third model, the �lling states (full/empty) of a RTC at time t have been included.
The state of a RTC can either be changed at arrival, departure, loading or a discharging event.
The arrival and departure events are present in the GPS-data. Unfortunately, it has not been
recorded if a RTC departed or arrived full or empty. The loading and discharging events are
present in the ASPEN data.

Hence, assumptions were made on whenever a RTC departed or arrived full or empty. On a
trip towards a customer location, it was assumed that a RTC departs full and arrives empty. On
a trip towards a supplier location, it was assumed that the RTC departs empty and arrives full.
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On a trip towards a swap1 location, it was assumed that a RTC departs full and arrives in 60%
of the times full and 40% empty. Algorithm 5 was extended by applying this logic.

6.4 Designing test cases

Di�erent test cases were designed to test the model under di�erent system con�gurations.

1. Fleet sizing

(a) Test case 1.1: Deterministic values: In this test case the smallest travel time t ij

between locationsL and the smallest hl of location L are used to test if constraints
6.1 and 6.2 can be met under perfect conditions (a). After that the system is tested
with mean values for hl and t ij . This is done to test the system under less perfect
deterministic conditions. The di�erent test cases are visualized in table 6.3.

holding time hl

minimum mean

travel time t ij
minimum a b
mean c d

Table 6.3: Test cases with deterministic parameter values

(b) Test case 1.2 Simulating: In this test case, the travel and holding times are con-
sidered to be stochastic. By taking random values out of the lists oft ij and hl new
departure and arrival times were computed. The algorithm applied to achieve this is
presented in algorithm 3. For all trips, this algorithm was executed ten times to prepare
the timestamps for ten simulation runs.

(c) Test case 1.3 Sensitivity analysis: A sensitivity analyze was performed to check
the sensitivity of model parameters holding and travel time. The times were multiplied
by two to test the sensitivity of both parameters.

2. Fleet sizing and composition model

(a) Test case 2.1: Simulation: As mentioned before, in test case 2 the historical
timestamps were replaced by new time stamps. These were computed by taking a
random value out of the real distributions of t ij and a random value out of the real
distributions of hl . Statistics about these parameter values can be found in appendix
D. During this test case the behaviour of the di�erent RTC groups will be studied more
in depth. This included a study on the minimum required 
eet size to full �ll demand.
This enabled the researcher to draw conclusions on the optimal 
eet size under the
heterogeneous 
eet assumption.

(b) Test case 2.2 Scenario analysis: This test case is created to investigate the impact
of di�erent scenarios on the 
eet size. Results from this analysis will be used to draw
conclusions on proposed system modi�cations. To evaluate the performance of di�erent

eet composition con�gurations against the two main objectives a Pareto analysis was
executed. This test case makes also use of the simulation timestamps.

1At a swap location, a swap with products is performed. This includes a delivery of product X where 60% of
the RTCs return full with product Y and 40% of the RTCs return empty
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Validation

In this chapter, the validation of the developed models will be discussed. Actual time stamps were
used to validate the di�erent versions of the model. By utilizing this actual time stamps, the model
output could have been compared to expected behavior and data captured in internal spreadsheets.
First, the model initialization period will be elaborated. Second, the validation of the 
eet sizing
model will be discussed. Third, the validation of the 
eet sizing and composition model will be
explained. Finally, the validation of the extension with loading states will be discussed.

7.1 Model initialisation

As described in chapter 6, all RTCs start at the RTT to increase model understandably
(
P G

g=0 S0;RT T;g = 
eet size). Consequently, trips scheduled from other locations towards the
RTT were excluded from the data set, causing a required a startup period. This startup period is
studied more in-depth to understand its length. Excluded trips were used in this study only. By
doing this, only the RTCs that needed to arrive appeared as a result.

The number of RTCs that was not located at the RTT at t0 (01-01-2017) is presented in table
7.1. Besides that, it is showed when 50%, 90%, 95%, and 100% of the RTCs had returned at
the RTT. The model starting points are the values of @90% initialization. Figure 7.1 shows the
arrival of the RTCs at the RTT. In the �gure it is clearly visible that the summer 
eet (40 Flange
1 RTCs) is arriving around April 2017. These RTCs do arrive in small groups and in one full
train. It is also visible that for the smaller RTC groups the model is initialized much faster. At
09-11-2018 all 242 RTCs are returned at the RTT.

Figure 7.1: Model initialisation
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Type #RTCs not at RTT at t0 @50% @90% @95% @100%
Todo 4 04-01-2017 04-01-2017 04-01-2017 04-01-2017
Flange 1 209 12-01-2017 19-04-2017 09-09-2017 09-11-2018
Flange 2 13 13-01-2017 11-02-2017 07-10-2017 07-10-2017
Weco 16 09-01-2017 25-02-2017 29-03-2017 29-03-2017

Total 242 13-01-2017 11-04-2017 02-09-2017 09-11-2018

Table 7.1: Initialisation statistics

7.2 Model 1: Fleet sizing

The similarity performance around
P G

g=0 S0;RT T;g = 509 was studied to validate the �rst model.
This number was provided as the starting 
eet size at 01-01-2017 in Ovinto. The model similarity
is the percentage of days the spreadsheet value was in between the model's daily minimum and
maximum value with an allowed deviation of 3%. In this calculation, the measured days have
been included only. In table 7.2 the similarity performance of di�erent starting values is shown.

P G
g=0 S0;RT T;g Similarity

P G
g=0 S0;RT T;g Similarity

P G
g=0 S0;RT T;g Similarity

519 73.38% 513 75.37% 507 73.13%
518 74.88% 512 74.38% 506 72.14%
517 74.88% 511 74.3% 505 71.14%
516 74.63% 510 75.37% 504 70.40%
515 74.13% 509 75.12% 503 69.65%
514 74.88% 508 74.63% 502 67.41%

Table 7.2: Similarity of model and RTT spreadsheet

Even though the similarity is lower than desired, the model behavior visualized in �gure 7.2
is promising. The black line (spreadsheet values) is behaving more or less the same as the green
(model daily average), blue (model daily maximum), and yellow (model daily minimum) line.
P G

g=0 S0;RT T;g was chosen to be 510 because it performed better in terms of total deviation.

Figure 7.2: Fleet sizing model validation
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The deviations were studied more in-depth to explain the discrepancy between the model
behavior and the RTT values. No relation was found between the number of deviations and a
particular weekday. A deviation was about 40 RTCs (2 block trains) with outliers towards 112
RTCs. According to a scheduler from the RTT,

P G
g=0 St;RT T;g can only be obtained from the

system on actual time t. Therefore, it is impossible to check if historical spreadsheet values are
right. Hence, it has been decided to accept the achieved model similarity and to move on to the
next version of the model.

7.3 Model 2: Fleet sizing & composition

Actual time stamps and current RTC group 
eet sizes were used to validate the model. In �gure
7.3, it is visible that due to a factory pause, some RTC types partly halted departing. Besides
that, the 
eet groups behave like expected and do not exceed their starting value. Also, this model
output has been validated with relevant stakeholders at SABIC. The current 
eet composition has
been used to obtain �gure 7.3. Given these points, it was decided that this model produces valid
outcomes and to move on to the next version of the model.

Figure 7.3: Validation of 
eet composition model

7.4 Model 3: Including di�erence between full/empty RTCs

In model 3, the loading state (full/empty) attribute was included into the model. In �gure E.1 in
appendix E, the behaviour of this model is visualized. In this �gure a sharp increase in the amount
of full Flange-1 (green) and a sharp decrease in the amount of empty Flange-1 (black) is shown
in March and April 2017. A sharp increase in full RTCs in combination with a sharp decrease in
empty RTCs can only happen when full RTCs are transported towards a supplier location.

It was concluded that this behavior was caused by unusual system behavior during planned
maintenance on the X factory in March and April. During this maintenance, product X could
not be consumed internally by the factory X anymore. Therefore, all produced product X was
required to be exported. Besides that, it resulted in extra loading operations of product X at the
RTT. The fact that unusual behavior has a big wrong impact on the modeled behavior proves the
incorrectness of the assumptions described above. Therefore, model 3 is declared to be invalid.
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Chapter 8

Results

In this chapter, the results of the developed models will be discussed. As mentioned in 3, the
results are obtained by utilizing the model in Python. First, the 
eet sizing model results will be
explained. Subsequently, results from the sensitivity analysis will be presented. After that, the

eet sizing and composition results are explained. Finally, the results of some scenario analysis
will be discussed (answer on sub-question 2b).

8.1 Model 1: Fleet sizing only

First, the results of applying deterministic parameters will be reviewed. Second, the results of the
simulation will be presented. Third, the results of the sensitivity analysis will be explained.

8.1.1 Test case 1.1: Deterministic travel times

As mentioned before, in this test case historical timestamps were replaced by new time stamps
created by using minimum and mean travel times between locations and the mean holding times
at a given location. These mean and minimum parameter values can also be found in appendix
D. These new timestamps have been used to test if the parking yard boundaries can be satis�ed
under discrete conditions. The maximum allowed 
eet sizes under these deterministic parameters
are presented in table 8.1. The corresponding graphs are presented in appendix E.

holding time hl

minimum mean

travel time t ij
minimum 301 365
mean 351 382

Table 8.1: Maximum which 
eet size satis�es constraint 6.1

The smaller required 
eet size for minimum values can be explained by the fact that RTCs
return at the RTT quicker due to a shorter turn around time. Thus, under deterministic conditions,
the parking limit constraints can be met. However, a radical decrease in 
eet size is required.

8.1.2 Test case 1.2: Simulation

When looking at the parking yard capacity constraints, we are interested in the daily maximum
of

P G
g=0 St;RT T;g . The daily maximum value is visualized in �gure 8.1. Thus, under stochastic

conditions, parking limit constraint 6.2 can be met. Besides that, the startup period is visible.
With a 
eet size of 461 only in one simulation run

P G
g=0 St;RT T;g = 300. Besides that, on 23.6

days constraint 6.1 was violated.
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Figure 8.1: Output simulation satisfying 6.2

Table 8.2 is obtained by averaging over ten simulation runs. The average amount of days in
the given range is presented in table 8.2. As shown, a 
eet size of 411 is expected to be 0.1 dayP G

g=0 St;RT T;g = 250. The current 
eet size is 462 (base case) and is expected to be 26.0 days in
danger zone.

Size mean min max � 0 � 250 � 275 � 285 � 290 � 295 d� 300
462 177,21 64,5 286,5 0 26,0 2,9 0,8 0,3 0,3 0,1
461 176,21 63,5 285,5 0 23,6 2,7 0,6 0,3 0,2 0,1
456 171,21 58,5 280,5 0 15,3 1,7 0,3 0,2 0,1 0
451 166,21 53,5 275,5 0 10,9 0,6 0,2 0,1 0 0
446 161,21 48,5 270,5 0 7,2 0,3 0,1 0 0 0
441 156,21 43,5 265,5 0 4,2 0,2 0 0 0 0
436 151,21 38,5 260,5 0 2,7 0,1 0 0 0 0
431 146,21 33,5 255,5 0 1,7 0 0 0 0 0
426 141,21 28,5 250,5 0 0,6 0 0 0 0 0
421 136,21 23,5 245,5 0 0,3 0 0 0 0 0
416 131,21 18,5 240,5 0 0,2 0 0 0 0 0
411 126,21 13,5 235,5 0 0,1 0 0 0 0 0

Table 8.2: Average over 10 simulation runs testing the 
eet size d = #days

We are interested in the daily minimum of
P G

g=0 St;RT T;g to �nd the minimum required 
eet
size under homogeneous 
eet assumptions. The minimum required 
eet size for a guaranteed
availability is 410 and is visualized in appendix E.

In conclusion, it is possible to satisfy both the RTC parking limit and availability constraints.
The maximum suitable 
eet size under these homogeneous assumptions is 411 where the minimum
required 
eet size is 410.

8.1.3 Test case 1.3: Sensitivity analysis

A sensitivity analyze was performed to check the sensitivity of two important model parameters.
These parameters are travel timet ij and holding time hl . These times were multiplied by two
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to test the sensitivity of both parameters. First, the sensitivity of the parameter holding time is
examined. Second, the sensitivity of parameter travel time is studied.

Figure 8.2: Fleet behaviour under 2� hl with 
eet size = 568

In graph 8.2 the behaviour of the model with 2� hl is shown. By plotting the daily minimum
of St;RT T this �gure is obtained. The minimum required 
eet size to full �ll demand under this
model conditions is 568. This 
eet size is 568� 410 = 158 bigger than under normal stochastic
circumstances. Thus, the impact of the holding time on the required 
eet size is signi�cant.

Figure 8.3: Fleet behaviour under 2� t ij with 
eet size = 415

In graph 8.3 the behaviour of the model with 2� t ij is shown. The minimum required 
eet size
to full �ll demand under this model conditions is 415. This required 
eet size is only 415� 410 = 5
bigger than under normal stochastic circumstances. Thus, the impact of the travel time on the
required 
eet size is not signi�cant. In conclusion, in both graphs it is visible that the impact of
the holding time is larger than the impact of the travel time.
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8.2 Model 2: Fleet sizing and composition

Secondly, the 
eet sizing model has been extended into a 
eet composition model. In this model,
the four RTC groups (Flange-1, Flange-2, Weco, and Todo) are included. The behavior and the
minimum required 
eet size of the four RTC groups are studied more in depth. This allowed the
researcher to �nd the minimum required 
eet size for the heterogeneous 
eet.

First, the behavior and the minimum 
eet size of the RTC group TODO is discussed. As
visualized in �gure 8.4, the RTCs in the TODO 
eet make a lot of short trips. Besides that, a
factory stop in April 2017 is visible. The minimum required 
eet size to full �ll demand is 40
RTCs.

Figure 8.4: St;RT T for RTC group TODO with 
eet size of 40

Second, the behavior and the minimum required 
eet size of the RTC group WECO is discussed.
As visualized in �gure 8.5 during the turnaround in May 2017 almost all RTCs of the WECO 
eet
were parked at the RTT. The minimum required 
eet size to full �ll demand is 94 RTCs.

Figure 8.5: Minimum of St;RT T in simulation run for group WECO with 
eet size of 94

Third, the behavior and the minimum 
eet size of the RTC group Flange-1 is discussed. As
visualized in �gure 8.6, almost all RTCs of the Flange-1 
eet were required during the turnaround
(read: factory standstill during maintenance) in May 2017. During this turnaround, some RTCs
were required to ship goods that could not be consumed internally anymore. The minimum
required 
eet size to full �ll demand is 346 RTCs.
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Figure 8.6: Minimum of St;RT T for RTC group Flange 1 with 
eet size of 346

Fourth, the behavior and the minimum 
eet size of the RTC group Flange-2 is discussed. As
visualized in �gure 8.7 almost all RTCs of the Flange-2 
eet were required during the turnaround
in May 2017. During this turnaround, some RTCs were required to ship goods that could not be
consumed internally anymore. The minimum required 
eet size to full �ll demand is 46 RTCs.

Figure 8.7: Minimum St;RT T for RTC group Flange-2 with 
eet size of 46

In conclusion, the behavior of the di�erent RTC groups have been visualized were several groups
showed di�erent behavior. Only RTC groups transporting product D show similar behavior. A
total 
eet size of 484 is required in summer. The 
eet composition is presented in table 8.3.

RTC type Current(summer) Current(winter) Proposed(summer) Proposed(winter)
TODO 25 25 40 40
WECO 80 80 94 94
Flange 1 298 258 346 306
Flange 2 59 59 46 46
Totaal 462 422 524 484

Table 8.3: Minimum required 
eet for a heterogeneous 
eet
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8.3 Scenario analysis

In this section, the results of a scenario analysis are presented. In this scenario analysis, the
consequence of two scenarios are investigated. The results of this scenario analysis answers on
sub-question 2b. First, the outcome of combining the 
eet Flange-2 and WECO will be discussed.
Second, the result of a penalty at CUS-03 will be discussed.

8.3.1 Scenario 1: Combining 
eets Flange-2 and WECO

In this scenario, the consequence of combining the 
eet 
ange-dedicated and WECO is investigated.
This scenario is investigated since both groups transport the same product. In case of a merge, a
minimum of 124 RTCs is required. The 
eet behaviour is visualized in �g 8.8.

Figure 8.8: Minimum St;RT T for RTC group PRODUCT D with 
eet size of 124

In table 8.4 the required 
eet composition for scenario one is presented. As a result of im-
plementing this policy, the merged 
eet size, determined in section 8.2, can be decreased by 20.
However, this 
eet size is only �fteen smaller than the current 
eet size.

RTC type Current(summer) Current(winter) Proposed(summer) Proposed(winter)
TODO 25 25 40 40
Product D 139 139 124 124
Flange 1 298 258 346 304
Totaal 462 422 524 484

Table 8.4: Minimum required 
eet for scenario 1

8.3.2 Scenario 2: Maximum of 7 days holding time at CUS-03

In this scenario, the impact of introducing a maximum holding policy on the RTC group WECO
is investigated. This scenario is investigated because some WECO customers tend to hold some
RTCs as `stock on rail' resulting in longer holding times. In case of a seven days maximum holding
period, a minimum 
eet size of 87 RTCs is required. The 
eet behavior is visualized in �g 8.9.
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