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Abstract
Rail is an important means of transport for providing the opportunity for people to travel. Everyday
about half a million people travel by train in the Netherlands. These travel movements are linked
to the regional competitiveness of cities and regions. Therefore, the increase of the capacity of the
interregional rail connections is often emphasised in policies. One of the current trends in the rail sector
in order to reach this intensification of rail connections is the increasing use of digital solutions in the
railways. Doing so is often referred to as the transition from analogue to “Digital Rail”. Therefore, this
research aims for defining the concept of Digital Rail and examines the conditions in which the concept
of Digital Rail can be a realistic alternative to part of the investments needed for the construction of new
rail infrastructure and in what way cooperation with public and private parties play a role in this regard.
This research indicates that there are several advantages and disadvantages to the implementation of
the concept of Digital Rail. and that the concept of Digital Rail can be a realistic alternative to part of the
investments needed for the construction of new rail infrastructure if four essential conditions are met.
If these conditions are met a proper consideration can be made between physical expansion of the
rail network and the implementation of Digital Rail. This research indicates that the concept of Digital
Rail provides a viable alternative, however, the capacity it generates is in the end linked to the physical
capabilities of the rail network.
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Summary
Rail is an important means of transport for providing the opportunity for people to travel. Everyday
about half a million people travel by train in the Netherlands. These travel movements are linked to
the regional competitiveness of cities and regions. The more people travel, the better the regional
competitiveness gets. This increase of regional competitiveness is often aimed for in national policies
to increase the agglomeration power of said region, thus increasing the economic performance. In this
regard, it is often beneficial to provide more opportunities for people to travel between these regions,
since attracting creative and innovative residents to regions influences the economic performance.
These interregional connections are often facilitated by train. Therefore, the increase of the capacity of
the interregional rail connections is often emphasised in policies. In order to do so, several programs
are in effect in order to increase the rail capacity in the Netherlands such as Programma Hoogfrequent
Spoor (PHS) and Toekomstbeeld OV 2040 (TBOV 2040). However, given the fact that space is rather
scarce in the Netherlands, the opportunities for physically expanding the rail network are limited. This
calls for alternative solutions in order to increase the capacity of the Dutch railroads.
One of the current trends in the rail sector in order to reach this intensification of rail connections is
the increasing use of digital solutions in the railways. Doing so is often referred to as the transition from
analogue to “Digital Rail”. Although concepts as digitalisation and Digital Rail are often mentioned
in the rail sector, they remain relatively extensive and unknown within Dutch rail planning. In the
European rail sector, Digital Rail is often referred to as a catch-all concept that includes multiple digital
innovations such as, for example, ERTMS, Automatic Train Operation (ATO), smart timetables, smart
infrastructure and trains and automatic disruption solutions. However, a clear unified definition for
Digital Rail and a systematic approach to the concept is not yet defined. Also, an integral strategy for
developing and implementing Digital Rail mostly lacks.
This research aims for defining the concept of Digital Rail and examines the conditions in which the
concept of Digital Rail can be a realistic alternative to part of the investments needed for the construction
of new rail infrastructure and in what way cooperation with public and private parties play a role in
this regard. Through a case study for the application of the concept of Digital Rail in the Netherlands
insights are gained on the concept and its related benefits and challenges. This research finds that
Digital Rail can be defined as “an intelligent transport solution (ITS) aiming for the digitalisation of
the railways, therefore enabling organisations, goods and vehicles to be smarter, more efficient, more
comfortable and safer”. Furthermore, this research finds that “Digital Railways is not a goal in itself,
but a new concept and approach to the rail system in general in which new digital resources such as
the intelligent use of data, innovations and a system architecture, in which modularity, adaptivity and
standardisation are key components, contribute to rail mobility objectives such as increased efficiency,
safety, liveability and capacity expansion of the rail network.” In this regard, this research indicates
that within this concept of Digital Rail a practical implementation can be found in the use of Digital Rail
as a system. Within Digital Rail as a system, two domains can be identified: the domain of Command,
Control and Signalling (CCS) and the domain of data. Within the first domain, this research indicates
that more standardisation and modularity in the system architecture is needed in order to have a more
adaptive and futureproof rail system with potential lower future development cost and decreased
future project lead times. Furthermore, within the domain of data, the open availability of data is
emphasised in order to provide better information to the customer and the train driver. Additionally,
data can be used for maintenance and engineering purposes. In the end, both domains aim for the
enhancement of customer satisfaction.
This research indicates that there are several advantages and disadvantages to the implementation
of the concept of Digital Rail. For instance, systems like ERTMS and ATO provide increased efficiency
and capacity for the rail system. However, there are some drawbacks to be considered, such as the
difficulties regarding outdated communication systems, implementation challenges for ERTMS level
3 and bottlenecks in general implementation in rail due to legacy systems and a slow pace of rail
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innovation. However, in order to achieve the establishment of this system a proper strategy is needed
in which strong leadership and willingness to collaborate in a coalition of the willing on a European
level are of vital importance.
This research further indicates that the concept of Digital Rail can be a realistic alternative to part of the
investments needed for the construction of new rail infrastructure if four essential conditions are met.
In this regard, the first condition is the necessity to cooperate with safety authorities in the early stages
of development in order to have shorter development and implementation times for the concept of
Digital Rail and innovation in the rail sector in general. The second condition relates to the need for
more standardisation and modularity in the CCS architecture in order to decrease cost and project lead
times for future development. The third condition relates to the need for a clear cooperation structure
between public and private parties in order to share risks. This calls for a long term and adaptive
strategy for rail in Europe. The final condition relates to the fact that the concept of Digital Rail is only
to be considered an alternative to physically expanding the rail network when no physical bottlenecks
in the rail network occur. There are still bottlenecks that are not to be solved through digital solutions.
If these conditions are met a proper consideration can be made between physical expansion of the
rail network and the implementation of Digital Rail. This research indicates that the concept of Digital
Rail provides a viable alternative, however, the capacity it generates is in the end linked to the physical
capabilities of the rail network. Although the concept of Digital Rail helps to make better use of the
current rail infrastructure, in the long run expansion of the network is not to be ruled out considering
the capacity growth to be expected for the coming years. This is especially for the Netherlands a
challenge given the dense urban areas and lack of space for rail expansion. However, developing and
implementing the concept of Digital Rail, despite its challenges, is a desirable strategy for the coming
years.
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List of abbreviations
1.5kV: 1500 volt catenary system for supplying power to trains, currently used in the Netherlands.
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CCS: Command, Control and Signalling
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ETCS: European Train Control System
ERTMS: European Rail Traffic Management System
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MaaS: Mobility as a Service
MIRT: Meerjarenprogramma Infrastructuur Ruimte en Transport (Multi-year Infrastructure, Land and
Transport program)
Ministerie van I&W: Ministerie van Infrastructuur en Waterstaat (Ministry of Infrastructure and Water)
MRA: Metropool Regio Amsterdam (Amsterdam Metropolitan Area)
NMCA: Nationale Markt- en Capaciteitsanalyse (National Market and Capacity analysis)
NOVI: Nationale Omgevingsvisie (National environmental vision)
OCORA: Open CCS On-board Reference Architecture
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PHS: Programma Hoogfrequent Spoor (High Frequency Rail Program)
RCA: Reference CCS Architecture
REOS: Ruimtelijk Economische Ontwikkelstrategie (Spatial-Economic Development Strategy)
SAAL: Schiphol-Amsterdam-Almere-Lelystad corridor in the Netherlands
SVIR: Structuurvisie Infrastructuur en Ruimte (Vision Infrastructure and Environment)
TSI: Technical Specifications for Interoperability.
TBOV (2040): Toekomstbeeld Openbaar Vervoer 2040 (Future Agenda Public Transport 2040)
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1. Introduction
1.1 Motive
Urban and metropolitan agglomerations in Europe are often considered to be the engine of national
economies (Krätke, 2007). These metropolitan agglomerations are also of great importance in the
Netherlands with their function as an engine of the national economy (Rijksoverheid, 2016). The ambition
of the national government and the regional governments of the Northern and Southern Randstad and
Brain port Eindhoven is clearly expressed in the Ruimtelijk Economische Ontwikkel Strategie (REOS)1: “In
order to cope with international competition between urban regions, the innovative power, productivity
and agglomeration power of the Northern and Southern Randstad and Brain port Eindhoven must
be increased” (Rijksoverheid, 2016, p9). The concept of urban and metropolitan competitiveness is
increasingly influencing policy making at regional and national level (Potter, 2009; Turok, 2004). The
competitiveness of regions is one of the factors that influences the economic performance of cities
(Huggins et. al., 2014). However, economic performance is also influenced by other factors such
as attracting creative and innovative residents to strengthen the regional competitive advantage,
emphasising the need for good interregional connections (Huggins et. al., 2014; Rijksoverheid, 2016).
Therefore, the growth in competitiveness and thus economic performance is closely related to
investments in physical infrastructure (Turok, 2004). Investments in good public transport can make a
positive contribution in the reduction of congestion and also make a positive contribution in increasing
accessibility (Potter, 2009; Turok, 2004). In addition, public transport has a higher degree of space
efficiency, therefore making it a preferred solution to facilitate the transport of travellers, especially
in urban areas (Chapman, 2007; Steemers, 2003). In order to increase the competitiveness of regions,
connections at the interregional level are of great importance (Rijksoverheid, 2016; Grimes, 2007).
The interregional connections mentioned above, in which rail is the primary mode of public transport,
are frequently used in the Netherlands. According to former ProRail President & CEO Pier Eringa, about
half a million people travel by train every day (Verlaan, 2019). In the future to 2030-2040, the number
of people traveling by train is expected to grow by 30-40% (Rijksoverheid, 2019a; Verlaan 2019a).
With the high use of the current rail infrastructure and increase in use in the foreseeable future,
maintenance and capacity expansion are of great importance to facilitate a functional and robust rail
network (ProRail, 2017a). In order to do so, the rail connections in the Netherlands are maintained
and expanded by projects from the Meerjarenprogramma Infrastructuur Ruimte en Transport (MIRT)2,
which includes the major rail program Programma Hoogfrequent Spoor (PHS)3 (Rijksoverheid, 2018b).
PHS aims to increase capacity on certain rail corridors by providing more trains on the current rail
infrastructure with small infrastructural adjustments if needed (Rijksoverheid, 2016). This program has
coherence with the Toekomstbeeld Openbaar Vervoer 2040, (TBOV 2040)4, which serves as an ambition
for public transport around 2040 by the Ministry of Infrastructure and Water Management, the twelve
provinces, the Metropolitan Areas Amsterdam and The Hague-Rotterdam, public transport operators
and infrastructure manager ProRail. Nonetheless, there is increasing concern on how passenger growth
should be accommodated with the current rail facilities and capacity (NOS, 2019a; Verlaan, 2019b).
For instance, the growth in the number of passengers in the first six months of 2019 has been much
higher than expected. This has resulted in an adjustment from 2030 to 2027 as the year in which the
expected limit of the maximum processing capacity on rail is reached, on the assumption that the
growth continues on average (Verlaan, 2019).
In addition to the expected capacity problems on the railways, there are several new challenges
that could further affect the number of travellers. First of all, with Dutch climate objectives there is
the ambition to further encourage public transport, and in particular train, among the population
as a sustainable alternative to the car and airplane (Banister, 2008; Rijksoverheid, 2019). Linked to
1. Spatial Economic Development Strategy
2. Multi-year Infrastructure, Spatial Planning and Transport Program
3. High-Frequency Rail Program
4. Future Agenda Public Transport 2040
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this, there is also the task of fulfilling the ambitions set by the TBOV 2040. These are for example
the ambition for public transport to respond to the increasing mobility growth, the increase of the
perceived customer experience of public transport to the grade of eight, and the Netherlands as leader
in innovation and renewal in public transport. Furthermore, there is high pressure on space in the
Netherlands in which space-efficient solutions for public transport are preferred. Therefore, there is a
clear call to find solutions to accommodate this growth without a strong emphasis on expansion of the
current network.
1.2 Problem statement
In order to cope with this growing number of passengers using the Dutch Railways, efforts are made to
work on high-frequency timetables on rail corridors with a high occupancy rate in the Netherlands and,
in the broad sense, attention is paid to the future of public transport in the Netherlands in the TBOV
2040 (Rijksoverheid, 2019c; Duursma & Verlaan, 2019; Verlaan, 2019). However, after the projects
already taken into account in the MIRT until 2030, additional measures will be needed to accommodate
capacity growth. The Ministry of Infrastructure and Water Management is considering these required
measures in the TBOV 2040 and in various other cooperation programs together with other involved
actors. This emphasises the need to find new solutions to facilitate growth.
Investments in the physical infrastructure is one way to cope with the pressure on the railways in the
coming years. Nevertheless, there are disadvantages to the physical expansion of the rail network
in the Netherlands. Expansion of the physical (rail) infrastructure is expensive but also increasingly
difficult given the limited space in the Netherlands to implement expansions for rail infrastructure (NOS,
2018). In order to facilitate growth in a cost-effective and space-efficient manner, it is also important
to consider alternatives for constructing physical (rail) infrastructure, while at the same time achieving
the goal of intensifying rail connections.
One of the current trends in the rail sector in order to reach this intensification of rail connections is
the increasing use of digital solutions in the railways (Van Velzen, 2018; Rijksoverheid, 2019a). The
Dutch national government mentions this increasing use of digital solutions as one of the necessary
changes to achieve the intensification of rail connections (Rijksoverheid, 2018a). This is often referred
to as the transition from analogue to “Digital Rail” (Rijksoverheid, 2018a). Considering the renewal
of the Dutch rail systems has become a necessity since current systems are outdated and difficult
to maintain (Rijksoverheid, 2018a). In addition, there are new developments in the rolling stock and
transport market that require adjustments to the Dutch systems. This renewal is also important in
order to continue to keep up and align with international partners and to meet European requirements
(Rijksoverheid, 2018a).
Although concepts as digitalisation and Digital Rail are often mentioned in the rail sector, they remain
relatively extensive and unknown within Dutch rail planning. In the European rail sector, Digital Rail is
often referred to as a catch-all concept that includes multiple digital innovations such as, for example,
ERTMS. ERTMS is considered to be the major innovation within the transition from analogue to Digital
Rail, meaning that the current Automatic Train Protection (ATP) systems (hereafter Class-B systems)
such as the Automatische treinbeïnvloeding (ATB)5 in the Netherlands will be replaced by the European
standard: the European Rail Traffic Management System (ERTMS) (Rijksoverheid, 2019b). With the
approval of the council of ministers for the rollout of ERTMS, the transition to “digital rail” is in the
starting phase in the Netherlands (Van Gompel, 2019). This new system facilitates new possibilities
and therefore also a range of research possibilities regarding the effects of this transition. For example,
it is possible that ERTMS may be a precondition for intensifying rail connections and facilitating other
innovations from the concept of Digital Rail such as Automatic Train Operation (ATO) by the means of
an Autopilot (ATO Grade of Automation 2 (GoA2)), as can also be found in cars and aircraft. However,
Digital Rail can also include innovations such as smart timetables (timetable automatically adapts to
the situation on the track), smart infrastructure with sensors for performance data, smart trains with
5. Dutch Automatic Train Protection (ATP) system, translated as Automatic Train Influencing
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location data and maintenance sensors, and automatic disruption solutions. However, a clear unified
definition for Digital Rail and a systematic approach to the concept is not yet defined. Furthermore,
this extensive transition, including the introduction of ERTMS, requires good cooperation between
all the actors involved in the rail sector such as the ministry, infrastructure manager and operators
(Rijksoverheid, 2019b).
The ambition to achieve the transition to Digital Rail is evidently present for many rail actors
(Rijksoverheid, 2019a). The TBOV 2040 sketches a picture of automating the management and
adjustment of the rail system of the 21st century (Rijksoverheid, 2019a). One of the innovations in
this area is the introduction of the ERTMS. ERTMS in itself is conditional, but certainly necessary for
some rail developments (Rijksoverheid, 2019a). The introduction of ERTMS is required for the SAAL
(Schiphol - Amsterdam - Almere - Lelystad) corridor, but it may also apply in the future to other routes
in which the TBOV 2040 sets an ambition, such as the urban ring around and in the Randstad with highfrequency intercity trains (Rijksoverheid, 2018b).
Yet, there is still a challenge in developing the system related to the concept of Digital Railway to
achieve the ambitions set in the TBOV 2040. The implementation of ERTMS has not been flawless so
far and still has some shortcomings (Rijksoverheid, 2019d). Moreover, interventions in digital systems
require substantial investments, in which the transition to a new system requires initial attention in
almost all cases. In addition, there is still no detailed form of cooperation for the future developments
within the concept of Digital Rail. Furthermore, the question is to what extent this concept can be
a realistic alternative to part of investments needed for the physical expansion of the rail network
and the ambitions set out in the TBOV 2040. Therefore, this research combines these questions and
problems into the following research question:
•

Under what conditions can the concept of Digital Rail be a realistic alternative to part of
the investments needed for the construction of new rail infrastructure and in what way can
cooperation with public and private parties play a role in this?

The following sub-questions help answer the central question:
•
•
•
•

In what way is the concept of Digital Rail defined within the participating countries of the
Shift2Rail program?
What are advantages and disadvantages of the implementation of the concept of Digital Rail
in the Dutch rail network?
What problems can arise with the concept of Digital Rail being an alternative to investments in
physical rail infrastructure?
To what extent can cooperation between different public and private actors be shaped in order
to implement the concept of Digital Rail?

The research focuses on the relationship between Digital Rail, a definition for such concept, the search
for alternative approaches to intensifying rail connections in the Netherlands, achieving the objectives
from the TBOV 2040 and at the same time strengthening the agglomeration power of Dutch cities.
It is important to note that this research focusses on the issue of Digital Rail being a realistic alternative
to only part of the investments needed for the construction of new rail infrastructure. The construction
of new rail infrastructure is a rather extensive concept, therefore it is important to understand what
is meant by part of the investments. In the case of this research this part of the investments means
the larger investments needed for the construction of new physical railroads. Other investments are
not considered to be in the scope for this research. Since the concept Digital Rail requires investments
itself these investments cannot be ruled out. For instance, ERTMS can be used much more efficiently
with the introduction of 3kV6, however, these are considered to be smaller investments than large scale
6. 3000 volt catenary system for supplying power to trains.
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investments as needed for new physical railroads. Therefore, this research only focusses on Digital Rail
being a realistic alternative to the large investments needed for the actual physical expansion of the
rail network.
1.3 Academic relevance
This research adds four main contributions to the existing academic literature. First, within the
academic literature, much has been written about the contribution of infrastructure construction
and the influence on accessibility and agglomeration power or regional competitiveness (Veeneman,
2019; Donners et. al., 2019; Potter, 2009; Turok, 2004; Huggins et. al. 2014). Even when it comes to
digitalisation and automation in car or bus transport, for example self-driving cars and concepts such as
MaaS, the academic literature covers a wide range of insights on these topics. However, little is known
about the application of digitalisation in the railways, such as the concept of Digital Rail. Therefore, the
definition of such a concept and associated impact of the advantages and disadvantages of the concept
are not broadly covered in academic literature. In this regard, this thesis contributes to these findings
with the establishment of the definition for Digital Rail and its practical application with the proposal
for Digital Rail as a system.
Secondly, it is often stated that investments in physical rail infrastructure are expensive, making the
expansion of rail networks politically sensitive (Van Ammelrooy, 2019). However, research into digital
innovations as an alternative to these investments is an aspect that is not widely described in the
academic literature yet. Therefore, this thesis contributes to existing literature on alternatives to
physical rail infrastructure in order to gain capacity. However, this thesis also contributes to the existing
academic literature on the discussion whether digitalisation in rail is more cost efficient than traditional
rail planning measures, such as the construction of new rail infrastructure. Furthermore, attention is
given towards the advantages, disadvantages and the human factor of such Digital Rail strategy.
Thirdly, this research makes a first attempt to define the concept of Digital Rail in which both digitalisation
and rail are brought together. The increasing availability of digital solutions and the current old railway
technologies call for research on how those two worlds can be brought together. However, such
topics are not widely covered in academic research yet. Therefore, this thesis contributes to academic
literature in this regard.
Lastly, there is also a trend for “digitalising everything”, but there is no specific strategy for rail transport
in this regard, as stated by Tokody and Flammini (2017). The lack of such a long-term strategy for rail
transport can have adverse consequences for the competitiveness of rail transport (Tokody & Flammini,
2017). Certainly with the dominant position of the car and the bicycle in relation to public transport,
such a strategy is desirable (Veeneman, 2019). In this regard, also the search for alternative forms of
cooperation such as the use of a public-private partnership for, for example, spreading the financial
risks could offer a solution.
In conclusion, with this research additional coverage to existing academic literature is established and
also new insights are brought to those areas not widely covered by academic literature, therefore
justifying the scientific relevance of this research.
1.4 Social relevance
This research contributes to the development of new insights that can be applied in the rail sector
practice. First, this research focuses on the question whether the concept of Digital Rail provides
better passenger information. With the aim of Digital Rail providing a coherent system of passenger
information the peak in passengers during rush hour can be better spread across platforms and trains,
resulting in more efficient use of capacity per train. In addition, better information for passengers,
but also for train drivers, could result in eliminating the final so called ‘noise’ in the system: small
disturbances and inconveniences which limit the efficiency of the rail system in general. This research
therefore answers the social question whether the concept of Digital Rail, the information supply, and
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therefore efficiency of the rail system, can be enhanced to increase the travel experience of passengers
and operation efficiency of train drivers.
Secondly, the importance of the railways for the Netherlands is beyond doubt; more than half a million
people use the train in the Netherlands every day (Verlaan, 2019). Nevertheless, it is expected that this
growth may cause major problems on the railways and stations due to capacity shortages (Rijksoverheid,
2019a; Verlaan, 2019; NOS, 2019a). With this research’s emphasis on answering the question whether
the concept of Digital Rail can be an alternative to investments in physical rail infrastructure in order to
gain capacity there is a strong social aim embedded within this research. Since an alternative approach
to physical rail expansion could be beneficial for the limited space available for such expansion in the
Netherlands this social aspect is emphasised within this research. With the current pressure on space
and the housing challenges in the inner cities of the Netherlands, where stations and rail tracks are
often located, inner city space is scarce (De Roo, 2000; Korthals Altes, 2018; De Zeeuw et al., 2009).
Thirdly, this research also aims to answer the question whether the concept of Digital Rail could be
more cost efficient than other solutions to gain capacity. Physically expanding the rail network comes at
a great cost (Van Ammelrooy, 2019). However, digital solutions and developments may potentially be
more cost efficient than physically expanding the network. Therefore, this might result in more capacity
benefits, and therefore social benefits, for the same or lower amount of social cost (for example taxes).
Fourthly, the definition that this research aims to conceptualise for the concept of Digital Rail is strongly
based on a modular and interoperable design, thus making the rail system more future proof for future
innovations. By the potential faster development of the technical aspects of the rail system, such as
the Command, Control and Signalling architecture (hereafter CCS architecture), the rail system has the
opportunity to respond more quickly to social and technical changes and developments. This enables
the establishment of a more agile, capacity generating and more efficient Digital Rail concept which
contributes to the social capacity aims of the rail system.
Lastly, this research provides an alternative solution to achieving capacity growth by the means of digital
solutions. In the context of capacity growth, it is important that public transport, and in particular the
train, continues to grow in view of the sustainable nature of this means of transport. Using the train
in the Netherlands saves on average up to 100% CO2 per trip compared to the (non-electric) car, thus
contributing to the climate objectives in the Netherlands (Nederlandse Spoorwegen, n.d.). To ensure
that these trends can continue to develop, further development of the rail network in the Netherlands
is required in order to facilitate the capacity for this growth to take place. By potentially not having
to invest in the physical expansion of the rail network by the means of concrete and steel and at the
expense of space and nature, additionally capacity could still be achieved. Therefore, this research
aims to contribute on the insights on the environmental aims of rail transport to be an attractive and
environmental alternative to car and air traffic.
In conclusion, this research covers the increased comfort of the train passenger and in general the
(Dutch) citizen by the means of higher capacity, therefore resulting in a higher chance of an available
seat in the train, better information supply to the passengers and an environmental alternative to
other modes of transport through digital solutions. This is combined with the aim to answer whether
this Digital Rail strategy may be more cost efficient, therefore potentially resulting in a responsible
spending of social funding. These aspects combined cover the social relevance of this research.
1.5 Reading Guide
This thesis consists of seven chapters. This introduction is the first chapter. Chapter 2 outlines the
theoretical framework for this thesis which serves as a basis for the empirical research within this
research. The chapter discusses the context in which rail transport takes place. In this regard attention
is being given to the concepts of regional competitiveness, mobility and accessibility but also towards
the development of rail connections, the compact city and policies which have shaped the rail system
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as known today. Furthermore, the chapter sets out the definition of Intelligent Transport Solutions,
such as the concept of Digital Rail, and discusses its use, advantages and disadvantages. Lastly, the
chapter discusses the cooperation in the rail sector with an emphasis on public private partnerships
and cooperation in rail infrastructure planning and operation. Finally, the conceptual model visualizes
the theoretical framework into a comprehensive model. Chapter 3 explains the research methodology
used for this research. It discusses, amongst others, the research design and research strategy namely
the choice for the use of interviews as means of data gathering. Chapter 4 discusses the concept of
Digital Rail in which the definition and its use as Digital Rail as a system are discussed. In this chapter
explicit attention is being given to the explanation of current systems and the transformation to the use
of digital solutions in railway. Also, this chapter discusses the advantages, disadvantages and human
factor for Digital Rail as a solution. Finally, the chapter provides an illustration of the use of certain
building blocks of Digital Rail in practice in which the concept is applied to the Dutch rail network.
Chapter 5 discusses the results of this research based on the insights which have come forward from
the interviews with multiple actors in the railway sector. In chapter 6 the conclusions for this research
are drawn after which chapter 7 finalises this research with the discussion of the limitations of this
research. Additionally, recommendations are made for further research on this topic.
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2. Theoretical framework
The theoretical framework for this research has four sections in which various academic-theoretical
concepts and policy insights are further explained with regard to the main and sub-questions of this
research. Section 2.1 discusses the context for railway development. The emphasis of this section
lies on the spatial context and the relation between rail and concepts as regional competitiveness,
mobility, and accessibility. Furthermore, section 2.1 explains how the railways have developed in which
three factors are of great importance: the past, the present and the future. Section 2.2 elaborates on
the concept of digital rail in which the overlaying concept of Intelligent Transport Solutions and the
academic context of Digital Rail is discussed. This serves as the theoretical basis for chapter 4 in which
a further elaboration on the concept of Digital Rail is provided. Section 2.3 outlines the various forms of
public-private partnerships and the associated advantages and disadvantages, after which the section
further discusses the use of public-private partnerships in the rail sector and what lessons can be
learned from this. Finally, the discussed concepts and theories are visually represented with the mutual
relationships in the conceptual model in section 2.4.
2.1 The context for railway development
2.1.1 Regional competitiveness, mobility, and accessibility
The competitiveness of these regions and/or agglomerations is often mentioned to be essential for
its economic performance and agglomeration power (Huggins et. al., 2014; Rijksoverheid, 2016).
This regional competitiveness is described by Storper (1997 in Huggins et al., 2014, p. 256) as ‘the
capability of a region to attract and keep firms with stable or increasing market shares in an activity,
while maintaining stable or increasing standards of living for those who participate in it’. Within the
Netherlands, great emphasis is put on the strengthening of the regional competitiveness in order
to increase the agglomeration power. This is achieved by the means of the REOS (Rijksoverheid,
2016). This concept of regional competitiveness, and its improvement, is widely covered in academic
literature. Planbureau voor de Leefomgeving (2011) describes in its report a number of factors which
influence the regional competitiveness of regions in the Netherlands. These factors and their relation
are displayed in figure 1 below.
Figure 1. Pyramid model of the ‘regional competitive position’ concept
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Important in this figure are the aims, which are the result of the improved regional competitiveness,
and the sources of competitiveness on the bottom of the pyramid. In this regard, especially the
regional accessibility stands out since it links to infrastructure and human resources which relates to
the employment opportunities.
Another important factor related to agglomeration power and regional competitiveness are the
agglomeration advantages and disadvantages as mentioned by Ponds and Raspe (2015). The
agglomeration advantages and disadvantages in relation to companies and households are displayed
in table 1 below.
Table 1. Types of agglomeration advantages for compagnies and households

Companies

Households

Agglomeration advantages
Input sharing

Broad and diverse offer of
suppliers

Labour market pooling

Broad offer of (potential)
employees

Knowledge spill overs

Learning effects for
compagnies and employees

Home-market effect

More potential customers

Consumption advantages
Agglomeration disadvantages
Congestion forces and disamenities

High prices for office space
High wages
Congestion (road)

Broad offer of (potential)
labour

Broader and diverse offer of
products and services
Broader offer of residential
attractions and (social)
interaction
High dwelling prices
Congestion (road)
Liveability issues

Source: Ponds and Raspe (2015)

Especially the disadvantage of congestion forces and disamenities, such as congestion and liveability
issues, are of importance when considering the regional accessibility as source of competitiveness.
With the increasing focus on regions in relation to the competitive position of Dutch regions, economic
activities are increasingly becoming concentrated in agglomerations and spatial clusters (Planbureau
voor de Leefomgeving, 2011). However, these economic activities only occur when the agglomerations
and/or spatial clusters are accessible. Therefore, in order to counter congestion or facilitate better
connections, the construction of new (rail)road infrastructure is often considered (Handy, 2005).
However, the investments in infrastructure related to improvements in mobility and/or accessibility
are a point of discussion in academic literature, in which in particular the concepts of mobility and
accessibility are an important factor. Mobility, and mobility improving infrastructural measures such
as the creation of new (rail)roads, provide the possibility of movement (Handy, 2005). Since modes
of transport such as car and rail provide connections between places it is possible for people to move
themselves. However, the time needed to reach the destination is not influenced or only in a small
amount. Rather, it would be better to look to the concept of accessibility which is defined by Handy
(2005) as the potential for interaction. This can be seen as an ability to get what one needs, if necessary,
by getting to the places where those needs can be met.
Nevertheless, the academic literature does not provide a consistent basis to whether infrastructure
investments actually increase accessibility or economic growth (Ponds and Raspe, 2015; Banister
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and Berechman, 2001; Gutiérrez, 2001; Willigers et al., 2007; Crescenzi and Rodríguez-Pose, 2012).
Banister (2001) states that in developed countries, where there is already a well-connected transport
infrastructure network, further investments in that infrastructure will on its own not result in economic
growth. Yet, transport infrastructure acts as a complement to other conditions which have to be met
in order to achieve economic growth (Banister, 2001). However, Gutiérrez (2001) shows in his research
that there is a positive impact of high-speed rail on the accessibility of the cities which it connects.
Furthermore, studies by Giuliano (2004) and Kasraian and Maat (2016) show that infrastructural
improvements do result in an increased accessibility which has a positive effect on the value of the
surrounding lands in direct links to railroads.
Besides the infrastructure investments versus accessibility discussion, academic literature also
discusses connectivity versus density (Ponds and Raspe, 2015). Agglomeration benefits do not stop
at the municipal boundary but depend on potential for interaction, for example how many jobs and
facilities or diversity of places and activity that can be reached within acceptable travel time (Ponds and
Rapse, 2015; Handy, 2005; Bertolini, 2005). It does not go alone for density (many jobs and facilities in
a limited space), but also for good connections between places. (Ponds and Raspe, 2015; Handy, 2005).
Therefore, in order to make the REOS objectives work, a strong physical infrastructure with proper
connections is needed (Ponds and Raspe, 2015). Therefore, Ponds and Raspe (2015) mention that
exploring the options for the so called ‘Rondje Randstad 2.0’ can be beneficial. In figure 2, provided by
the TBOV 2040, this loop is displayed by the thick blue lines.
Figure 2. A powerful public transport in 2040, ‘Rondje Randstad 2.0’

Source: Rijksoverheid (2019a)

Yet, the availability of a decent network of physical infrastructure and proper connections is not the
only factor which influences regional accessibility and agglomeration power. Generalised travel times
and travel willingness of people is considered to be a key factor for agglomeration advantages to occur
as well. In this regard, figure 3 by Ponds and Raspe (2015) provide an interesting insight on the distance
decay function in relation to the travel willingness of travellers for the connections between Dutch
cities.
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Figure 3. Average willingness to travel for work and services in the Netherlands combined with REOS regions
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The figure shows that an increased travel time in minutes results in a decrease in travel willingness for
both work and facilities. However, these are absolute travel times. When taking generalised travel times,
other factors are also included in the journey of the traveller (PBL, 2014a). For instance, switching trains
during the journey as a negative impact on the experienced travel time of the journey. Therefore, this
links to the travel willingness of travellers and customer desires (KiM, 2018). These customer desires
are influenced by a number of factors of which figure 4 gives a clear example.
Figure 4. Customer desire pyramid
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Important in this figure is the fact that the bottom layer mostly consists of the product-timetable, which
comprises punctuality and timetable characteristics, such as travel times. These customer desires are
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therefore an important factor influencing the travel willingness (De Bruijn and De Vries, 2009; Hagen
and Exel, 2012). As a result, changes in this layer of the pyramid will have a large impact on the traveller
experience. However, in the higher steps of the pyramid, it becomes less clear what the improvement
will be since every traveller has a different taste (KiM, 2018).
Studies by PBL (2014a) and KiM (2018) provide further insights on travel willingness and its relation
to travellers wishes and the generalised travel times by train. For instance, waiting for a train has
a considerable penalty on the experienced travel times, although a trip without changing can take
longer in actual time (PBL, 2014a). The subjective travel time from door to door is due to experienced
discomfort higher than the objective travel time. In literature this is often related to as the concept of
time-elasticity (KiM, 2015). For instance, a minute waiting time counts double as a minute of traveling
in a vehicle. The OECD (2014) concludes that these so-called multipliers are mostly comparable across
Europe. In addition, Wardman (2014) mentions that the penalty increases when uncertainties or
discomfort occurs during the waiting times, such as delays or unexpected disruptions in service. Yet,
time-elasticity is not the only factor, convenience is also an important factor of experienced travel
times. This convenience is mostly in coherence with age, physical abilities of the travel but also the
circumstances such as peak hours or the aesthetics of the travel environments such as stations or
trains themselves (KiM, 2015). In this regard, several convenience aspects have a time multiplier, thus
negatively influencing the convenience factor even further. This is displayed in table 2 below.
Table 2. Recommended values for multipliers of convenience aspects in public transport.

Convenience aspect
Arriving too late (due to disruptions)
Walking with a considerable effort
Waiting in a busy environment
Walking in a busy environment
Waiting and walking in a normal environment
Standing in vehicle
Headway times of vehicles
Adjustment of departure time
Penalty for changing (in minutes of travel time)

Source: KiM (2015)

Multiplier
3,0- 5,0
4
2,5- 4,0
2,0- 3,5
1,75- 2,0
1,5- 2,0
0,5- 0,8
0,4- 0,6
5- 15 minutes

Although there are a lot of factors to be considered in shortening the generalised travel times it should
be noted that the mobility budget the average travel times in relation to commuter traffic has been
rising since 2006 (KiM, 2006). This can be explained by the increasing labour market participation and
part-time working, but also due to the increasing commuter travel distances. With the more difficult
function of the housing market, for instance the increasing housing prices, the willingness and ability
to move closer to work has been lower (Ritsema van Eck et al., 2020). However, in the recent years
the popularity of the bicycle or electric light vehicles such as e-bikes have been on the rise, therefore
resulting in a slight shift towards these modalities for commuting although this often has a longer travel
time (Veeneman, 2019; PBL, 2014b). Nevertheless, facilitating faster connections helps to increase the
agglomeration advantages on a larger scale (Ponds and Raspe, 2015).
To conclude, it can be stated that when aiming for a decreased travel resistance and increased travel
willingness the shortened (generalised) travel times are of great importance. With the provision with
high frequent lines and thus intensification of rail connections between the REOS regions, some of the
aspects of the travel willingness such as waiting times and generalised travel times can be influenced.
Therefore, agglomeration advantages such as the increased opportunities for people to travel faster
and related increase of travel willingness between the REOS regions, can occur. This can potentially
result in an improved agglomeration power and thus increased regional competitiveness for the REOS
regions. Yet, this requires a different approach to the rail network which not only considers the more
frequent operation of trains, but also acknowledges the other related factors to travel willingness
such as convenience aspects. This paves a path for an approach to the rail system which facilitates
improvements in these categories which the next chapter of this thesis elaborate on.
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2.1.2 The development of rail connections and the compact city
With the explanation on why better and more frequent rail connections are needed, for instance by the
means of the TBOV 2040 with high frequent intercity mainlines and a fine meshed and frequent S-Bahn
concept in the urban regions, a lot of challenges lie ahead for the rail product. This challenge can be
tackled in two ways. One option would be to consider the classic manners of building new physical
infrastructure or new solutions can be developed. However, in order to fulfil the need for expanding
and/or intensifying the rail connections as explained above, it is important to explain the conditions
in which such expansions and/or intensification takes place. Within the development of railways there
are three planning components that are important: the component from the past, the component
from the present and the component from the future. To understand how the current situation has
established, it is essential to first look at the past component.
The past
The development of the Dutch Railways and Dutch cities have been going hand in hand from the 19th
century and onwards (Kasraian, Maat & van Wee, 2016). The plans for the first Dutch railways date
from the thirties of the nineteenth century. Although there was initially little political interest in it, on
September 20, 1839 the first railway line of the Netherlands between Haarlem and Amsterdam was
opened. This was the start of a railway network which in the following decades would develop into
the railway network that is currently located in the Netherlands (Cavallo, 2007). From 1855 the first
boundaries of the Randstad with the circular railway line connecting Amsterdam, Rotterdam, Utrecht,
and Arnhem formed (Cavallo, 2007; Engel, 2005). Although initially the railway lines only reached the
edges of the cities, the urban area of many Dutch cities expanded considerably in the last years of
the nineteenth century. As a result, the railways became an increasingly important part of the urban
landscape (Cavallo, 2007). Furthermore, the addition of secondary stations on existing lines led to
the development of the suburbs. In the period between the 1890s and the First World War there
was a strong development of the rail network which led to the introduction of the commuter train
phenomenon. With the Housing Act of 1901, it was compulsory for cities to draw up expansion plans in
which the railways were of great importance. After the Second World War, the Dutch track was in poor
condition and there was an important task for the Dutch railways to recover. This led to big renovations
in the Dutch railways. In the 1960s, the Dutch Railways were in a poor financial position, which they
acted upon with a new strategy. This strategy included the construction of a number of important
lines, such as the Schiphol line, the Utrechtboog and the constructions and new tracks on the SAAL
corridor. However, it is noticeable that the pace at which the developments of the rail network in the
Netherlands have been carried out in recent years has fallen sharply (Veeneman, 2019). The HSL Zuid,
completed in 2009, is the last new major line which has been constructed for the Dutch rail network
(Kasraian, Maat & van Wee, 2016; Cavallo, 2007). However, due to several delays and increased costs,
much political attention has been given to the issues on the HSL-Zuid line and its performance to date
leaving large expansions on the rail network a complicated procedure (Kompeer, 2019).
The present
The development of the Dutch rail network and the decline in pace that this development has
experienced in recent years is inextricably linked to the development of Dutch cities (Cavallo, 2007).
Veeneman (2019) mentions three important factors for the relationship between the development of
the (urban) environment and the decline in development of rail infrastructure in the recent years.
The first factor is the buildings that are build and have been built around the infrastructure, making the
expansion of the rail network more difficult. In their article, Kasraian, Maat & Van Wee (2016) compare
the relationship between the urbanisation of the Randstad and the growth in the number of kilometres
of track and growth in the number of stations in the Randstad. They conclude that there is a strong link
between the growth of the rail network and the degree of urbanisation in the Randstad. The railways
initially followed the existing urbanisation pattern, but later the urbanisation pattern changed with a
noticeable increasing intensity around the stations, resulting in a decrease in buildable space around
stations. Secondly, the effects of rail infrastructure and the expansion thereof are also linked to the
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effects of this infrastructure such as the emission of particulate matter and CO2 (Veeneman, 2019). The
recent decision of the Raad van State regarding the Programma Aanpak Stikstof (PAS)1 illustrates the
impact of these effects and the corresponding legislation (NOS, 2019b; Van den Bogaard, 2019). This
is in line with the increasing degree of regulation that the development of the Dutch Railways must
comply with (Veeneman, 2019). Furthermore, the costs of development form an important barrier,
since the amount is disproportionate to the benefits (Veeneman, 2019). Finally, the negative impact of
sound and vibrations of rail transport for local residents near rail lines has been given more attention
in the recent years (ProRail, 2017a)
In addition to the mentioned factors above, two other important factors play a role in the development
of the rail infrastructure of the last couple of years. First, the urban development barrier for the
growth of rail infrastructure, as referred to above by Veeneman (2019), has its origins in the compact
urban policy applied in the Netherlands (De Roo, 2000). This policy, mostly referred to as the red
contour policy, has been used by many provinces and municipalities in the recent years. This led to
an emphasis on infill which is important for the development of the urban landscape (Province of
Utrecht, 2013; Bruinsma and Koomen, 2018). However, ever since the Structuurvisie Infrastructuur
en Ruimte (SVIR)2 was introduced, the red contour policy formally no longer exists (Rijksoverheid,
2012). With the introduction of the Nationale Omgevingsvisie (NOVI)3 the red contour policy is also
no longer mentioned, however, emphasis is put on the balance between red (built environment) and
green (open landscape) in the Netherlands (Rijksoverheid, 2019e). Therefore, on national level, the red
contours no longer exist. Since the SVIR it has been replaced with the ladder duurzame verstedelijking4
(Rijksoverheid, 2012). Nevertheless, the ladder duurzame verstedelijking shows similarities to the red
contour policy meaning provinces and municipalities still use comparable policies to the red contour
policy. Subsequently, it remains quite the challenge for municipalities to prove the necessity to build
outside the red contours (De Zeeuw, 2016). Therefore, the focus remains on inner city development of
houses and offices, resulting in more and more pressure on the space in order to protect the green space
outside the city (De Roo, 2000; Korthals Altes, 2018; De Zeeuw et al., 2009). For a long period of time
the compact city policies have been successful and have prohibited the occurrence of large-scale urban
sprawl, as has happened in the large Dutch cities (Korthals Altes, 2018; Stigt et al., 2013; Dieleman et
al. 1999). By the means of the red contour policies it has been prohibited to build outside the existing
inner-city area (buiten bestaand gebied). With these expansions of the Dutch rail network as described
above, the pressure on urban space has increased over the years. Stations such as Amsterdam Central
Station, Utrecht Central Station and Nijmegen have large shunting yards at the station for setting up
trains. Combined with Dutch spatial policy, this results in a spatial problem not only for the future
expansion assignment on the railways, but also in the area of housing (Van Dam & De Groot, 2017).
Secondly, the main actors within the Rail System in the Netherlands have come to the agreement to no
longer expand the Dutch Rail network but rather invest in high frequencies within the train planning
by the means of the PHS. PHS has been found in the beginning of the twentieth century and aims
to provide capacity for more trains to run on the current infrastructure, instead of building new rail
infrastructure (ProRail, n.d.; Rijksoverheid, 2018b). PHS forms a part of the MIRT, meaning that the
program investments run till 2030. The main spearheads of PHS are to facilitate high-frequency rail
transport on the busiest routes in the Randstad, have coherent regional public transport systems in
which rail transport, and in particular the Sprinters, is the backbone (Movares, n.d. a). Furthermore,
good quality travel times to all parts of the country and a future-proof rail freight transport route
strategy form the final goals for the PHS program (ProRail, n.d. a, Movares, n.d. a).
Although the rail infrastructure has hardly expanded in recent years, vehicles and services are
developing at a rapid pace. Due to the arrival of concepts such as Mobility as a Service (MaaS) and
1 Nitrogen Approach Program
2 National policy vision for infrastructure and space
3 National environmental vision
4 The ladder of sustainable urbanisation
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the increasing overlap in public and private transport services, people increasingly have an extensive
choice for their transport needs (Veeneman, 2019). Nevertheless, these concepts also have capacity
limits and increasingly cause inner-city congestion (Donners et al., 2019). The trend associated with
this is the increasing decline in accessibility and accessibility of Dutch cities, not only on the road, but
also on the railways.
The future
The future is the most uncertain aspect of (rail) planning (Spit & Zoete, 2015). Spit and Zoete (2015)
state that the future is unknown but is imaginable. In this regard there are two strategies in order to
come to such future vision. The first option is the projective vision of the future in which the line from
the past is extended to the future. The other option is the prospective vision of the future in which a
wishful future is imagined and worked towards. However, Spit and Zoete (2015) state that this vision
should be desirable and achievable. Therefore, knowledge on possible future visions is important in
order to come to scenarios.
When looking with a projective vision to the future, there are trends from the present and certain policy
aims that will influence the position and development of rail network in the future. Veeneman (2019)
emphasises the growth in demand of transport. With new concepts such as smart mobility and MaaS
rail transport has some fierce competition. Yet, a dedicated future vision for rail transport mostly lacks,
meaning its future can be at stake in comparison to the fast pace developments in other transportation
modes. Rail transport is still the less preferred option when compared to the car (Veeneman, 2019).
The car modality provides a full door to door solution while rail transport relies on the last mile and
connection with other modalities (Veeneman, 2019). However, this increasingly results in inner-city
congestion, therefore resulting in an increasing decline of accessibility of the Dutch cities (Donners et
al., 2019). Considering the current rail infrastructure, it has the potential to be used more frequently
and optimally. Therefore, the TBOV 2040 provides an ambition for the future of rail transport in the
Netherlands (Rijksoverheid, 2019b). In figure 2 the main rail lines are pointed out which form the
base of high frequent operating trains in order to achieve the ambition set in the TBOV 2040. Yet, the
question still remains to how these ambitions should be achieved without the ability to build new rail
infrastructure.
When looking at policy sustainability aims of the Dutch government and European commitment to
climate change, the train can be of a benefit in order to achieve these goals. Van Wijngaarden and
van Essen (2019) state that electric rail transport more beneficial for the environment in comparison
to other transportation modes. Furthermore, the rail sector has the potation to achieve higher
sustainability when becoming a proper alternative to car transport. However, this requires investments
in order to achieve this modal shift (Van Wijngaarden & van Essen, 2019). Yet, with the national climate
goals of the Dutch national government, rail transport could be a large part of the solution to achieving
those goals.
2.2 The context for Digital Rail
With the context for railway development explained, this theoretical framework also provides
a (academic) context for the concept of Digital Rail. In this regard, the role of Intelligent Transport
Solutions and literature insights on the concept of Digital Rail are discussed.
2.2.1. Intelligent Transport Solutions and Digital Rail
When aiming to define the application of digitalisation in rail, defined as the concept of Digital Rail,
the emphasis lies on the overreaching layer of Intelligent Transport Solutions (hereafter ITS). Nemtanu
and Schlingensiepen (2018, p. 225) explain the concept of Intelligent Transport Solutions which consist
of ‘applications of electronics, IT and communication technologies in the field off transport, that result
in the increase of efficiency and the reduction of negative effects from the transport system (pollution,
waste time, accidents, etc.)’. They also state that ITS are specific to all transport modes (road, rail,
waterway, etc.), meaning that their uses are based on a single system (Nemtanu and Schlingensiepen
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(2018). In addition, Tokody and others (2018) state that these intelligent systems are highly automated
systems which will be able to more functionality compared to classical systems at a higher level of
automation. As a result, these systems can have a higher degree of automation (Tokody et al., 2018).
Nemtanu and Schlingensiepen (2018) agree on this statement, although also stating that some solutions
can also be partly automated. In figure 5 below, Nemtanu and Schlingensiepen (2018) illustrate the
main components of a generic ITS.
Figure 5. The main components of a generic ITS

Source: Nemtanu and Schlingensiepen (2018)

Importantly, the main components of this generic ITS show already large similarities with systems
such as rail interlocking systems which practically carriers the same layout. This becomes clear when
Nemtanu and Schlingensiepen (2018) provide a practical illustration of ITS applied for rail use in the
case of interlockings, as can be seen in figure 6 below. In short, an interlocking is an arrangement of
signal designs that prevents conflicting movements through an setting of tracks such as junctions or
crossings.
Figure 6. Simplified structure of an interlocking solution

Source: Nemtanu and Schlingensiepen (2018)

As seen in figure 6 the layers and functions mostly compare to the general ITS as seen in figure 5.
However, the application of ITS in rail is also mentioned by Nemtanu and Schlingensiepen (2018, p.
227) in relation to Digital Rail which they define as ‘the effect of digitalisation of rail operations and
processes in terms of increasing the efficiency of railway sector and to facilitate multimodality approach
of transport system to improve the mobility (at vary levels: continental, national, regional or urban’.
In contrast to the application of ITS in rail as proposed by Nemtanu and Schlingensiepen (2018),
Yong and others (2011) apply ITS on railway with their proposed concept of RITS (Railway Intelligent
Transportation System). They define RITS as ‘the new generation railway transportation system’ which
integrates various digital based technologies such as computer technology and automation technology
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with the aim of ‘achieving guaranty of safety, increasing transportation efficiency and improving service
quality at lower cost’ (Yong et al, 2011, p. 53 - 54). One of the key technologies mentioned is the use of
wireless transmission such as WLAN and GSM-R (Yong et al, 2011). Their RITS architecture is displayed
in figure 7.
Figure 7. RITS architecture
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When looking at the system architecture provided by Yong and others (2011) it becomes clear in figure
7 what they define to be Digital Railway at a technical level. This is strongly tied to the communication,
integration and perception layer in which data and communication networks are key components.
Furthermore, the bottom three layers realise the digitalisation of the railway resources. However, Yong
and others (2011) do not consider the operation layer to be digital railway, but rather the intelligent
railway. Although the RITS in itself provides a coherent framework, Digital Railways is only considered
to be a first step of it. This becomes clear in figure 8 where the gradual steps for the implementation
of RITS are visualised.
Figure 8. Developing pattern of RITS

Source: Yong et al. (2011)
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As displayed in figure 8 RITS is considered to be the end goal whereas Digital Railway is only a first step,
and mostly referred to as a 2013 system. RITS has in this regard the highest level of efficiency and is
aimed for deployment in 2030. However, it is important to note that this articles mostly applies to the
Chinese situation, which has different systems and regulations in comparison to Europe.
Contradictory to the RITS approach of Yong and others (2011), European rail organisations mostly refer
to digitalisation applications in rail as future developments and innovations (CER, 2016a; Pierigud,
2018). In their roadmap for Digital Railways the CER (2016a) highlights four practical objectives in
order to make the railways “digital”. These consist of offering connected railways, enhancing customer
experience, increase capacity and boosting rail competitiveness. The connectivity aspect aims for
the provision of the telecommunication network for GSM-R and ERTMS installations but also form
train schedules, tickets, travel planners etc. For the realisation of the increase in rail capacity, strong
emphasis is given to Automatic Tran Operation (ATO). Finally, the boosting of rail competitiveness is
linked to the interoperability of data, resulting in a free flow of data in order for the European rail actors
to work together. However, the CER (2016a) does not speak of a coherent framework for Digital Rail but
rather to its objectives and practical applications.
Such application of key technologies in Digital Rail is provided in the Shift2Rail publication on the
digital transformation of railways (Pierigud, 2018). In this publication the key technologies of the digital
transformation are outlined. These are in general technologies related to the Internet of Things (IoT),
cloud technology and automation. Therefore, when applied to railway, Pierigud (2018) provides five
distinct examples of the application of digitalisation in rail transport. These are:
1.
2.
3.
4.
5.

Connected commuter: digital services for passengers
MaaS: towards intermodal mobility
PMaaS: digital services for rolling stock predictive maintenance
GoA4: automation and integration of train control systems
Internet of Trains: the train’s smart sub-systems communicate data via cloud computing to the
central data platform

However, as for strategy, the publication only mentions some general and rather broad outlines. A
coherent solution, in comparison to the systems proposed by Yong and others (2011) and specific
definition of Digital Rail as a system or concept such as by Nemtanu and Schlingensiepen (2018), is
not provided. As Tokody and Flammini (2017) state, this lack of an integral approach and strategy for
rail in Europe can have adverse consequences for the competitiveness of rail transport. They refer to
‘the digitisation of everything as a megatrend which has an effect on the railway sector’ (Tokody and
Flammini, 2017, p. 38). They advocate for the development of intelligent and autonomous systems
in order to ensure sustainability and safety for the rail sector, resulting in a modernised railway
infrastructure with better connections and reliability combined with more trains (Tokody and Flammini,
2017). However, concretely, a final answer to how these solutions practically should look like mostly
remains absent.
Concludingly it can be stated that there is little (academic) coherence on what Digital Rail is on a
practical level. Although it is generally defined and there are split individual use cases, its practical
application and coherent system approach mostly lacks. Furthermore, the research on this subject
remains rather limited. Therefore chapter 4 combines these academic insights with practical insight
from the data gathered by this thesis in the field in order to conceptualise the concept of Digital Rail in
a systematic way.
2.2.2 Advantages and disadvantages
With solutions related to Digital Rail several general advantages and disadvantages are pointed out.
For the concept of Digital Rail that this research proposes in chapter four, a separate advantages and
disadvantages paragraph is included which is fully specified to the proposed solution. However, this
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paragraph does provide a theoretical context for some of the general advantages and disadvantages
of such concept. First, Nemtanu and Schlingensiepen (2018) mention that Digital Rail does result in
an increase in capacity of the rail network, therefore enabling the operation of more trains. Secondly,
the railway connections improve, therefore improving the integration inside transport modes and
facilitating multimodality. Thirdly, the increase of reliability is pointed out as a strong advantage of the
Digital Rail. Finally, Nemtanu and Schlingensiepen (2018) mention that the Digital Rail will result in a
decrease in cost.
Although the advantages are there, some disadvantages are also pointed out. Jägare and Karim (2019)
point out that with the digitalisation of the railway a range of challenges, such as data acquisition,
transformation, modelling, safety, quality, and security are a challenge. Furthermore, Nemtanu and
Schlingensiepen (2018) mention that the shortage of professional and skilled staff, security, initial
investment costs and the lack of a multimodal approach of transport digitalisation form the main
barriers in the development of digital railway. However, Jägare and Karim (2019) state that ‘the railway
industry needs to define strategies, which enable a smooth transformation of the existing configuration
to a digitalised system’. With the mention of Tokody and Flammini (2017) of the lack of such strategy,
this remains a bottleneck.
It should also be noted that the transition from analogue to “Digital Railways” is a system leap
(Rijksoverheid, 2019g). This is not new as technology is evolving rapidly and current systems are
becoming obsolete fairly quickly. Nevertheless, with new technology there is a learning curve that,
depending on the system, requires the necessary time and adjustments from people (Manning, 2004).
Since people have to do their work differently, it is important to perform proper change management
(Jägare & Karim, 2019). Jägare and Karim (2019) additionally state that if no consensus is reached on
the digital transformation, no change will happen.
In addition to the points made above, Fraszcyk and others (2018, p. 207) mention that ’issues like, e.g.
ageing rail force in Europe or deficit of rail engineers in Asia, where technology has been purchased from
abroad for decades, present a challenge on how to recruit talented individuals, train them and retain
within the railway sector’ therefore urging the railway industry to rethink their strategies, especially
with the new change to newly developed solutions. Yet, the recruitment and retainment of young
talents in the rail sector in order to bring such digital transition is a challenge (Fraszcyk et al., 2018).
2.3 Cooperation in the rail sector
With the context for railway development and the context for Digital Rail explained, this theoretical
framework also provides a context for the cooperation in the rail sector. In this regard, attention is given
to public-private partnerships.
2.3.1 Defining public-private partnerships
Public-Private Partnerships (PPPs) have been used frequently throughout the years in government
infrastructure projects (Brinkerhoff & Brinkerhoff, 2011). As of today, Rijkswaterstaat (n.d.) lists 16
active PPP housing projects from tender to exploitation phase and 21 active PPP infrastructure projects
in the Netherlands. Examples vary from the HSL-Zuid line, the A2 tunnel in Maastricht and water
projects such as Project Afsluitdijk (Rijksoverheid, 2019f). In his publication, Verhees (2013) points out
the positioning of PPP as the ‘third way’ between traditional project planning, project development and
privatisation by several authors (Priemus, Flyvbjerg and van Wee, 2008; Rosenau, 2000). An important
benefit of the PPP is the ability to achieve synergy between public and private qualities (Verhees,
2013). However, the benefit of PPP is not only the achievement of synergy, but also the aim for more
quality at the same or less cost (Eversdijk and Korsten, 2007).
In order to define PPP, academic literature provides a wide range of insights. In this way PPPs are widely
described in the literature, however, with different definitions. Koppenjan (2005: p.137) defines PPP as
‘a form of structured cooperation between public and private partners in the planning / construction
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and / or exploitation of infrastructural facilities in which they share or reallocate risks, costs, benefits,
resources and responsibilities’. Klein and Teisman (2003, p. 137) define PPP as “co-operation between
public and private actors with a sustainable character in which actors develop mutual products and
/ or services and in which risk, costs, and benefits are shared”. Loosemore (2007, p. 67) describes
PPP to be ‘an arrangement by which private parties participate in or provide support for the provision
of infrastructure-based services. Essential in these definitions is the inclusion of private parties for
the sharing or reallocation of risks, benefits, resources, and responsibilities between both public and
private parties, therefore putting strong emphasis on the cooperation between both.
An important aspect of the PPP is the difference between ‘finance-based’ PPPs and ‘service-based’
PPPs pointed out by Aziz (2007). In the case of finance-based PPP the emphasis is on the shortage of
governmental means in terms of financing the project in which private financing can be a solution.
This financing can be retrieved by the means of private economical exploitation cost or toll/access
charges. However, in the service-based PPP model the government is able to keep the service level
of the private party at a desired level by the means of financial incentives. Yet, this is only possible if
the privately financed object is in public hands. In the economical exploitation period, the financing
is payed back with public means (Aziz, 2007; Verhees, 2013). Loosemore (2007) adds to this that in
contrast to traditional public procurement, meaning the purchasing of an asset by the public sector, the
PPP system involves the purchase of services which is defined in a detailed service agreement, often
established by the means of a concession contract.
Verhees (2013) points out that the combination of public and private competences means that, in
contradiction of the classical approach in which most risks are at the public side and the private parties
are contractors, are shared. The more the government takes the risks, the less the competences of
the private parties are being used. In this regard, the core aims of PPPs clearly come forward: use the
qualities of both public and private parties by the means of a different responsibility and risk approach
(Verhees, 2013).
2.3.2 Public-private partnerships and the rail sector
Considering the advantages of PPPs, application of PPPs in rail can be beneficial (Lingegård, 2010). As
mentioned above, PPPs are not uncommon to rail, especially in high speed rail (Dutzik, Schneider and
Baxandall, 2011). The most recognisable PPP in Dutch rail infrastructure is the construction of the HSLZuid high speed line of which many lessons can be learned. However, there are also examples of large
rail projects in which tender procedures are held and a PPP is not used. An example is the Zuidasdok
project or the current ERTMS tender which have a client and a contractor, which is not a PPP since
private financing is not applied and the risks are not evenly allocated between public and private parties
(Tissink, 2020). Another example would be the SBB Smart Rail 4.0 program which is a cooperation
between multiple operators, infrastructure managers, the ministry of transport and universities, but in
the end will be a tender when the system needs to be build (SmartRail 4.0, n.d.).
With public (infrastructure) projects with a cost above the 60 million euros, a mandatory PPC is carried
out in the Netherlands. These projects are eligible for Design, Build, Finance and Maintain (and Operate)
(DBFM(O)) contracts (Rijkswaterstaat, 2018). Under traditional contracts, the client buys a product: for
example, a double rail connection between two points. With a DBFM contract, however, the client
purchases a service: available rail infrastructure (Rijkswaterstaat, 2018). With the construction of a
new line, a PPP can become beneficial, however for IT based projects the situation can be different.
Although IT rail projects, such as ERTMS, often exceed the threshold value of 60 million euros, a PPP
is not used but rather a tender for designing, implementing, and maintaining the ERTMS system (Van
Gompel, 2020). The question in this regard is if the Digital Rail system should be cooperative and more
in the form of a PPP or if it should be a tender in which public parties have an important role in
designing such a system and carry the risks. Yet, the competences of private actors can be beneficial
for the quality of the end product (Verhees, 2013). However, due to the nature of the DBFM contract,
a change during the contract period is rather difficult, as the HSL-Zuid case shows (NS & ProRail, 2018).
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With the rollout of the ERMTS Baseline 3 release 2 throughout the Netherlands with one of the seven
corridors before 2030 being the corridor Hoofddorp – Duivendrecht, which connects to the HSL at
Hoofddorp, a upgrade of the ERMTS version on the HSL would be beneficial for operation purposes.
However, the owner Infraspeed wants to maintain the current older version until 2031 since upgrading
the ERTMS installations would be rather expensive and the installations have not reached their end of
life status (NS & ProRail, 2018; Decisio, 2020). This is a prime example of a vendor lock-in, as a result
of a PPP. Therefore, it is questionable whether a true PPP would provide a solution for implementing
digital systems such as the concept of Digital Rail.
In addition, regulations on tendering in the Netherlands do require a tender at the start of a new
contract, regardless of a vendor lock-in. Therefore, in case of a vendor lock-in, high switching cost can
occur. Furthermore, this is a rather time-consuming procedure if after every (short) contract period a
new tender needs to be established (Sjoerdstra, 2016). However, since the option for the infrastructure
manager or operator is not always available to develop a system in house, expertise is often needed
from third parties. Yet, there are cooperation projects in rail in which both public and private parties
cooperate, such as the Shift2Rail program. However, when looking to cooperative architecture design
initiatives such as OCORA and RCA, it can be noted that these primarily consist of operators (OCORA)
and infrastructure managers (RCA) (OCORA, 2019; RCA 2018). It is also important to note that IT systems
have a shorter life cycle due to being obsolete faster (Huang et al., 2019). Therefore, it should be
noted that the life cycle approach which a DBFM(O) contract has encourages the procurement of public
assets (Loosemore, 2007). This means that a strong incentive is given to think about the implications
decisions during the design or construction phase will have on the operation and its effectiveness
and cost of maintenance (Loosemore, 2007). However, in terms of investment costs, this is not really
beneficial in the long run for a DBFM(O) contract form due to the faster obsoletion of IT based systems.
Another note should be made regarding PPP in the Netherlands since the HSL-Zuid line has been in
operation. Decisio (2020) states that due to the complex challenges that have come up during the
construction and operation of the HSL-Zuid line, a decrease in trust between the participating parties
has taken place. Due to the negative perception of the line till date this can become a barrier for further
PPP projects. Furthermore, it should be noted that concession contracts often have large number of
stakeholders and a complex web of contracts and structures for finance and cooperation within the
project making the process labour intensive (Loosemore, 2007). In addition, Loosemore (2007) also
states that the complexity of these arrangements increases the risk of the public party involved and
could potentially create a barrier for smaller companies to join. Especially in rail, where there are a
number of smaller industrial parties coming up, this could disturb a level playing field. Furthermore,
PPP can cause a dependence on private means for public goals which can be undesirable (Loosemore,
2007). Lastly, Gangwar and Raghuyram (2015) state that the structuring of public private partnerships
in railways is a challenge given the technology base and the obligation as a public and thus affordable
mode of transport. Therefore, an integrated PPP might not be beneficial for use in railway.
In conclusion, it can be stated that, although PPPs can be beneficial in some case, it remains a question
whether this would be the case for an IT based rail project. Although academic literature provides
insights in the use of PPPs in infrastructure design and construction, it does not provide a clear insight
whether this would be the case in IT based rail projects. However, this research does aim to explain
what form of cooperation for the proposed Digital Rail concept would be beneficial by the means of
interviews with experts in which chapters four and five provide more insight.
2.4 Conceptual model
The conceptual model has been derived from the theoretical framework. The relevant theoretical
concepts within this research and their relations are schematically shown in figure 9.
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Figure 9. Conceptual framework
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This conceptual model can be read as a flow chart from left to right. At the start, the eight sources
of regional competitiveness are displayed which influence the regional competitiveness of an
agglomeration. The regional competitiveness directly relates to the mobility and accessibility concept
since the provision of connections is one of the key sources of regional competitiveness. The level
of mobility and/or accessibility is influenced by the travel willingness which consists of seven factors
explained in the pyramid of customer wishes. In order to improve this willingness to travel investments
can be made. In order to choose what investments are beneficial in order to improve the willingness
to travel, and thus the mobility, accessibility, and regional competitiveness three components are
essential: the past, present, and future component. As a result of these components, the concept
of Digital Railways can provide a solution since it lacks the need for large physical expansion of the
rail network, thus limiting the pressure on space. However, for the Digital Railways concept to come
into practice a form of cooperation needs to bed chosen. This can be either a PPP or other form of
cooperation as discussed in paragraph 2.3. In the end, the positive and negative effects of this concept
relate back to the travel willingness. This can be positive due to increased capacity, more and/or better
information for the traveller thus increasing comfort of the trip. However, it should be noted that
negative effects of the concept of Digital Railways can also mean increased automation, thus replacing
the human factor.
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3. Methods
3.1 Research design
3.1.1 Interpretivism with characteristics of pragmatism
The research questions, goals and methodology within this research are based on underlying
philosophical foundations. In this regard, it is important to make a choice for a research philosophy.
Research philosophy in this context refers to the ideas for a certain way of conducting research (Flowers,
2009). Every research philosophy has its own ideas when it comes to explaining reality (ontology) and
what is accepted as knowledge (epistemology) (Saunders et al. 2016). The researcher must make some
assumptions about society and science. By addressing this, the philosophical background and state of
the research can be justified (Saunders et al., 2016). By making these choices and ideas known, the
hidden assumptions in the research can be clarified (Farthing, 2016).
Within this research the main question “Under what conditions can the concept of Digital Rail be a
realistic alternative to part of the investments needed for the construction of new rail infrastructure
and in what way can cooperation with public and private parties play a role in this?” follows an
interpretative line of thought. The purpose of interpretative research is to create new, rich concepts
and interpretations of social worlds and contexts (Saunders et al., 2016). Interpretivism has a focus
on searching for multiple interpretations of concepts, which in the case of Digital Railways has a
good connection, given that the concept has multiple interpretations from different actors, in which
knowledge, stories and perceptions of these actors are central. Moreover, an important aspect of
interpretivism is a strong focus on the interpretations of the researcher himself with an emphasis on
strong reflection by the researcher. Ultimately, within this research it is the case that the researcher
himself, based on many insights, seeks a formulation for the concept of Digital Railways and the
interpretation thereof. In addition, this research involves a sample of small size in which the depth is
sought by means of qualitative methods, a strategy that closely matches interpretivism (Saunders et
al., 2016). In order to come to acceptable knowledge thus focusses on different interpretations while
considering the importance of context. Furthermore, it should be mentioned that this research aims
for new understandings and worldviews as contribution, characteristic for an interpretive research
philosophy (Saunders et al., 2016). Although the concept does consist of existing elements, its coherent
approach as Digital Rail is new. In this case, the exploratory nature of this research also fits well with
the interpretative ideas (Saunders et al., 2016).
However, this research does not solely fit the interpretive line of thought. Some pragmatic aspects can
also be found in this research. The pragmatic research philosophy is tied to action, change, and the
connection between knowledge and action (Goldkuhl, 2012; Rorty, 1999). Since this research strongly
aims for an emphasis on practical solutions and outcomes with the concrete proposal for a systematic
approach to Digital Rail, this can be qualified as a typical method to the pragmatism research philosophy
(Saunders et al., 2016). Also, the focus on problems, practices and social relevance are strongly tied to
this research since the aim and motive for the research follow from current practical problems in the
rail sector and its social context. These characteristics can also be found in the research philosophy
of pragmatism (Saunders et al., 2016). Concludingly, the base of the research is mostly based on the
interpretive research philosophy but allows aspects of the pragmatism paradigm to be part of this
research.
3.1.2 Case study
The introduction and theoretical framework have shown that little academic research has been done
into the conditions in which the concept of Digital Railways can be an alternative to the construction
of new rail infrastructure. It is not yet clear under which conditions this concept could be applied and
what the added value is. As a result, an exploratory research was chosen in this research by means of
a case study research. As Saunders and others (2016) point out, a case study strategy has the capacity
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to provide in-depth insights of a phenomenon in its real-life context. This leads to rich empirical
descriptions and the development of a theory, which is essential within this research.
This research uses a single case study design. A single case study is often used if it represents a unique
case (Saunders et al., 2016). When it comes to rail, it should be noted that within Europe each country
has different dynamics, characteristics and regulation within the rail network. For instance, the Dutch rail
network and its characteristics is not comparable to for instance the German rail network. Furthermore,
the context in which development of rail takes place is highly country specific. As indicated in the
theoretical framework, the Netherlands has limited space available for expanding the rail network.
Although a multiple case study strategy often allows for the purpose of replication, this research does
not benefit in this regard due to the strong dependence on national context. Furthermore, a single case
study is chosen due to the complexity of rail systems and networks. Investigating multiple cases would
not be achievable due to the limited time and high labour activity required. This would also require
more in-depth interviews with other European actors, which would not be manageable given the
scope of this research. Therefore, this research uses a single case study design to provide an in-depth
context for the development, implementation and the related benefits, drawbacks and challenges of
the concept of Digital Rail in the Netherlands.
3.1.3 Interviews
The empirical data required for this research is obtained from interviews. The decision for qualitive
research, and therefore the use of interviews, has been made for several reasons. First, the research
is based on a relatively small research group, as was also pointed out in section 3.1. Considering nonresponse, the research group is too small to be able to link statistical conclusions to the results. Secondly,
as stated in the introduction, relatively little is known about the concept of Digital Rail and the way in
which this concept can be an alternative to the construction of new rail infrastructure. Not only within
academic literature but also in practice knowledge on the subject is diverse. Thirdly, due to the fact that
the respondents are part of the subject of the research a survey with statistical results would be rather
difficult in this regard since the questions of importance differ for the participants within the research.
Therefore, due to the explorative character of this research, interviews were chosen as means of data
collection to enable questions to be asked about subjects where other answers are discussed than
anticipated. It is important that all perspectives, motivations, and opinions of respondents can be
collected, which can be achieved by the means of interviews (Saunders et al., 2016; Scheepers et al.,
2016). In this way, more information and in-depth insights can be gathered on this subject (Boeije,
2005).
3.1.4 Semi-structured interviews
Semi-structured interviews are chosen for this research. The respondents are free in their answers and it
is possible for the researcher to interact with the respondents. Given that the research is exploratory in
nature, this type of interview offers the possibility of having the same subjects covered in all interviews.
Nevertheless, the option to deviate from this, when respondents give other answers than expected,
remains available. Due to the different domains and organisations of the respondents, semi-structured
interviews give more freedom to specify the topics to their respective situations.
In addition, semi-structured interviews are chosen for this research, because the actors involved hold
different positions. This could include, for example, project managers, engineers, policy staff and
strategists. By means of semi-structured interviews it is possible to stay at the heart of the subject
during the interviews, but specific additional questions can still be asked to gain more in-depth insights
from all levels within organisations.
Finally, it is decided to conduct the interviews face-to-face, because observing body language can
contribute to the correct interpretation of the answers. Furthermore, it enables researcher and
respondent to talk more freely in a, for the respondent, familiar location. In addition, Digital Railways
is a subject in which maps, photos and other illustration material can be important in, for example,
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showing examples or illustrating certain innovations. This makes it important to keep the interviews
face-to-face. It should be noted that all interviews were held before the coronavirus measures got into
effect. Therefore, almost all interviews were held face to face, with the exception of one interview due
to long travel distance.
3.1.5 Case selection
Within this research, a case study will be used to support answering the main question. To provide a
context for the development and implementation of the concept of Digital Rail a country specific case
study is used to so. To illustrate the benefits of the concept of Digital Rail in relation to capacity, it is
mandatory that the country selected for this case study has a high intensity of rail use. In this regard,
a comparison done by ProRail and NS, on request by the Dutch Ministry of Infrastructure and Water,
shows that the Dutch rail network is the most intensively used rail network in Europe (Rijksoverheid,
2017; ProRail, n.d. b). Compared to the other countries, the Dutch rail is used most intensively; the
number of passenger kilometres per kilometre of track is highest in the Netherlands. And this continues
to increase in the future as can be derived from studies related to the demand for rail capacity in the
Netherlands.
This intensive use of the rail network in the Netherlands, and the expected growth that rail is predicted
to have the coming years follows from the National Market and Capacity Analysis (NMCA) and TBOV
2040. There are several main corridors in the Dutch rail network that are expected to not be able to
provide sufficient capacity. These corridors are marked in the NMCA and TBOV 2040 as bottlenecks.
From the additional background report NMCA Rail from ProRail (2017b), vulnerability of the corridor is
expected on the following corridors on the basis of thirteen trains per hour on two tracks:
-

Schiphol – Amsterdam Zuid
Zaandam – Amsterdam Sloterdijk - Amsterdam Centraal
Amsterdam Centraal - Amsterdam Bijlmer ArenA – Utrecht Centraal
Almere – Amsterdam Bijlmer ArenA
Utrecht Centraal - Veenendaal
Utrecht Centraal - Geldermalsen
Woerden - Gouda
Rotterdam Centraal – Den Haag HS

Following the report from ProRail (2017b), an inventory is also made of the number of routes that will
have a maximum occupancy rate greater than 90% in 2030 and 2040. For table 3 below, all train types
have been combined for the low and high scenario.
Table 3. Assessments routes with a maximum occupancy rate greater than 90%

2030
HSL (Schiphol – Rotterdam CS)
Leiden – Den Haag
Haarlem - Amsterdam Sloterdijk
Amsterdam Amstel – Utrecht Centraal
Utrecht Centraal – Arnhem Centraal
Nijmegen - ’s-Hertogenbosch
Utrecht Centraal - Gouda

2040
HSL (Schiphol – Rotterdam CS)
Leiden – Den Haag
Haarlem - Sloterdijk
Amsterdam Amstel – Utrecht Centraal
Utrecht Centraal – Arnhem Centraal
Nijmegen – ’s-Hertogenbosch
Utrecht Centraal – Gouda
’s-Hertogenbosch – Utrecht Centraal
Breda – Eindhoven
Alkmaar – Castricum
Nijkerk – Amersfoort Vathorst

Source: Author, based on ProRail (2017b)
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When looking at the average occupancy rate, greater than 90% and for all train types, the following
sections of the track specifically stand out. The track sections in this case have an occupancy rate higher
than 90% in both the low and high scenarios for 2030 and 2040 and are thus identified as bottlenecks:
•
•
•
•
•
•
•

Haarlem – Amsterdam Sloterdijk
HSL-Zuid (Schiphol–Rotterdam Centraal)
Utrecht Centraal – Amsterdam Amstel
Woerden – Breukelen
Arnhem – Zutphen
Oss –’s-Hertogenbosch
Helmond–Eindhoven

The corridors mentioned above are mostly located on crucial rail connections in relation to the REOS
areas. Considering that most of these corridors are already intensively used and are expected to become
bottlenecks in relation to capacity in the coming years, this research has selected the Netherlands as
case study. This case is able to provide context for both spatial planning characteristics, such as land use
and the connection between rail connections and agglomeration power, and rail network characteristics
in relation to capacity. The Netherlands has limited space available and has specific policies for inner
city development and land use, as can be derived from the theoretical framework. This provides a clear
incentive for better use of current infrastructure due to lack of option to expand. However, for other
countries, the spatial planning perspective related to land use and opportunities for physical expansion
of the rail network are different. Therefore, when considering the concept of Digital Rail, the benefits
of this concept in relation to capacity on the Dutch rail system in general can be described. Also, the
Netherlands already has ERTMS implemented on some corridors in the Netherlands, thus providing
additional insights on the benefits of this system, which argued to be an essential part of Digital Rail.
As a result, with regard to the application of Digital Railways, the findings can be put into a broader
perspective when it comes to the comparison and the effects of certain interventions. In addition,
considering that some parts of the Netherlands are already equipped with ERTMS, the potentially
added benefit of other innovations and technology from the Digital Railways concept can be illustrated.
3.1.6 Reliability
The reliability of the research refers in particular to the replication of the research and the consistency
with which the research was conducted, thus limiting coincidental measurement errors (Scheepers, Tobi
& Boeije, 2016). This research takes into account the reliability of the research by arranging the research
in such a way that it might be repeatable. However, it is important to note that qualitative research is
generally more difficult to duplicate in view of the interpretations of researcher and respondents in a
certain setting (Saunders, 2016; Scheepers, Tobi & Boeije, 2016). In order to guarantee the reliability of
the research, the developments and the research process are fully documented in this research. This
provides insight to third parties regarding the research process. Furthermore, this research considers
that in order to improve reliability of the research it is important that the same subjects are asked in
the same manner during the interviews (Scheepers et al., 2016). Nonetheless, it should be noted that it
will remain difficult to duplicate the research given the high degree to which rail innovation and society
are developing.
3.1.7 Validity
To guarantee the validity of the research, it is important that other researchers and interested parties
have sufficient information to be able to assess whether the correct methodological choices have
been made from the beginning to the end of the research process and that the research can be
followed (Scheepers, Tobi & Boeije., 2016). The validity of the research means the extent to which
the researcher actually investigates what the researches says to be investigating. This therefore refers
to the applicability of the methods used, the extent to which the research findings are accurate and
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whether the results can be generalised (Scheepers, Tobi & Boeije., 2016; Saunders et.al., 2016). A
distinction is made here between internal and external validity.
The internal validity of this research is guaranteed by a number of measures. First, an extensive literature
research is carried out into the definition of Digital Railways and its surrounding factors to ensure that
this research actually investigates the intention of the research. Secondly, in addition to this literature
research, a number of exploratory interviews with experts on the subject of Digital Railways and the
definition thereof are held within this research. In this way, certain aspects of Digital Railways can be
included in the research that experts believe are important for the research. Thirdly, a trial interview
is held prior to the interviews to ensure that all questions are clearly formulated and that incorrect
interpretations of the questions do not end up in the final questionnaire. Fourthly, no preliminary
conclusions or goals of the research are mentioned to the respondents prior to the interviews to prevent
socially desirable answers. In addition, sufficient time is scheduled for the interviews to prevent hasty
answers. Attention is also paid to the environment in which the interview takes place. In this way it is
avoided that other persons who have a relationship with the subject are in the immediate environment
of the respondent in order to overcome the possible fear of being interrupted. Finally, attention is also
paid to a verification of the data by the respondents by offering the data and interpretation of the
researcher to the respondents for verification. These steps together ensure an increase in the validity
of the research.
The external validity is more sensitive than the internal validity of this research. This is mainly due to the
fact that this research focuses on a fairly small sample. As a result, the ability to generalise the findings
of the research is lower (Scheepers, Tobi & Boeije, 2016). Nevertheless, it is possible to generalise the
results to a limited extent. Given the choice that the Netherlands as case study has some corridors with
ERTMS, which is a interoperable European standard, some findings of this research are generalisable
to other countries. Furthermore, it should be noted that the sample of respondents consists of most
major actors in the European rail sector, therefore making the sample more representative. However,
regarding the case study it is important to take note of the fact that the selected case covers the Dutch
rail network which has a high occupancy on several corridors with a high passenger pressure. This
means that the results of this research can only be generalised for other countries with rail corridors
having a similar occupation.
3.1.8 Research ethics
Research ethics are a key part of this research. Maintaining and practicing proper research ethics are
of great importance, as pointed out by Scheepers et al. (2016) and Farthing (2016). Itis essential in
ethical research to handle collected data with care and respect the specific wishes of respondents
in this regard. Therefore, this research has guaranteed proper research ethics in a few ways. First of
all, prior to every interview all respondents have been explicitly asked for their approval of recording
the interview. The intention for recording the interview has been clearly stated to enable accurate
transcription and analysis of the interview. In addition, it has been stated that these recordings will
not be shared with third parties with the exception of the supervisor of the Radboud University in case
of the need of verification or evidence of empirical data in the research. Secondly, respondents were
asked whether they preferred to remain anonymous in the research. In addition, respondents were
asked whether their organisation and domain were allowed to be named in the research, therefore
displaying the domain of expertise of said respondent. Furthermore, the respondents were asked if
they wanted to receive the transcript for verification purposes, therefore enabling the respondent to
indicate certain fragments that they did not wish to be included in the research. Also, it is important
to note that confidential information has been left out of this research as it is not to be shared with
anyone. Both the request for anonymity and the desire to not use certain parts of the interviews for
confidential purposes were made which are honoured in this research. In addition, it should be noted
that one interview with a respondent has not been recorded. However, some of the information
from this interview is used within this research and has been sent to the respondent for approval.
The transcripts of the interviews are only saved on the personal computer of the researcher in a safe
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location. Therefore, access to the transcripts is limited. As result of these measures, proper ethical
research practices are guaranteed.
3.2 Data collection process
3.2.1 Research approach
Within this research, a research strategy is used that consists of four steps. First of all, general
knowledge about Digital Railways has been gained through desk research. Exploratory talks were then
held with experts regarding the content of the Digital Railways concept. In the next step, the in-depth
literature research took place regarding the concept of Digital Railways and surrounding factors such
as agglomeration power, public-private partnerships, and the broad context of rail transport in the
Netherlands. Both academic literature and practical policy literature has been used for this literature
research. Finally, in the context of this research, in-depth interviews were conducted in insights on the
concept of Digital Railways were gained. The emphasis here was on answering the research questions
and on the chosen case within this research. With the literature review completed and the interview
data acquired, the concept of Digital Rail and its definition as proposed by this research have been
formulated. This strategy has been focused on the exploratory nature of the research and the collection
of a broad picture of information about the subject. By carefully working from broad first steps with
broad explorations to focused depth steps, it has been possible to be able to answer the main and sub
questions in detail and well-founded.
3.2.2 Research units
The research units for this research were carefully selected due to their job or domain within several
organisations, relevant to the subject of Digital Rail. This includes experts in multiple domains from
multiple organisations. In general, the respondents can be categorised in three categories namely
operators, infrastructure managers, supply industry and rail freight expertise.
First, the Dutch infrastructure manager ProRail is included in this research which is considered to be
an essential actor in the Dutch rail domain. In order to include a large range of expertise within ProRail
in the thesis, respondents were chosen from five domains: the domain of traffic management, system
architecture, logistics, innovation and IT. Since traffic management and its capacity is of vital importance
in the operation of trains the inclusion of experts on traffic management/system architecture provides
insight in the functioning of traffic management systems. In this regard, attention is given to possible
innovations or improvements in order to gain capacity or increase the efficiency of rail operation in
relation to the concept of Digital Rail. Furthermore, experts within ProRail are able to provide insights
on (IT) innovations in the rail domain.
Secondly, experts within operators such as the Dutch National Railways (NS) are included in this
research. This concerns experts in the domain of ERTMS and system architecture provides in order to
provide insight on the system architecture of trains, digitalisation, Digital Rail and the implementation
of ERTMS. In addition, experts on the innovation part of the NS are included in this research to provide
insight in current trends and innovation on the operation of trains and innovation within trains.
Furthermore, due to the international character of the rail market, organisations participating in the
Shift2Rail program such as the SBB, SNCF and UNIFE are included in this research. Experts from the
SBB and SNCF are included regarding their expertise on innovation and system architecture on both
the operator and infrastructure manager side. Also, the SBB has a large scale SmartRail 4.0 program
which closely relates to digital solutions. Since the supply industry forms the heart for providing
products to the rail market, the insights from experts within UNIFE on the implementation of ERTMS,
its opportunities for a concept like Digital Rail and the increasing focus on digitalisation are of great
importance in this research. Finally, an expert on the domain of rail freight is included within this
research to provide insights on innovations and the role of digitalisation in the operation of the rail
freight network throughout Europe.
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Prior to the start of the empirical part of the research a list of possible respondents and contact persons
relevant to the case studies and concept of Digital Rail was drafted. Subsequently, attempts were
made to come into contact with the respondents via the internet and/or by using the own network
to preferably retrieve phone numbers or e-mail addresses. The reason for the preferred retrieval of
phone numbers is the higher response rate through this form of communication. When contacting
the respondents, the aim of the research was explained and it was asked whether they wanted to
participate in the research. If not, it was asked whether they knew other persons who would. During
the interviews the respondents were also asked whether they knew other actors or persons who would
be relevant to include in the research. By the means of this snowball method it has been possible for
this research to include international actors such as the SBB, SNCF and UNIFE and additional experts
within ProRail and NS.
In total 12 interviews with 14 respondents were held of which one interview was held by phone due
to time and distance. An overview of the interviews and respondents can be found in table 4 below.
The names of the respondents are made anonymous in this table, at request of the respondents. With
permission of the respondents, the domain of their expertise or work has also been displayed. It is
important to mention that additional conversations are held with experts within ProRail, the ministry
of Infrastructure and Water Management in order to verify the development of the proposed Digital
Rail concept. However, these were informal talks of the record and are therefore not included in the
respondent list. Yet, their insights and feedback contributed to the creation of the Digital Rail concept.
Table 4. Overview respondents

Organisation
ProRail

Interview number
1
2
3
4

NS

5
6
7

SNCF
UNIFE

8
9

SBB
Expert freight

10
11
12

Source: Author

Respondent Number
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14

Domain Respondent
Traffic Management
System Architecture
Logistics
Innovation
Innovation
IT
Innovation
System Architecture/
ERTMS
Innovation
ERTMS
ERTMS
Digitalisation
System Architecture
Rail freight

3.3 Operationalisation
3.3.1 Operationalisation Digital Rail/Digitalisation
Defining the concept of Digital and explore its uses is the central part of the research. As followed from
the theoretical framework the concept of Digital Rail is interpreted differently in academic literature.
To prevent confusion on the topic of Digital Rail within the interview, respondents were asked to what
they thought Digital Rail and/or digitalisation is. This question served as a double purpose. First of
all, it provided insight in how respondents see Digital Rail and/or digitalisation in rail. Secondly, if the
definition was far of the reference definition by the theoretical framework, the topic could be further
explained in order to make sure the subject was understood rightly. For the topic list Digital Rail has
been defined according to the formulated definition by Nemtanu and Schlingensiepen (2018, p.227)
which state that ‘Digital railway could be defined as the effect of digitalisation of rail operations and
processes in terms of increasing the efficiency of railway sector and to facilitate multimodality approach
of transport system to improve the mobility (at vary levels: continental, national, regional or urban’.
Although the topic list for the interviews used the definition above it should be noted that the input of
the respondents has been used in order to shape the concept and final definition of Digital Rail which
can be found in chapter four of this research.
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3.2.2. Topic list
As preparation for the interviews, a topic list was made. There have been made three separate topic
list. One for UNIFE (ERTMS), one for SBB and one for the respondents from NS, ProRail, SNCF, UNIFE
(digitalisation) and freight. The reason for this is that per respondent, different topics are more
important applicable while for others this is not the case. Nevertheless, the structure of all the topic
lists is mostly the same, therefore making it possible to compare the interviews with each other. The
topic lists used for the UNIFE (ERTMS) interview can be found in attachment B, while the topic lists for
SBB and the other respondents can be found in annex C and D.
The first topic list, drawn for the experts on ERMTS of UNIFE, focused on the specific knowledge,
experience and role of the respondent which an emphasis on the future of the railway system and the
role of ERTMS in this regard. The topic list starts with the topic ERTMS and innovation which consists
of an introduction to ERMTS, its goals and the involvement of the respondent in this regard. By getting
a detailed explanation the role of the respondent can be placed into perspective of the subject. After
the introductory block of the topic list, the focus shifts to the benefits, bottlenecks, effects and changes
that ERTMS brings along. Topics such as the impact of ERTMS on the capacity and competitiveness of
the European Railways form an essential part. In this way, an insight into the importance of ERTMS for
the European rail sector can be given. Importance is given to advantages but also at the negatives such
as the bottlenecks and challenges that the implementation of ERTMS brings. This provides insight into
the possible challenges that could arise when implementing a Digital Rail system on top of the ERTMS
system. With the emphasis also on national roll outs, insight is given on how each country in Europe
plans to implement the ERTMS system. Furthermore, attention is given towards the topic innovation.
In this regard, topics like whether ERTMS can be considered to be an innovation or what innovation
benefit from the implementation of ERTMS are discussed.
The topic list continues by bringing up the relation between ERTMS and digitalisation and the application
of digitalisation in rail by the means of the concept of Digital Rail. Topics in this block focus on the
definition of Digital Rail according to the respondent and the role of ERTMS in this digitalisation of rail.
Attention is also given towards rules and laws in European context for the development of ERMTS and
further innovations. The topic lists also discusses the topic of cost of the ERTMS system and whether
and/why it is more cost efficient than current implementations. Finally, the topic list concludes with
the final block on process and actors in which the cooperation and roles of various rail actors in relation
to ERTMS are discussed. In this regard, topics such as the role of public and private parties in initiating
innovation in the European rail sector are brought up. Also, strategies for innovating in the rail sector
are discussed to gain insight into possible strategies for implementing a digitalisation strategy in the
Netherlands or Europe.
The aspect of ERTMS is also included in the other topic lists, however, it is only a small portion. In the
general topic list, used for the majority of the respondents more emphasis is put on the concept of Digital
Rail and its definition, uses and aims. Respondents are asked in this regard for their specific knowledge,
experience and role regarding the future of the railway system, the use of digitalisation in rail and their
vision and/or opinion on the concept of Digital Rail. For the Dutch respondents the topic list starts with
the topic of capacity and policies in order to increase capacity in rail. Furthermore, emphasis is put on
actions, plans and innovations for the coming years in order to increase capacity on the mainlines. In
addition, the topic of bottlenecks on the main corridors in the Netherlands are discussed. The topic list
then moves on to the Digital Rail topic which mainly consists of six sub topics. In the first introductory
part, the focus lies on defining the concept of Digital Rail and what is considered to be or not to be part
of such concept. Also, the role of digitalisation within the organisation of the respondents is mentioned.
In this regard, the next subtopic, the comparison with (digitalisation) strategies of other countries has
a strong relation to the strategies. Next, the subtopic of effect, chances and bottlenecks of Digital
Rail are discussed. In this regard, also the Dutch case is mentioned and what the potential effects of
digitalisation measures could be. This subtopic also emphasises the threats that digitalisation brings
along, such as cybersecurity and human factor. Finally, the subtopics of rules, costs and, if applicable,
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shunting are discussed in relation to the Digital Rail concept. The last topic on the topic list discusses
the actors and strategy part for Digital Rail. Emphasis lies on the organisational structure and the forms
of cooperation in rail in order to implement a concept like Digital Rail or to implement innovations in
general. In this regard, this topic also discusses the role of public and private parties in the rail sector
and how these parties could facilitate innovations in rail. The topic list ends with the topic of whether
digitalisation/Digital Rail can be an alternative to physical rail infrastructure.
Finally, the topic list for the SBB interviews follows mostly the same structure as the topic list described
above. However, a few differences are to be considered in comparison. The topic list for the SBB is
more aimed towards the SmartRail 4.0 program which can be considered as an extensive digitalisation
strategy. Therefore, the respondent is asked about the history of the program in order to gain insight
into the aims and need of the program. Also, extensive attention is given towards the system design
and benefits of this approach. However, also attention is given to the drawbacks of such system. Yet,
the topic of digitalisation is also brought up in order to discuss whether SmartRail can be considered
as a Digital Rail approach. Furthermore, the standardisation and interoperability topic are brought up
in order to gain insight on the possibilities of implementation of such program in the rest of Europe.
It should be noted that although the topic list for the respondents from NS, ProRail, SNCF, UNIFE
(digitalisation) contain the same structure, some minor differences in the topics have occurred. For
instance, if the respondent brought up a relevant topic not included in the topic list, attention has been
given towards this topic if relevant for this research. It should thus be noted that the topic lists merely
served as guidelines to ensure that the same topics were discussed in every interview. Some context
related questions have been asked for specific systems or cases.
3.4 Analysis
The interviews conducted within the framework of the research have been recorded and transcribed
afterwards for accurate processing. The answers by the respondents were then sorted by relevance for
answering the research questions. With the use of the program ATLAS.ti various themes emerged from
these answers. Within these themes, differences and similarities in the answers of the respondents
could be found. This is called axial coding. The code tree following from this process is included in
annex A.
The code tree consists of six main code groups. When coding the interviews it was noted that there
were similarities in the data, but also large differences based on the same code. It came clear that most
experts each had their own perception of the concept of Digital Rail while some also questioned the
used terminology of digitalisation. Therefore the code defining Digital Rail has been included in order
to point out the various definitions of the concept of Digital Rail and/or applying digitalisation in rail.
Furthermore the code group aims and core function of Digital Rail is included in order to gain insight
in the aims and functions of a Digital Rail system. This code group is split out into two codes, CCS and
Data, which cover several aspects of the system, such as adaptivity, modularity, interoperability, the
use of ERTMS and standardisation. Subsequently, the code group the impact of Digital Rail refers on
the positive side to the advantages, benefits and chances. However, within this code group also the
negatives of the concept, such as the bottlenecks and challenges, are grouped that the system brings
along with its implementation.
Furthermore, attention is given to the conditions which are needed in order to implement a concept like
Digital Rail. This is bundled in the code group conditions for implementing Digital Rail. This code group
is divided into three codes: Safety and regulation, Cost and time, and Actors and cooperation. The code
Safety and regulation discusses the formal rules and environment for innovation and implementation
of such new systems. The following codes, cost and time and actors and cooperation contain not only
the data on the cost of a concept like Digital Rail or Digitalisation applications in rail, but also the
time needed to develop, test and implement these innovations. The actors and cooperation code
refers to the individuals actors in the rail environment, their interests, visions and ambitions for the
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future of rail. Also important in this regard is the aspect of cooperation which bundles the data on
how cooperation should be shaped in order to innovate and implement these innovations in rail. This
code is therefore divided into four sub codes: Government, Infrastructure Managers (IMs), Market and
Industry and operators. In this regard the roles of each actor can be explained. Furthermore, the code
Digital Rail as alternative to physical rail infrastructure is essential in answering the main research
question whether the concept of Digital Rail can be an alternative to investments in the expansion of
the physical rail infrastructure. Finally, the code future challenges and foresights provides an insight
into what the future is going to bring to rail, but also the trends that should be taken into account for
the development and existence of rail transport.
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4. Digital Rail as a system
With the aim for increased capacity and more convenience for train travellers but also the need for
new solutions this chapter of the research aims to conceptualise the concept Digital Rail as a system.
However, to do so the underlying principles of the railway system need to be explained. Therefore
paragraph 4.1 explains the current ATP (Automatic Train Protection) systems and the shift to the
European Rail Traffic Management (ERTMS) system which can be considered as the basis for the future
Digital Rail system and its innovations. In paragraph 4.2 the concept of Digital Rail is defined after
which paragraph 4.3 highlights the advantages and disadvantages of such conceptual system. Finally,
in paragraph 4.4 a selection of the building blocks of the Digital Rail system are illustrated in practice
in the Netherlands.
4.1 Having a basis: Current systems and ERTMS
In the last few decades rail networks and their respective IT systems have developed in Europe.
However, not all European countries have the same systems when it comes to rail. When looking at
ATP systems, figure 10 provides an overview of ATP systems across Europe.
Figure 10 Overview ATP systems Europe

Figure 11 Europe in 2050 with ERTMS

Source: European Commission (2020)

This huge diversity of ATP systems highlights one of the most important challenges Europe faces to
date when it comes to rail since these systems are mostly incompatible with each other, thus limiting
technical interoperability across Europe between the various systems (Theeg and Vlasenko, 2020). For
example, a NS train equipped with only ATB cannot drive across the border to Germany and continue
its journey since Germany uses a different ATP system than the Netherlands. Therefore, international
trains, such as the ICE, are equipped with multiple ATP systems. However, cross border operations
are costly if every train crossing the border needs to have multiple ATP systems in order to operate
in multiple countries. Also, the switching of systems at the border can be time consuming and labour
intensive for train operators. Furthermore, most countries have different traction power supply
systems, therefore emphasising the need for a train with multiple power systems on board.
In order to improve the rail traffic flow in relation to the ATP systems, and thus strengthening the
economic relations within the European Economic Area, ERTMS has been established. ERTMS consists
in this regard of three functional components: the communication network GSM-R, the ATP system
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ETCS and the Traffic Management functionality. ERTMS is an interoperable and standardised European
system and with the provision of the standardised ATP system, the European Train Control System
(ETCS) system, cross border operations are enabled without the need for the installation of multiple
ATP systems on-board, as can be seen in figure 11. Therefore, the European Commission released the
Technical Specification for Interoperability (TSI), which consists of a set of specifications in different
subjects. Issues of railway signalling are described in control command and signalling (CCS) TSI. In
this regard, the difference between Class A and Class B systems is of importance. The Class A systems
are defined as the new European Standard. Therefore, the European CCS TSI has defined ETCS as the
new Class A ATP system and GSM-R communication as the Class A system for railway communication.
For these class A systems, requirements for the interfaces to other components are described which
specify the methods for the transmission of data to train and vice versa (Theeg and Vlasenko, 2020).
With the introduction of ERTMS, the older ‘legacy’ ATP systems, such as ATB, are now referred to Class
B systems, thus no longer being the standard and preferred option for CCS.
In order to explain the added benefits of the ERTMS system compared to the Dutch Class B system, ATB
Eerste Generatie (ATB-EG)1, the following section provides a short overview of the functions of both
systems. The operation of the ATB-EG system is displayed in figure 12 below.
Figure 12 ATB-EG
96x
140 km/h
96x
Transmi�er

Source: Author

ATB-EG works based on emitted coded track currents, send by the transmitter, which are received by
the train through the rails. The system is able to guard five speed steps (40, 60, 80, 130 and 140 km/h)
which are transmitted by pulses through the rails which serve as a wire. For instance, for a maximum
speed of 140km/h the number of pulses per minute is 96. The train recognises the number of pulses
and provides the maximum speed information to the driver. If speed reduction is required, the system
requires a periodic acknowledgement action every 20 seconds and checks for application of the brakes.
However, the system does not function when the train speed is lower than 40 km/h. Therefore, a
distinction between speeds lower as 40 km/h and stop are not available (Theeg and Vlasenko, 2020).
The later implementation of ATB, ATB Verbeterde versie (ATB-Vv)2 fills in the lack of protection between
0 to 40 km/h. ATB-Vv has the distinct characteristic that the system does not protect the speed of the
train, but monitors at every speed below 40km/h if the train can come to a stop before a red sign. This
feature is called braking curve monitoring (Movares, n.d. b).
With the decision to implement ERTMS in the Netherlands, the application of “Level 2 only” has been
chosen. In this regard, the ‘only’ refers to the fact that no other ATP system is implemented on the
line. For instance, the corridor Amsterdam – Utrecht has both ATB and ERTMS L2 installed resulting
in the option for the train to choose which system to use. This is called Dual Signalling. In the ERTMS
L2 scenario described below, only ERTMS is installed. This application level uses data from a Radio
Block Centre (RBC) which is transmitted through the Euroradio (GSM-R) for movement authority. In this
application the Eurobalises serve as location referencing points while train detection and train integrity
are monitored through trackside equipment such as axle counters. Figure 13 below shows the working
of the ERMTS level 2 system. It should be noted that in the case of a L2 only implementation, the signal
is no longer installed (Theeg and Vlasenko, 2020).
1 ATB Improved Version
2 ATB First Generation
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Figure 13 ERTMS Level 2
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Source: Author, based on Theeg and Vlasenko (2020)

Compared to the ATB system, ETCS monitors all speeds in steps of 5km/h, including below 40km/h,
and is thus not fixed to the large speed steps which are present in the ATB system. Therefore, trains
could potentially drive at higher speeds while still being monitored. Furthermore, the ETCS systems
monitors the braking curve of the train on all speeds, resulting in the opportunity for trains in level
2 operation to travel closer together, resulting in increased capacity (ERTMS-nl.nl, n.d.). Yet, it is
important to notice that ERTMS is not simply just an ATP system since it has several benefits compared
to most Class B systems. ProRail and the Ministry of Infrastructure and Water Management refer to five
specific aims of the ERTMS program which are the increase of safety of the rail system, the increase
of interoperability of the rail system, the increase of capacity on the rail network, the increase of the
operating speed of the trains in service and the increase of reliability of the rail system (Rijksoverheid,
2019g). Furthermore, due to the standardisation aspect of ERTMS, ERTMS is argued to be a more
cost efficient system in the long run for the railway due to the larger batches of equipment which can
be provided compared to the individual and specialised Class B systems. However, one of the most
referred to changes with the implementation of ERMTS is the switch from classical relay interlocking
towards an IT and ‘digital’ interlocking system which is often referred to as the switch from analogue
to Digital Railways (Rijksoverheid, 2018a). Additionally, ERTMS provides a basis for further innovation
which is essential for the concept of Digital Rail as defined within this research, especially on the
standardisation aspect which ERTMS provides. However, the Digital Rail as a system, which is explained
in figure 14 below, assumes the implementation of level 3 in which train detection becomes optional
due to trains calculating their own positioning. Necessary in this regard is the availability of a Train
Integrity Monitoring (TIM) module onboard (Theeg and Vlasenko, 2020).
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4.2 The concept of Digital Rail
4.2.1 Defining Digital Rail
In general, there is no broadly supported general description of the Digital Railways concept. In their
article, Tokody and Flammini (2017) state that the lack of a long-term strategy for rail transport in
general can negatively influence the competitiveness of rail transport. In addition, there is also a trend
for the “digitalisation of everything”, which also has its effects on the rail sector. Therefore, this research
aims to establish a practical definition for the concept of Digital Rail.
As stated in paragraph 2.2 of the theoretical framework, Nemtanu and Schilingsensiepen (2018, p. 225)
state that Digital Rail can be defined as ‘the effect of digitalisation of rail operations and processes in
terms of increasing the efficiency of railway sector and to facilitate multimodality approach of transport
system to improve the mobility (at vary levels: continental, national, regional or urban’. Although in
general this research agrees with this definition, a slightly different definition is formulated in order
to better compliment the proposed more specific Digital Rail system which this research aims for. The
definition that this research proposes takes the practical application of rail digitalisation strategies in
consideration, such as the SmartRail 4.0 program in Switzerland, the Digitalen Schienen program of DB
and the Digital Rail strategy of Network Rail but also other practical insights from rail actors such as
Shift2Rail (Pieriegud, 2018; SmartRail 4.0, n.d.; Bane NOR, 2018; Deutsche Bahn, 2018; Network Rail,
n.d.). Therefore, based on the findings within the literature review and information provided from the
respondents within this research, the following general definition for Digital Rail is proposed:
“The Digital Railway concept is, in its core, an intelligent transport solution (ITS) aiming for the
digitalisation of the railways, therefore enabling organisations, goods and vehicles to be smarter, more
efficient, more comfortable and safer. Digital Railways is not a goal in itself, but a new concept and
approach to the rail system in general in which new digital resources such as the intelligent use of data,
innovations and a system architecture, in which modularity, adaptivity and standardisation are key
components, contribute to rail mobility objectives such as increased efficiency, safety, liveability and
capacity expansion of the rail network.”
In order to translate this definition to an applicable system for rail it is important to look at various
implementations of digitalisation in rail, often referred to as Digital Rail strategies. Many European
countries use different digitisation strategies. Switzerland in particular has a comprehensive program,
SmartRail 4.0, which puts a strong emphasis on the development of the RCA standard and innovations
such as European Train Control System (ETCS), Automatic Train Operation (ATO) - Grade of Automation
level 2 (GoA2), Smart (and automatic) Timetabling and Smart Infrastructure (SmartRail 4.0, n.d.).
Inspired on such programs and the RCA, EULYNX and OCORA initiatives, all of which explained in
paragraph 4.2.2, the following system is proposed which can be considered, according to this research,
as a system definition for the concept of Digital Rail. The system is displayed in figure 14 on the next
page.
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Figure 14 Digital Rail as a system
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The system consists three main architectural groups: the wall architecture, the RCA architecture, and
the vehicle architecture. Within the wall architectural group, the central traffic management takes
place. This group is directly connected to the RCA architectural group which includes the Central
Safety System (CSS). This CSS consists of the Radio Block Centres (RBCs) and the Interlockings (IXL).
The connection between wall and CSS is provided by means of fibre optic cables. Since the interlocking
takes place within the CSS, the object controllers which are connected to trackside objects such as
switches, (if applicable) signals and axle counters (ERTMS L2/HL3 only) have a direct connection to
the CSS. The trackside objects also consist of the Eurobalise, which are required for reference location
point for the ERTMS system and sensors (for predictive maintenance). Important to note here is that
the infrastructure components are proposed to have standardised interfaces by the means of using
the EULYNX standard. However, the sensors do not specifically connect to the CSS for interlocking
purposes but are used in order to monitor the conditions for the track. The CSS module also provides
the connection between train and wall through the RBC.
The vehicle architecture group, consisting of the trains, is connected to the RCA architectural group,
thereby enabling trains to communicate with the wall. This connection is based on the Future Rail
Mobile Communication Standard (FRMCS) for European interoperability purposes. Currently the
GSM-R/GPRS system is used. However, this system will be end of life when the specification of the
newer and faster standard FRMCS is introduced, which is foreseen for the 2022 ERTMS TSI (Technical
Specifications for Interoperability). Therefore, this system assumes FRMCS is in use, also due to its
higher network capacity and faster data transfers. Since this system is based on the ERTMS L3/HL3
principles, trains are in principle not able to communicate with each other. However, this concept takes
in consideration the proposed virtual coupling principle as described by Quaglietta, Wang and Goverde
(2020), thus also enabling trains to communicate with each other. Each train has a core system layer
which consists of two parts: the vendor specific legacy train bus, responsible for controlling the doors,
brakes, traction etc., and the universal vital control and command bus which is the open standardised
bus/on-board computer to which separate on-board applications such as the ETCS on-board can be
connected. This architectural design is based on the 2019 OCORA Alpha release (OCORA, 2019).
Lastly, there are three more important blocks in this system consisting of the traveller, the cloud,
and the energy supply system. Although the latter, energy supply systems, is not to be considered
as actually ‘digital’ it is of great importance. The current energy supply system in the Netherlands
is the 1,5kV system. However, according to some this system is argued to be no longer sufficient for
future capacity growth on the railway. Therefore, this system assumes the availability of the 3kV system
which can not only handle more trains but also allows for faster acceleration of trains, resulting in a
decrease in follow-up times on the track meaning that it possible to potentially run more trains on
the tracks. Note that this situation is mostly applicable to the Netherlands since other countries have
higher capacity energy supply systems. The cloud aspect within the system serves as the computational
heart for interlocking, traffic management solutions etc., therefore dropping the requirement of the
building of new expensive data centres by using existing cloud solutions. Finally, the wall architecture
group is linked to the traveller/customer for data purposes. In order to have proper traffic information,
for example where their train is, if it is on time and how the occupation of seats in the train coaches is,
available to the customer therefore enhancing traveller comfort.
For understandability, these three groups can to some degree be compared to the functioning of a
smartphone. In the same order the groups would then be the core of the mobile (4G/5G) network
(traffic management), network central (RBC), cell tower (RBC cell tower) and smartphone (train).
Within the smartphone runs an operating system, for instance Android (Universal Vital Control and
Command Bus) in which apps (the on-board applications) can be run.
Finally, figure 15 on the next page shows the inclusion of current ERTMS implementation into the
proposed Digital Rail system. As can be noticed, the function remains the same, but are integrated
differently into the system.
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Figure 15 Decomposition ERTMS into Digital Rail as a system
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4.2.2 Digital Rail and its aim
This system has primarily two aims. First, this system aims for the data sharing between various rail
parties in order to enhance customer experience. For travellers for instance, more data is provided
for their travel journey. However, also for freight operators and customers this data sharing is
of importance. With the opportunity of smart freight cars, as developed by for instance DB Cargo,
operators and customers can monitor the condition of the freight in real time. Secondly, this system
aims for the enhancement of the rail system by the means of increased efficiency throughout the chain
resulting in a more robust and future proof system for innovation, potentially resulting in increased
capacity. With the strong focus on standardisation and modularity the system enables suppliers to have
competition on functions outside the standardised framework and without altering the core standards
which is currently the case with ERTMS with each supplier having a different implementation of ERTMS.
In principle, the ERTMS standard has a relatively high degree of freedom considering it is a group of
specifications but does not require the same implementation across suppliers. For instance, the Siemens
ERTMS system is different than the ERTMS implementation of Alstom. Therefore, the interoperability
aspect of great importance, hence the proposal for a standardised yet modular approach.
This is in line with the OCORA initiative which aims for the establishment of a modular onboard
standard. The OCORA standard is a reaction to four current issues in rail system implementation. First,
current control-command and signalling on-board solutions in Europe drive significant investments and
maintenance cost and, secondly, these solutions do not consider the differences in life cycles between
parts. Thirdly, the ERTMS specifications are written in natural language and error-prone with different
possible interpretations by different suppliers. Finally, major innovations around the ETCS core are to
be deployed in the next decade in order to boost the efficiency of the railway sector (OCORA, 2019).
Therefore, the OCORA (2019) initiative states the following aims in order to deal with these issues:
1. Openness: OCORA is an open collaborative technical platform open to all railway companies.
This includes infrastructure managers and railway undertakings. It is based on sharing and
making publicly available its deliverables for the benefit of the railway sector.
2. Modularity: OCORA intends to decompose the on-board CCS subsystem into an optimal/
reasonable number of standardised building blocks. System modularity is the basis for a
modular safety approach and exchangeability, supporting different life cycles.
3. Simplification: OCORA plans to isolate in its architecture the functional blocks that will become
obsolete in the foreseeable futures (e.g. GSM-R, class B systems, current balise technology).
This is the basis to easily simplify OCORA based implementations once the respective functions
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are not needed anymore.
4. Independence: OCORA intends to minimise the dependencies between different building
blocks and components, such as dependencies between hardware, software, and peripherals.
This provides the basis for a modular product-based CCS system approach.
5. Evolvability: Recognising that continuous updates and upgrades are paramount to the railway
digitalisation, OCORA intends to introduce secure upgradability and interchangeability to
speed-up the integration of future innovations in a flexible manner and to provide a solid basis
for introducing new functionality such as FRMCS or ATO.
Besides the aims of the OCORA initiative, the aims of the RCA initiative are embraced in this Digital
Rail system as well. The RCA initiative has several aims and functions based on several assumptions
(RCA, 2018). First, the RCA is the basic structure of components and interfaces that are chosen from
existing standards, or are defined with additional specifications if no relevant standard exists. Secondly,
the scope of the RCA is in the core functionality and interfaces of the trackside safety part of the CCS
system. The CCS components outside the trackside components will be considered as far as relevant
in order to define the interfaces with these components. Thirdly, the starting point and foundation for
the development is based on the ERTMS specifications and the EULYNX specifications. Additionally, the
RCA target consists of radio based ETCS cab signalling. Finally, new technologies and developments will
be considered.
In this regard, the RCA initiative aims for the following five targets (RCA, 2018):
1. Low Life Cycle Cost (LCC): The RCA shall allow the implementation and operation of a trackside
CCS with a low number of standardised system components (simplified architecture), with
the ability to procure these standardised system components in a competitive market with
automated processes.
2. A single modular framework: The RCA shall specify the generic design of trackside CCS with
ability to elect configurations within the modular framework to facilitate migration strategies
and adaptations to specific business challenges.
3. Migratability: Low cost solutions for interfacing to existing systems in the environment around
the RCA, protecting existing investments.
4. Adaptability: The RCA shall be a generic design, allowing different levels of requirements
concerning safety, costs/LCC, availability, performance and other non-functional requirements
by configurational parameters or component selection (plug& play). Software/ hardware
adaptions of the individual components are to be avoided.
5. Safe Investment: The interface quality of the RCA shall aim to avoid incompatibilities to future
developments by using well prepared mechanisms for upwards and downwards compatibility.
Interfaces shall be defined on a formalised basis (and with real and early prepared reference
systems for testing) for all communication layers to avoid vendor specific deviations.
Finally, it should be noted that this Digital Rail system also aims for a reference wall architecture.
Yet, such initiatives do not currently exist. However, in order to achieve more standardisation and
interoperability with the inclusion of a modular approach, the same aims from OCORA and RCA could
potentially also be achieved on a traffic management level.
4.3 Digital Rail as a solution
The transition from analogue to Digital Railways is often cited as a necessary development to cope
with capacity issues in the coming years (Rijksoverheid, 2019a). Yet, little is known about the scope,
advantages, disadvantages, and the broader context of this transition, both in practical and academic
terms. Making a system jump has a high impact on people who have to work with it (Manning, 2004).
Therefore, this research highlights several potential advantages and disadvantages of the proposed
Digital Rail system.
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The advantages of the Digital Railways system concept
First, due to the shorter follow-up time that ERTMS offers, trains can run closer to each other, making
it possible for more trains to run on a track section (ProRail, 2019b). It is also possible to increase
this number of trains if opted for a higher degree of automation (GoA level). Considering the fact
that Digital Railways incorporates the use of ATO, the concept can increase the operating speed of
trains and make the trains perform more efficiently. This leads to more efficient operating trains and
the possibility to maintain higher speeds compared to the fixed speed monitoring of ATB, therefore
decreasing the travel times (ProRail, 2019b). With the opportunities within the concept of Digital
Railways for operating more trains there is a higher potential for movement, therefore resulting in an
increase in mobility (Handy, 2005). However, it should be noted that this does not necessarily result in
an increase in accessibility although this is likely due to the potentially decreased travel times (Handy,
2002; Handy 2005). Yet, more trains could provide more comfort during the travel potentially resulting
in more willingness to travel. This could result in a higher potential for interaction, such as how many
jobs and facilities or diversity of palaces and activity that can be reached within acceptable travel time
therefore potentially resulting in an increase in agglomeration power, regional competitiveness and
accessibility (Ponds and Rapse, 2015; Handy, 2005; Bertolini, 2005). In addition to the ATO use, it could
become possible to have less space needed in inner cities for shunting. Trains are no longer bound
to their end stations for shunting but could operate automatically and aim for outer city shunting
areas. This decreases the stress on inner city land, therefore enabling economic activities or housing to
take place. These developments would take place in a dense area, possibly resulting in an increase of
agglomeration power (Ponds and Raspe, 2015).
Secondly, by making use of smart timetables, it is possible to respond better to changes on and around
the track (SmartRail 4.0, n.d.). In the case of automatic schedules, the trains run fully demand-driven
and the system is able to help disruptions to a considerable extent. This results in a more reliable
timetable. For rail freight transport, the concept of Digital Railways helps to fully digitise freight handling
so that physical waybills are no longer needed. In addition, it is possible to continue to monitor the
condition of the freight. This makes rail transport safer when it comes to the transport of dangerous
goods (Pieriegud, 2018). Thirdly, the advantage of this approach is that this architectural design enables
the creation of separate modules, such as for instance a Driver Advisory System (DAS). Also, another
benefit of this system is the infrastructure, and therefore outside decentral objects, is kept relatively
simple, which is great for maintenance due to low complexity.
Lastly, this system enables operators to develop specific modules to their needs without having to
integrate them in the complex (legacy) systems or wait for updated specification with said function
for something as an ETCS module. This enables operators to innovate more quickly without altering
the basic interoperability between trackside and wall. In the end this system aims for a shift from a
decentralised system with lots of trackside equipment to a more centralised command and control
system, enabling faster innovation with potentially less cost for both operators and infrastructure
managers.
The disadvantages of Digital Railways
Although there are some strong advantages to this Digital Rail system concept, some important
drawbacks should be noted. First, the transition from analogue to Digital Railways is a system leap. This
is not new as technology is evolving rapidly and current systems are becoming obsolete fairly quickly.
Nevertheless, with new technology there is a learning curve that, depending on the system, requires
the necessary time and adjustments from people (Manning, 2004). The question here is whether a new
large-scale system jump is beneficial for the people who have to work with it.
Secondly, the concept of Digital Railways is strongly tied to the size that the current rail network offers.
The question is how far Digital Railways can stretch capacity and for how long in time. This is a form
of better utilisation, but ultimately one is bound to the possibilities of the physical infrastructure. The
concept relies on the existing infrastructure network. However, the operation of more and faster trains
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is also influenced by other factors such as track stability which is, on some corridors in the Netherlands,
a problem (ProRail, 2019c). Thirdly, Digital Railways make it possible in theory to run more trains and
although this offers many advantages at capacity level, an additional disadvantage is that this results
in increasing pressure on inner-city railway yards, precisely now that this space is desperately needed
with the pressure on the housing market. Expansion of inner-city railway yards is not or hardly possible
at the moment, and so the question remains to what extent Digital Railways offers a solution.
Fourthly, a drawback in the future could be the human factor involved with the technological
advancement within this system. Although this system proposes a GoA2 ATO implementation at the
start it is not unthinkable that GoA3 and GoA4 operation is possible in the railway which has a huge
impact on the way rail is perceived and operated, especially in regard to the human factor in rail
operation. Furthermore, the initial development costs in order to create the system will presumably be
large. Although this system is based on the ERTMS base layer for communication and train operation,
the additional development costs for the other system parts can be rather large. Considering that the
current, and for this system essential, roll out of the ERTMS system in the Netherlands already cost 2,4
billion euros for the first seven corridors only, and an additional 100 million euros per year till 2050 in
order to roll out ERTMS on the other corridors in the Netherlands the system in total will not be cheap
(Rijksoverheid, 2019b).
Additionally, a major drawback to this system is that the safety aspect of this system remains uncertain.
With the opportunity to develop modules, it is important that the overall safety of the rail system
remain guaranteed. Yet, the question who is responsible if a certain module results in train failure is an
unanswered question and difficult theme for the European rail sector. Finally, it is important to mention
that only on those specific corridors which are within the high ranks of travel willingness in the distance
decay function benefit from agglomeration advantages due to the improved connections (Ponds and
Raspe, 2015). Therefore, the concept of Digital Railways is presumably to be effective on only a limited
number of corridors when considering the contribution to agglomeration advantages.
4.4 Digital Rail building blocks in the Netherlands
Disclaimer: Some of the information within this paragraph is based on ongoing research regarding
first indications of possible concrete benefits of ERTMS, ATO and 3kV. Some of these indications are
supported by Dutch respondents in the result chapter. However, more simulation is needed for proper
statements, however, this is not part of this research. Therefore, this paragraph serves only as an
indication for the potential of several measures within the Digital Rail system in relation to the Dutch
rail network to which no rights can be derived.
With the Netherlands being one of the most highly used rail networks in Europe, increasing capacity is
a challenge. However, the Digital Rail system contains several building blocks of which the potential for
capacity can be indicated. These benefits mostly relate to the headway and stop-loss time. The headway
is the necessary time between two trains in order to guarantee safe operation of trains whereas the
stop-loss time is the time which is lost when trains have to stop at the station when slowing down
and departing the station. For the Netherlands, the current headway time is three minutes. However,
Switzerland has headway times of 90 seconds. This shows the potential to be gained for the Dutch rail
network. With the inclusion of both ERTMS, ATO (GoA2) and enhanced traffic management systems as
specific aspects of the proposed Digital Rail system, some first indications of the benefits related to the
headway, stop-loss time and thus capacity can be given.
ERTMS
The first potential of the Digital Rail system to be discussed is the ERTMS system and its application and
benefits in the Netherlands. In short, ERTMS brings capacity benefits and makes shorter travel times
possible. This is due to the shorter blocks which results in a decrease of the headway times between
two trains. With the shorter blocks, it becomes possible to operate trains closer to each other. In
addition, ERTMS facilitates the monitoring and restriction to any speed compared to the set speeds of
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40-60-80-130-140km/h of ATB. Therefore trains can be restricted more efficiently if needed at custom
speeds resulting in a decrease of lost travel times. When looking on the impact of ERTMS on headway
times, an indication of a 15-30 second reduction of headway times is given for level 2 operation. These
effects do not immediately result in the operation of more trains, but mostly show their benefits in the
increased margins in the establishment of the timetables.
However, there are additional advantages of (hybrid) level 3 operation which this Digital Rail concept
proposes. The advantage of Hybrid Level 3 (HL3) compared to ‘full’ level 3 is the availability of both
train detection through radio communication and the fail-safe option to position trains through the
track side infrastructure. This facilitates the establishment of virtual blocks which result in an increase
in capacity. In addition, in ERTMS (Hybrid Level) 3 operation every train with a TIM onboard brakes
only for the required length of the trains. This results in flexible virtual blocks which have a lower cost
and higher reliability compared to trackside detection in level 2 operation. In addition, HL3 has some
trackside detection points at for instance switches and crossings. These detection points make the
operation of freight trains without TIM possible, besides the fail-safe option it provides if the radio
communication is disrupted.
Furthermore, ERTMS facilitates train operation speeds above 140km/h. Therefore, for corridors suited
for 160km/h operation, such as the Hanzelijn and Amsterdam-Utrecht, shorter travel times can be
achieved. The older ATB system only allows for speeds up to 140km/h. Therefore, in summary, the
implementation of ERTMS is estimated to safe 2,24 million hours of travel times in 2030. Furthermore,
ERTMS increases the robustness and reliability of the operation of trains. Therefore, it is expected that
ERTMS results in a decrease of 0,2 million traveller loss-hours compared to a situation without ERTMS.
Virtual coupling
In addition to the ERTMS system, the concept of Digital Rail as a system considers the use of virtual
coupling principles, as described by Quaglietta, Wang and Goverde (2020). As described above, ERTMS
level 3 makes use of moving-block technology. However, Quaglietta, Wang and Goverde (2020, p.
2) state that ‘Virtual Coupling signalling advances the concept of moving-block railway operations
introduced by ETCS Level 3, allowing trains to be separated by a relative braking distance rather than
by an absolute braking distance’. As they state in their article, the gained capacity benefits of virtual
coupling in comparison to ERTMS (hybrid) level 3 are significant. The train separation and headway
times at main interlocking areas for non-stopping and stopping trains using the same or a different
route can be decreased by Virtual Coupling by 77% compared to ETCS Level 2 and 43% compared to
Level 3. This provides a promising foresight for virtual coupling principles compared to ERTMS level 3
operation. However, this is only a theoretical system and not proven in practice. Therefore, the concept
considers the use and its potential benefits. However, this technology is yet to be proven in practice.
3kV
The concept of Digital Rail within this thesis assumes the implementation of 3kV. Although this is not
considered to be a core part of the concept of Digital Rail as system, it is considered to be a necessary
condition for efficient use of the concept. In Europe, there are four types of traction energy supply
systems, according to the European TSI. These are 1500 V (DC), 3kV (DC), 15kV (AC) and 25kV (AC). In
the Netherlands, the mainlines use the 1500 V (DC) system whereas the HSL-South used the 25kV (AC)
system. However, in the Netherlands, the option for upgrading the mainlines to 3kV (DC) is considered.
This switch has several benefits. First of all, 3kV enables trains to pull up faster which results in a decrease
of halt-loss times (estimated reduction of 15 seconds) and headway times (estimated reduction of 5
seconds), resulting in a possible decrease of travel times. In addition, 3kV provides an expected energy
saving of approximately 20% due to loss of resistance and increased energy recovery. Furthermore,
3kV enables speeds up to 200km/h on the mainlines, granted the infrastructure is able to handle these
speeds. For increasing the speed on the Dutch rail network it is argued that several infrastructure
measures are conditional to achieve higher speeds on the network, such as the reinforcement of the
track surface, changes to switches, possible changes to platforms, the implementation of ERTMS and
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extra measures for sound and vibrations.
ATO
In conjunction with the ERTMS system, the ATO system is also considered to be a core building block of
the Digital Rail concept. ATO systems can be categorised in four categories called Grade of Automation
(GoA). The first category (GoA1) consists of Driver Advisory Systems (DAS) which gives advises to the
driver in order to have efficient operation. In GoA2 the train operates on its own, but a driver is still
mandatory and is responsible for the safety of the train. In the GoA3 and 4 categories, the train drives
autonomously wherein under GoA3 operation there is still staff in the train which can intervene when
for instance incidents occur. In GoA4 the train does not have staff onboard which is authorised to
control the train.
In the Netherlands, experiences are gained with a DAS, called Routelint, which provides information to
the driver on trains ahead and behind in order to adjust their driving behaviour accordingly for more
efficient operation. However, test are currently performed with GoA2 operation on the Hanzelijn by NS
and in the province of Groningen by Arriva. GoA2 is the proposed grade of automation that the concept
of Digital Rail entails. This level of automation has several benefits. First of all, the braking curve from
ERTMS can be followed more precisely than a driver can. Therefore, the End of Authority (the point
where a train is required to stop within the ERTMS system) can be reached faster and more precise
since the time and place of stopping can be calculated and achieved by computational technology.
These benefits result in the end in shorter travel times and more efficient operation of trains, resulting
in shorter safety margins due to less elasticity and differences in train operation by drivers. In this
regard a decrease of 15-30 seconds is expected for headway times and 10 seconds for halt-loss times.
With ATO enabling the more precise and more consistent operation of trains according to the
timetable, more efficiency and robustness is achieved for the rail network. The ATO computer is able
to brake and accelerate faster and stop more precise at stations. Therefore, the variation in stopping at
stations which currently occurs with the wagon signs is eliminated. Finally, the ATO system provides the
opportunity to better follow up in assignments and directions given by the central traffic management
system (TMS). Therefore, the combination of a smart TMS and ATO is essential for more efficient and
capacity generating operation of trains.
TMS
The implementation of ERTMS and ATO require smart traffic management solutions to obtain the full
potential in relation to capacity and efficiency of the Dutch rail network. In this regard, smart traffic
management solutions form a key component of the concept of Digital Rail as a system. This approach
has several benefits. With better execution of the timetable, less hinder is to be expected in the
operation. Furthermore, smarter traffic management solutions provide better adjustment possibilities
when disruptions occur resulting in less hinder for the operation. Currently, the traffic management
systems in the Netherlands already have some degree of automation. If no disruptions occur, the
routing and small adjustments are done fully automated. However, when disruptions occur the traffic
manager takes over control in order to handle the disruption. This is labour intensive and less efficient
compared to automated solutions. This requires full supervision of the rail network and the availability
of the correct data on trains, infrastructure and planning. Smart traffic management solutions aim for
faster calculations of new plans and digitalisation of communication between traffic management and
drivers. In this regard, these solutions are mostly beneficial for more efficient operation and conditional
when ATO is implemented.
To conclude, with all benefits regarding headway times considered, in the most positive scenario
headway times can be reduced with around a minute without considering the theoretical potential
of Virtual Coupling principles. Additionally, halt-loss times are expected to decrease with at least 30
seconds. However, with the Virtual Coupling principles considered, the benefits related to these times
could be even larger. Therefore, it is expected that in the end these building blocks will result in added
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capacity within the Dutch rail network. However, it should be noted that especially the efficiency of the
rail network in relation to other developments such as the enhanced information supply on stations is
improved significantly, resulting in a better travel experience.
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5. Results

Within this chapter the results of twelve interviews with fourteen respondents are discussed and
analysed. This chapter includes the interviews with six respondents working for the Dutch infrastructure
manager ProRail, two interviews with the Dutch national operator NS, one interview with the French
SNCF and an interview with the Swiss SBB, two interviews with the supply organisation UNIFE and
finally one interview with an expert on rail freight. The structure of this chapter follows in general the
code tree structure which can be found in annex A.
5.1 Defining Digital Rail
The definition of Digital Rail is one of the first topics to be discussed by the result chapter due to its
central character within the thesis. What can be noted is that the definition of Digital Rail strongly
depends on the perception of the respondents. Therefore, the definitions of Digital Rail mentioned by
respondents vary widely and are mostly focussed on the domain that the respondents are working in.
For instance, for the NS Digital Rail varies from smartwatches, apps, and the concept of swarming (the
operation of multiple small autonomous carriages on rail) to safety systems such as ERTMS in order to
gain capacity. However, it is also mentioned that Digital Rail can be something completely new which
changes the way the rail systems is perceived. Interestingly, the change in the way the way railway
is perceived is also argued to be a disruptive change by the SNCF, due to the major innovation that
digitalisation is for the railway. In this regard, respondent 9 provides a comprehensive definition for
Digital Rail:
So, digital rail is a railway that is always connected, that is fully supervised, where you can the run
the train without humans in a normal and a degraded condition and, where artificial intelligence is
bringing value even for safety related activity. Digital rail is something that can evolve very quickly. It’s
somewhere where you can easily add functionality.’ (R9)
Remarkable here is that respondent 9 argues that the definition also embraces the entire rail system,
thus also including maintenance work in the railway domain, design capabilities, certification schemes
and most importantly the application and management of standardisation. Emphasis lies here on Digital
Rail being the 21st century railway revolution. When looking back to the past it is argued that in the 20th
century rail has been optimising the systems build in the 19th century and that now the rail sector is
aiming to establish something new with the emphasis on connectivity and the better use of software.
However, it should be noted that although this is a comprehensive definition for Digital Rail, other
rail actors also put emphasis on different aspects to what they call Digital Rail. For instance, the
supply industry associates digitalisation and Digital Rail strongly with the detection, organisation and
categorisation of data, predictive maintenance, or automation with the latter being the most common
one to be mentioned. However, finding coherence on the definition of Digital Rail remains a challenge
as respondent 12 states:
‘I don’t think it’s possible to keep an unquestioned definition of digital railways, even if we discuss with
our members, according to the business, they may give you a different definition’ (R12).
This fits also into the discussion whether terminology like Digital Rail or digitalisation actually has a
meaning in this regard. Critics vary from statements of Digital Rail being a catch-all concept, hollow
phrases and subjects for dreamy policy papers but not having a clear focus or use. It should be noted
that in this regard multiple respondents have critical opinions on the use of the term Digital Rail and/
or digitalisation. It is stated that in fact current relais interlocking is already digital because a relais
has an open or closed function consisting of the digits 0 and 1, thus in basis “digital”. Therefore, it is
hard to quantify what is digital and what is not. Yet, respondents from infrastructure manager ProRail
provide some insight on the use of the term digitalisation. As respondent 6 points out, when people
are talking about digitalisation they do not talk about IT but rather about how to include people in
the competence development required for new IT resources. Therefore, referring to digitalisation or
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Digital Rail as the implementation of IT in rail is a controversial item. In that case, rail would have been
digitalised since the 1960s while digitalisation in rail is only mentioned for the last couple of years.
In fact, if ProRail were to switch of its computers today, the whole rail network would shut down
immediately. Therefore, to state that digitalisation is simply applying IT in rail is a misconception since
rail can considered to be already “digital” for a large part.
Although there is critique on the use of the terminology, most rail actors within the research do see
fit for the use of digitalisation, if the uses and aims are clearly defined. This brings the discussion to
the point to establish what a concept such as Digital Rail contains, and what it does not. If the aim is
to replace the instruction of the speed limit of the train traffic controller to the driver by the means of
a digital format this can hardly be considered to be really the potential of digitalisation. Rather, this is
argued to be the simple form of automation. However, the development of smart solutions requires
different and/or new forms of technology, such as the creation smart algorithms in order to generate
predefined solutions for traffic management. This is argued by several actors within ProRail to come
closer to the real potential and definition worthy aspect of digitalisation. In this regard, the emphasis
is put on the capturing of new knowledge or replacement of old knowledge by new technologies and
algorithms. Therefore, the focus shifts to the next form of computational power, such as A.I., rather
than simply replacing a hardware asset by a software asset. This is also where planning aspects for
trains, and in particular freight trains, the increasing use of sensors for predictive maintenance and the
improvement of the sharing of data between actors in the rail sector become relevant. The line that can
be drawn across are the aspects of connectivity and data, combined with smarter traffic management
solutions. However, in the end the main purpose is the enabling for the rail sector to implement and
develop new concepts within its systems in order to be more agile and innovative.
It is interesting that the aspects and associations to Digital Rail shared by the respondents in this research
show only some coherence with the definitions found in literature by Nemtanu and Schlingensiepen
(2018) and Yong et al. (2011). Whereas Nemtanu and Schlingensiepen (2018) emphasise Digital Rail
being the effect of digitalisation of rail operations and processes, in terms of increasing the efficiency
of the railway sector and the facilitation of a multimodality approach of transport, the interviews
mention the same output of increased efficiency but are more specific on how to come to this. Rather
than simply labelling this as digitalisation, the definition of this concept needs to be emphasised in
a practical way rather than using it as a catch-all concept. Yet, the definition by Yong et al. (2011)
seems to be sharing some aspects in this regard with a focus on automation, increasing transportation
efficiency and improved safety by the means of digital based technologies. However, the safety aspect
is only mentioned specifically by respondent 9 in regard to the value of artificial intelligence for safety
cases. Nevertheless, it is noticeable that the interviews provide more in-depth insights on the concept
of Digital Rail and its definition as opposed to the literature.
Nevertheless, although attempts are made in order to define Digital Rail, it is also mentioned that
the concept of Digital Rail is not finished in that sense, but that it leaves lots of open ends to be
discovered. In this regard, respondent 9 emphasises that concepts allow to go discover the unknown
with an open-minded view. Therefore, when going into an unknow direction, there can be many
perspectives and multiple paths in various directions. However, when a path is found and followed, the
conceptual domain is left. In this sense, Digital Rail is a concept, but the question remains on what to
do with it. Yet, it is mentioned that with digitalisation, and for that matter Digital Rail, there is no end
to it. There is always an opportunity to have a little more automation or better solution to a problem.
Therefore, pointing where the concept starts and ends is of importance. The in chapter four proposed
definition within this research, provided below, embraces most of the fundamental points mentioned
above, besides the earlier mentioned literature (Pieriegud, 2018; SmartRail 4.0, n.d.; Bane NOR, 2018;
Deutsche Bahn, 2018; Network Rail, n.d.; Nemtanu and Schlingensiepen, 2018):
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“The Digital Railway concept is, in its core, an intelligent transport solution (ITS) aiming for the
digitalisation of the railways, therefore enabling organisations, goods and vehicles to be smarter, more
efficient, more comfortable and safer. Digital Railways is not a goal in itself, but a new concept and
approach to the rail system in general in which new digital resources such as the intelligent use of data,
innovations and a system architecture, in which modularity, adaptivity and standardisation are key
components, contribute to rail mobility objectives such as increased efficiency, safety, liveability and
capacity expansion of the rail network.”
Although this definition might not one hundred percent compliant with the perceptions of all rail
actors, it does not necessarily have to be as respondent nine points out:
‘From my perspective there is not yet a common understanding on what a digital concept actually is
and if there is no common understanding there is no collaboration. But for this we may have to reinvent
the word digitalisation in order to make it acceptable for everyone.’ (R9).
The emphasis here lies on the point of making it acceptable, thus to be understood by rail actors.
The aim is more for an understandable definition, rather than a perfect compliant shared vision since
that would be hard to achieve. However, to conclude, when combining the insights of the interviews
the definition proposed in chapter 4 can be justified. Furthermore, when considering the aspects
mentioned, the systematic approach makes more sense. Although it is hard to define a definition which
will be accepted by all rail actors, a definition which is understood by all parties, whether they agree or
not, is of importance.
5.2 The aims and core function of Digital Rail
With a general definition established for the Digital Rail concept, this research further focusses on
the aims and the core functions of Digital Rail. One of the first aspects to point out is the multiple
domain aspect that the concept of Digital Rail has. In this regard, it is interesting that respondent 9
points out that the current view on Digital Rail is very Command Control and Signalling (CCS), and
thus rail system, centric. However, the respondent emphasises that its more than just a CCS domain.
As several respondents argue, data is also a very important part within the Digital Rail concept since
it is considered to be the fuel of the digitalisation in rail. Furthermore, also within the domain of
maintenance and engineering digital concepts are also part of Digital Rail. For instance, the use of
Digital Twin, which is the modelling of physical components, and Predictive Maintenance (as a Service,
PMaaS) belong to this domain.
Therefore, considering the mentioned aspects in the interviews, two domains can be identified
regarding Digital Rail. In chapter 4 the Digital Rail as a system is pointed out which is part of the
CCS domain. However, at this point the domain of data with the subdomains of maintenance and
engineering are added. These domains are used for this paragraph to provide insights into the aims and
core functions of the concept of Digital Rail. A schematic overview of the domains and the essential
factors are displayed in figure 16 on the next page.
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Figure 16 Domains of Digital Rail
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As figure 16 shows above, two domains can be identified within the concept of Digital Rail. Important
to note here is that each domain has as a specific sub system and/or sub-concept of which some
are linked to each other. For instance, the CCS domain has the sub-concept of Digital Rail as a
system, as explained in chapter four. However, the data domain is strongly linked to the subdomain
of maintenance and engineering and the concepts of Digital Twin and Predictive Maintenance as a
Service (PMaaS) which are fuelled by the data generated by the rail system. However, it is important
to note that in the end all domains aim for achieving one end goal, being the enhanced traveller
experience by the means of higher comfort, better connections, higher convenience, less disruptions
etc. This considers the use of the pyramid of Hagen, as explained in the theoretical framework.
The paragraphs below explain the functions of the domains as can be derived from the interviews.
5.2.1 The CCS domain
Within the domain of CCS various aims, functions and desires for functions can be found. In this regard,
the layers as described in chapter four can be found. Especially when looking to the architectural
boundaries described in figure 14, the same can be found when looking for the aims within the domain
of CCS. Therefore, this paragraph groups the aims and functions within the domain into two groups.
These are the traffic management group and the command and control group which can be divided
into the infrastructure and onboard category. This division is displayed in figure 17 on the next page.
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Figure 17 CCS domain
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Traffic management
The traffic management group has several aims and functions. As pointed out in the interviews
with several respondents from infrastructure manager ProRail the need for smart solutions in traffic
management is high. It is stated that when the timetable is followed according to plan, almost everything
works automatically already. This is stated by respondent 2 in the following quote:
‘Our traffic control is an organisation that carries out what used to be the train timetable; this is what
we want to do every day, this is our intended production, which is completely automated. So, if there
are no abnormalities, then it is just a barrel organ that goes by itself. For example, signals will go to
red and to green if necessary. Switches are converted automatically, there is actually no more (human)
muscle involved.’ (R2)
However, it is when disruptions occur that the problems start and human interaction is needed in
order to solve the disruption and handle traffic management. This is very labour intensive and time
consuming. Considering the fact that the need for capacity on rail keeps growing, the number of trains
which need to be operated increases as well, leaving less margins of error for the service of the trains.
Especially with the higher number of trains in operation, the impact of disruptions would be much
larger due to the strong human factor required in solving the disruption. This would be an increasingly
difficult puzzle to solve with the growing number of trains in tthe network. Therefore, as pointed out
by respondents 2 and 3, the faster and more automatic solving of disruptions is something that could
be solved by digital solutions, such as the use of algorithms and predefined solutions by the means
of Artificial Intelligence. However, respondent 6 adds to this that in general better planning is needed
in order to create capacity. According to his statement, most capacity problems can be solved on the
planning side. However, this capacity is dependent on the planning capacity and problem-solving
capability of the traffic management department.
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Interesting enough, the current rollout of ERTMS in the Netherlands mostly consists of the ETCS, thus
mostly focussing on the safety layer and not the traffic management side. Respondent 1 argues in this
regard that this change of system mostly relates to the way how information is presented to the traffic
manager or driver, but that the full potential that ERTMS is yet to be utilised. Especially when considering
the need for the smart solutions mentioned above, there is a place for such solutions in the Digital Rail
system. A final mention on the traffic management is made in regard to the human interaction with
the system. When trains follow the plan and no disruptions occur, traffic managers are only there for
the supervision of the system. Only is a disruption occurs, interventions are needed. Therefore, the
workload can vary drastically. However, when automated solutions make their introduction, the role of
the traffic manager will change or in the end potentially be reduced. Although the solutions can solve
as support for the traffic manager in the beginning, it could be developed in fully automatic systems
down the line. Therefore, this requires a proper strategy with involvement of the actors related to work
in the traffic management department. More on this topic is covered in paragraph 5.4.3.
However, achieving more capacity and efficiency on the rail network is not solely depending on traffic
management as the interviews show. Strong emphasis is given towards the command, control and
signalling systems in the infrastructure and onboard CCS sub-groups which are undoubtedly linked to
the traffic management domain. There are a lot of margins to be considered in planning such as headway
times and stop loss times. These times are strongly depending on the systems in the infrastructure and
onboard the train. Therefore, the infrastructure and onboard CCS group come into sight.
CCS
The first bridge that can be found between the traffic management group and the CCS group is the
information flow between traffic management and the train driver. In order to gain efficiency in the
rail system, it is argued by respondent 4 that the final so called ”noise” in the system, such as small
disturbances and inefficiencies in operation, needs to be dissolved. This allows for accurate systems
and efficient and punctual train flows. As respondent 4 explains, smartwatches and Driver Advisory
Systems (DAS) are an example in this regard on how to obtain such efficiency and punctuality. These
are systems which are already in use within the NS. However, it should be noted that this is the first
fundamental step to be taken to be able to build on these principles in order to gain more capacity and
innovate further within the system. In this regard it is emphasised that every second starts to count.
Therefore, accurate halting is necessary in order to provide better information in the station on where
the train will stop. This becomes the first step to more efficient boarding of trains in which on the
platform information can be shown on the occupancy of the seats, therefore optimising the boarding
process. However, in order to be also predictable in the stops of the train, the current signs are not
accurate enough. Over the last years, the length of trains has varied and with the variety of trains on
the rail network, these signs are not sufficient in order to have the trains stop accurately. Therefore, the
information supply to the driver should foresee in the accurate stopping for the train. If so, this position
can be connected to the platform for efficient boarding, this saving time and making the system more
punctual. Put simply, better information leads to better punctuality and operation, better operation
gives more planning abilities.
Additionally, it is argued by several respondents that this improved information is not just a benefit to
passenger transport, but to freight transport as well. Better information allows for the calculation of
estimated time of arrival (ETA), which can be beneficial to the customers in freight operation. In line
with this information supply, the creation of smart freight wagons, with sensors to monitor conditions
of the freight and provide localisation information as developed by DB Cargo, thus providing more
value to the customer. Moreover, this accurate stopping and information supply is also a necessary
measure to be taken for the introduction of ATO GoA2, as pointed out by respondent 4. Without proper
information supply to the driver by the means of a DAS, the introduction of ATO GoA2 becomes rather
difficult. Nevertheless, in order to even implement ATO GoA2, the ERTMS implementation becomes
relevant. Since the plans are to incorporate the GoA2 into the next ERTMS TSI of 2022, ERTMS becomes
an essential part of the rail system in order to move further in the system. However, it is right at
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the point of ERTMS where somewhat controversial opinions from the rail actors within the interviews
come to the surface.
With ERTMS being a unique European standard aiming for interoperability, critical notes on the
development and implementation throughout Europe are made by respondents from both operators
and infrastructure manager. In this regard a few themes can be found throughout the interviews
to which these critical notes aim for, with the standardisation discussion being the most frequently
mentioned one. The industry stresses the fact that due to the unique standard more competition
on the market can be facilitated since the same product can be sold by different suppliers which is
considered to be good for the client. However, both infrastructure managers and operators are critical
in this regard. They notice that the ERTMS standard leaves room for interpretation, resulting in the
statement that there is competition on the (hardware) specifications of the ERTMS system. This could
result in different ERMTS implementations within the specification and potential issues. Additionally,
current and frequent ERTMS upgrades are a hassle and expensive due to their complex nature and
difficult hardware revisions. This is emphasised in the following quote:
‘That’s because there are frequent changes. But those changes basically affect the whole system as well
as parts of it. You not only have to buy new stuff, but that must be allowed again. Huge paper work and
a paper mountain. That takes a lot of time and is very expensive.’ (R8)
Therefore, most actors emphasise that standardisation is a key in order to actually achieve the
lower cost for faster change times. With the current freedom within ERTMS this is not to be done.
This standardisation should especially take place on the CCS domain of both trackside and onboard.
Therefore, initiatives such as RCA and OCORA have been found in order to achieve such standardisation.
This is also where the modular approach to the system architecture comes to the table. As operators
argue, standardisation is necessary to not have complicated systems only to have a train operate
automatically. Therefore, there is a strong need for a standardised control and command systems. For
instance, the radio should be a separate module that is simply compatible and which is plug and play
in an open standard. This is also why OCORA and RCA have been found with the goal to standardise
the control and command for both onboard and trackside. The aim is plug and play, interoperability
interchangeability at a component level of the systems. Therefore, standardisation and modularity
are argued to be absolutely essential in order to be adaptive towards the future from an operator and
infrastructure manager perspective.
Another argument made for the modular approach is the fact that the lifespan of digital rail systems,
such as ERTMS, are much shorter therefore emphasizing the need for faster product switching,
contradictory to the integrated and complex current ERTMS standard. This new situation with shorter
lifespan of (digital) components is vastly different from rail practices of the last decade, as respondent
13 explains:
‘So, modularity is mainly important to our time …The old way we put them together with railway, there
was a relais interlocking. This was a very flawed system; you install it once and then use it for 50 years.
The skew is always the same. You have to understand relais and some boundary logics and so on. It was
a very, very stable system where you where you can use the same type of culture and skill management
for your personnel for a long time.’ (R13)
Although especially operators stress the importance of standardisation and a strong modular and plug
and play approach onboard, this is where the supplier organisation UNIFE is more hesitant. Mainly on
the area of safety and responsibility questions related to the modular approach to onboard CCS are
placed. Yet, it should be noted that this is a discussion which currently plays on European level. With
initiatives like RCA and OCORA, which both aim for more standardisation, plug-and-play modularity and
interoperable interfaces, there is a strong movement to achieve this. However, concerns from operators
are also made on the ERTMS standardisation as of now. ERTMS is argued to be an integrated solution,
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therefore its main drawback is the lack of sufficient space for an adaptive approach to the future.
Although respondents 10 and 11 emphasise the strong focus on backwards compatibility for future
upgrades and more standardisation within ERTMS, especially operators fear that system upgrades can
become difficult and costly if new hardware functionality is added to the system due to the complex
and integral ERTMS system. According to operators a more modular architectural design will make it
easier to adapt to future innovations faster for less cost due to the plug-and-play nature of the system.
Across the interviews the wish for more standardisation is shared, although being it with some side
notes here and there. For instance, respondents 6 questions the strong standardisation from Europe,
due to the different dynamics that infrastructure managers have throughout Europe, could be hard to
achieve. In this regard, more open standards would be beneficial. From the perspective of the operators
the desire for open standards are shared, although they strongly emphasise the rigid standardisation of
the core CCS aspects of the system due to the fact that current changes in the systems are too costly. It
is argued that it can only be done if a standard is achieved and that the technical differences between
the products offered by the providers, the industry, actually disappear being a benefit to the customer.
Although the RCA and OCORA initiatives are still work in progress, the EULYNX standard is more developed
and adopted in ERTMS rollouts, as well in the Netherlands. EULYNX aims for standardised interfaces for
interlocking interfaces and related components, which is an important first step to a more standardised
control and command architecture. Interestingly, it should be noted that the RCA, OCORA and EULYNX
initiatives are all core parts of the SmartRail 4.0 program in Switzerland. Although some actors within
the interviews emphasised that they were not sure if the Swiss approach would be working though
out Europe due to the unique character of the ERMTS implementation, the SBB was really clear in this
regard. The respondent emphasised the fact that SmartRail in the core is interoperable with European
standards, due to the fact that they have embraced the RCA, OCORA and EULYNX initiatives. However,
the role that the ETCS plays is different than the implementation strategies of other countries in that
sense that the ETCS functions in a different runtime environment on a more standardised architecture.
However, in general this approach to ERTMS fits towards the perception of other operators as well.
For instance respondent 9 states that when ERTMS as a system shifts towards ERTMS as a software
platform, a real disruption to current practices can be achieved. This is due to the fact the dependence
on legacy architecture becomes less of an issue making it easier to integrate functionality into the
system. In this regard, ERTMS can become the backbone of the Digital Rail system. This specific point is
also mentioned by UNIFE with the explanation of the future aims for ERTMS as a backbone for Digital
Rail due to the communication network and standards it provides. For the coming years that will be the
GSM-R communication standard, however the development of the successor, FRMCS, is in full swing.
Finally, the development of the new communication standard FRMCS is argued to be one of the most
important developments needed in order to establish a Digital Rail system. As respondents 4 and 5
especially argue, GSM-R is too slow and has to little bandwidth in order to make use of most proposed
innovations and developments. Considering the GSM-R standard is based on old 2G technology
and reaching its end of life state in the coming years, the need for the faster 5G FRMCS standard is
recognised by all respondents.
In the end, the CCS part of Digital Rail is about gaining compatibility through modular open standards.
This provides the opportunity for modular designs of rail applications in which diversity should not be
a problem, due to the standardised core of the architecture. With everchanging functionality of IT in
rail, plug and play operation and standardisation are essential. For instance, the switch from GSM-R to
FRMCS is an interesting example since it should be a plug and play solution in order to minimise cost
and make implementation faster. In this regard, ERTMS is considered to be a good first step, although
opinions differ on the further development of the specifications. Although there are some questions
placed, most respondents stressed the need for such modular and standardised approach making it a
central part of the system approach to Digital Rail.
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5.2.2 The domain of data
The second domain within the concept of Digital Rail is the data domain. Throughout the interviews
the importance of the use of data as means of digitalisation has been emphasised. Data is mentioned
to be the fuel of digitalisation, especially from the suppliers’ view. This comes clear in the following
statement:
‘it’s really that we can talk about rail digitalisation when we talk about the production, collection and
use of this data that we have. And according to the use that we make of this data, we can eventually
go for automation.’ (R12)
Furthermore, they emphasise that the amount of data that the railways produce is staggering.
However, the question lies merely on the fact on how to use this data properly and how this data can
be shared between railway actors. Respondent 6 in particular mentions the current trend he sees is
the mentioning of ‘the need to be data driven’. Due to the fact that data is a very valuable asset it is
undisputed that it should be put to use. Yet, he stresses that the problem is not data production, but
on the proper use and application of it.
This emphasises the need for a data sharing framework which the need for is lined out by the suppliers
but also by the infrastructure managers. This has two sides. Firstly, the suppliers emphasise the need
for other rail actors to make their data more accessible, potentially though the establishment of a
data sharing network on European level. This way, suppliers are able to tailor their product more
specifically to the customer wishes. Therefore, respondent 12 proposes a step by step approach
towards cooperation on this framework for data sharing in order to have different branches of the
rail sector come together and build together. Ideally, the European Commission would provide the
overarching structure, although it is uncertain whether the European Commission would consider such
a role. However, on the other side respondent 5 states that the industry can be conservative with the
sharing of data since every supplier comes with its own data platform. Therefore, when opting for such
solution, the client is dependent on the design of the supplier, thus creating a vendor lock-in which can
be undesirable. Nevertheless, respondent 3 does add to this that European standardisation is desirable
due to the free data flow by the means of one interface and one mean of communication. When this
is established, the automation of processes in rail is going to be easier. Finally, it is mentioned by some
respondents from ProRail that not all operators link the location data trains to the end customer in
order to facilitate insights on where the train is at the moment. This level of service is currently only
offered by NS in the Netherlands in which their planner app provides real-time location of the trains.
Interestingly, within the rail freight sector, steps to data sharing have been taken since the Railway
Sector Declaration on Boosting International Rail freight, combined with the Ministerial Declaration
on Rail Freight Corridors to boost international rail freight during the TEN-T days in Rotterdam back in
2016. As respondent 14 explains, the rail freight sector was initially reluctant to data sharing. However,
with this declaration the transport ministers of the European member states supported the idea of
‘encouraging the railway sector to use existing data and to share relevant data among relevant parties
within the logistic chain, including terminals, to further develop the competitiveness of international
rail freight transport’ (CER, 2016b, p. 6). In the last three years lots of progress has been made in this
regard to have more data shared between rail freight actors. This is now being recorded in an upcoming
change of the TAF-TSI. This step allows, amongst others, for the calculation of the estimated time of
arrival of freight trains, which can be valuable for the sector since it allows to register on punctuality in
order to increase performance of the freight lines.
Another important point to note is that data also strongly relates to the subdomain of railway engineering
and maintenance, as shown in figure 16. In this regard, applications like Digital Twin (making virtual 3D
copies for modelling or simulation) and Predictive Maintenance as a Service (PMaaS) become possible
by the means of data. Especially in regard to the PMaaS it is stated by infrastructure managers that there
is the need for more static information on how the tracks are performing in order to facilitate proper
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information. Insight into the conditions can lead to the timely prevention of disruptions. Therefore,
“smart” infrastructure with sensors is essential in order to prevent and solve disruptions. However,
data is also applicable in railway engineering, as argued by respondents 12 and 13, since having data
and data flows and proper data quality allows for a new level of productions services. Furthermore,
infrastructure managers argue that the data serves as input for the application of Digital Twin in which
simulations of timetables can be run efficiently. However, Digital Twin also allows insight on simulation
on specific parts of the infrastructure of vehicle design, such as bogies or rails, to analyse wear and tear
for said component. As respondent 6 points out, this use of Digital Twin concepts is not new since it is
used extensively in the aviation sector for numerous years. However, to rail this use of Digital Twin is
rather new and not frequently used as of now.
In the end, the domain of data is strongly connected to the CCS domain. In order to have reliable
operations, insights need to be obtained in the static performance of the infrastructure and vehicle
while applications such as ETA can benefit for planning purposes and bringing value to the customers.
Therefore, there is a strong need for data sharing, which is considered to be an important accelerator
for Digital Rail.
What is in general remarkable in this regard is that the definitions based on academic literature are
mostly considering the CCS domain (Nemtanu and Schlingensiepen, 2018; Yong et al., 2011). Therefore,
differences but also similarities between literature and input of experts can be found. In this regard,
it should also be noticed that Pieriegud (2018) focusses more on the other domains than on the CCS
domain. She only mentions in particular ATO GoA4 in regard to CCS functionality, the other mentioned
examples of the application of digitalisation in rail transport are more aimed towards maintenance,
engineering, and data. This more is in line with what the respondents argue in the interviews. In
contradiction, the CER (2016a) covers the customer domain due to increased capacity (thus referring
to the CCS domain with ERTMS and ATO system) and moreover the interoperability of data allows rail
actors to work together. However, concludingly it can be noted that the research brings new valuable
insights to the table regarding the conceptualisation of Digital Rail and the domains which can be found
within this concept.
Although the literature discusses the domains across the board with a mix of all in their visions, the
data from the interviews shows a stricter separation between the domains, therefore categorising
the mentioned aspects from the literature. What can be concluded here is that most aspects from
literature can be found in the information that the interviews provide. However, the categorisation of
this information is mostly differently proposed in the interviews in comparison to the literature, thus
providing new insights on the frameworks within the concept of Digital Rail.
5.3 The impact of Digital Rail
In order to analyse the impact of the concept of Digital Rail both positive and negative effects have to
be considered. The following paragraphs will discuss the benefits and chances on the positive side and
the bottlenecks and challenges on the other. Finally, attention in particular is given to the human factor
since it is of major importance of the development and implementation of Digital Rail.
5.3.1 Benefits and chances
Several benefits and chances for the Digital Rail concept can be derived from the interviews. This
paragraph discusses the most distinct benefits and chances of the concept of Digital Rail.
ERTMS and ATO related benefits
The first clear benefit that the concept of Digital Rail brings is the integrated ERTMS backbone which
brings several advantages, as pointed out by several actors. According to the suppliers, ERTMS has
three distinct benefits: interoperability, increased performance, and the fact that ERTMS is a unique
standard. Respondent 10 highlights that the first and last advantage go hand in hand in the following
quote:

64

‘When we talk about interoperability, that means that we ERTMS with a unique standard, you have
more competition on the market because the same standard, the same product can be sold by different
suppliers. And this is good also for the clients. And so, this creates also more competition among the
railway operators.’ (R10)
The respondent further mentions that the more interoperability there is, the less the barrier is for
the rail sector for a level playing field with the road transport. As for performance, the advantages
mostly consider the improved safety levels with ERTMS, and especially ATO. Furthermore, ERTMS
provides more capacity because more trains run on the track, meaning more people are transported
on the same line. The capacity benefit is recognised throughout the interviews. Giving the fact that
the train is for now the only mode of transport that allows for mass transportation of people it has a
strong advantage over other modes of transport. Increasing the frequency of the trains running, this
advantage will become larger. This is also in line with the statements by Nemtanu and Schlingensiepen
(2018) which mention the capacity benefits of the Digital Railway.
Shunting
Related to the benefits of ATO, the NS mention the benefit of an ATO implementation in regard to
shunting. With ATO, automated shunting could become possible, limiting the need for personnel on the
train yards. This not only makes the areas safer, but also facilitate the opportunity to use less space on
the yards. Currently, train yards leave space for personnel to be able to board the trains, however this
would not be necessary in an automated environment. Considering the pressure on space outlined in
the first paragraph of chapter 2, this is a considerable benefit. However, as respondent 8 mentions, this
does require either automated systems that can replace all the tasks performed by humans, or that
the personnel performs their task on another location. Another benefit, highlighted by respondent 7,
to automated shunting would be the fact that it is currently a challenge to store all trains for the night.
With automated solutions, including artificial intelligence solutions when it comes to planning, these
shunting procedures could be automated, making the process more efficient and less labour intensive.
Lower cost
Another benefit that is mentioned is the cost saving aspect of ERTMS. Yet, it is frequently claimed
that ERTMS is too costly. However, the suppliers bring some nuance to this statement that this is not
necessarily true because through ERTMS you can eventually save a lot of money. They state that now,
the initial cost for switching from Class B systems to ERTMS is a larger investment especially on the
onboard side since during the transition phase, both Class B systems and ERTMS need to be run. In this
regard they emphasise in the future the baseline upgrades will not be as costly since it is an ERTMS only
situation with no Class B involved. However, operators and infrastructure managers do not necessarily
agree with this statement in particular, which is described earlier in regard to the standardisation within
ERTMS. In this regard, respondent 8 doubts whether it will become actually cheaper down the line:
‘If you see that the prices for ERTMS onboard go to the millions by train and that there is a replacement
ratio of somewhere 5-6 years, and if you do it very well than 10 years. Then you see what kind of cost
level that entails.’ (R8)
This is why also other operators aims for modular standards to make systems in the trains more plug
and play in order to not have to switch the full system every five to six years at full cost. However,
considering the fact that Digital Rail as a system embraces the modular approach the costs should be
lower. In this regard, respondent 9 from SNCF states that the benefits can be found in the economic
performance, due to being able to have predictable cost and predictable investment return. Since
Digital Rail enables the management of technology in another manner to integrate value for the railway
much faster, economic performance of the railways can potentially increase. In this regard the benefits
that ERTMS provide will benefit the Digital Rail system, yet its drawbacks are mostly neutralised due
to the intended modular architectural design for both infrastructure and onboard. However, operators
state that it is also important to note that every train is different, so to have standards it eases the risks
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and lead times and the costs of the safe integration of systems in the train. Although Nemtanu and
Schlingensiepen (2018) mention the benefit of Digital Rail in reducing cost, a detailed explanation is
not given. Considering the above practical insights, a more in-depth explanation of this statement is
given in this research.
Increased efficiency
Although some of the benefits are linked to the ERTMS/ATO aspect, there are also other factors which
relate to other aspects of the concept of Digital Rail. For instance, the efficiency of the rail system is
argued to be much higher with aspects of the Digital Rail concept in operation. As stated by operators,
due to the more agile and futureproof character that the modular architecture approach brings along
the competitiveness of rail compared to other modalities increases. As respondent 13 states, railways
have always been considered to be rather slow in development. With a modular and agile character,
innovations regarding the control and command systems could be implemented at a faster pace if
needed.
Enhanced information supply
Furthermore, the enhanced information supply provides customer services, as argued by respondent
4. This has the benefit for faster board times, more efficiency in seat occupation and better punctuality.
This results in a higher customer satifaction, especially on the level of convenience and comfort, making
the rail product more attractive in comparison to other modalities. Also, from the operator side, this
benefit is shared. In this regard respondent 13 explains that an increase in the efficiency of the process
lead to an increase in the productivity, thus resulting in a higher attractiveness since the capacity can be
used more efficiently since there is more space for running more trains at higher frequencies.
Better use of technological opportunities
Besides these efficiency and capacity benefits, both infrastructure managers and operators state that
Digital Rail provides the opportunity to make better use of technical opportunities in rail. Therefore,
the benefits do not only occur in capacity, but also in planning tooling, simulation tooling, controlling
logistic systems in a different way and in adjustments in the rail operation. As a result, the benefits
of Digital Rail do not only occur in relation to architecture and railway operation, but also in the data
domain and its related subdomains of engineering and maintenance. Finally, the last benefit to be
mentioned is the added benefit of digitalisation to safety and the resilience of the transport service.
Especially in regard to ERTMS safety benefits can be found. But even beyond that artificial intelligence
can, with correct use, potentially contribute to safety.
5.3.2 Bottlenecks and challenges
Although there are lots of benefits and chances to the use of the concept of Digital Rail, some bottlenecks
and challenges should be taken into consideration.
Challenges related to ERTMS level 3
The first challenge which is mentioned is related to the ERTMS level 3 implementation which the
concept of Digital Rail considers as main backbone. As both suppliers and operators point out, train
integrity of ERTMS level 3 forms a challenge for the implementation. Train integrity for passenger trains
is possible due to the many trainsets in use, thus having the same composition every time. Therefore,
the Train Integrity Module (TIM) is easy to implement. However, the problem lies especially on freight
trains. Many freight cars do not have any electronics on board, let alone that there is an electronic
connection between the cars. Therefore, train integrity is hard to prove. However, the development
of smart freight wagons of DB cargo could become a solution. However, as of now the option for
level 3 train integrity is not foreseen in the current implementation due to the absence of level 3
implementation in Europe.
Another challenge mentioned by suppliers lies in the related localisation of aspect of level 3 operation.
The challenge is that integrity of the train has to be proven since level 3 requires trains in the network
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to compute their own position. In level 2 operation axle counters and/or track circuit verify the train
integrity and location of the train. In level 3 operation, this track side hardware is no longer involved.
Therefore, the train needs to calculate the position and communicate this position to the interlocking.
However, this has to be done with a safety level which is a C4 safety level which is not easy to achieve.
It is essential that it is guaranteed that a train is exactly at the location which it reports. In order to
make this positioning reliable, new positioning systems are considered. Additionally, in order to have
level 3 working reliably, it is important that the map needed for the positioning is always up-to date and
interoperable. If an aspect in the network is changed, it needs to be communicated to the trains. If not,
errors in positioning can occur with serious consequences. Interestingly, ProRail explores the option
of hybrid level 3 which relies on both self-calculation of the train position and the use of trackside
equipment such as axle counters as backup and solution for trains without a TIM. In this regard, the
benefits of level 3 can be used and the drawbacks are mitigated with redundant trackside equipment.
Bottlenecks in connectivity and rail development
Additionally, to connect the Digital Rail system together, high capacity wireless systems such as 5G
are a must. Most actors involved argue that GMS-R does not have the required speed and capacity
for future innovations and the planned features of the Digital Rail system. Furthermore, GSM-R is
outdated since it is based on old 2G technology. However, its use is still supported till 2035. However,
the implementation of the new standard, FRMCS, which is based on 5G technology will take quite some
time to be implemented.
However, this slow pace to which development occurs is considered to be a major drawback to rail in
general and its competitiveness. Some aspects are related due the lack of innovativeness in the CCS
area, the culture in rail, which paragraph 5.4.3 will explain more in depth, and the high safety standards
and number of rules related discussed in paragraph 5.4.1. This is summarised by respondent 13 in the
following statement:
‘The reason that the railway system is slow because already it’s not innovative in the CCS area, mainly
because the safety law and the way you have to work there is very, very rigid. Kind off too much.’ (R13)
However, if the pace of innovation and implementation is not sped up, rail is argued to be practically
lost in next ten years. Although opinions strongly differ in this regard, several respondents make
specific warnings regarding rail becoming obsolete if pace of innovation is not speeding up. Also, the
modularity and standardisation principles are mentioned in this regard as being absolutely necessary in
order to maintain, upgrade and implement features of onboard equipment in trains and infrastructure,
and the interoperability between them.
Challenges with general implementation
Furthermore, respondent 11 emphasises the challenge to install new equipment on a running railway.
He mentions the example of the change of Brussels Midi Station by Belgian infrastructure manager
Infrabel. They had to reduce the capacity of the station during about one month by taking some
tracks out of service some tracks in order to change and modify the timetable as well. Doing so on a
running railway provided to be a challenge. In this regard, this example resembles the problem with
the transition phase which is mentioned by operators. Since most countries opt for corridor upgrades,
the rolling stock has to be compatible with both ERTMS and older Class B systems. This is also stated
by operator SNCF:
There is another difficulty, which is all about transformation, transition, migration and being able to
implement digital railways into the legacy railway is a nightmare. Because at a certain point of time
you will have some part of the lines migrated to use digital technology and some other parts which are
equipped with just some 19th century equipment. (R9)
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Therefore, the challenge lies in running both legacy and new systems without stopping the traffic since
that is unacceptable for the public. This is mentioned not to be an obstacle, but a real challenge to
achieve. However, this challenge also occurs in the Netherlands, as stated by infrastructure manager
ProRail. In order to implement ERTMS a fragmented implementation strategy on a corridor basis
has been chosen. Therefore, the current strategy for implementing ERTMS is a replacement task for
each corridor. Yet, several respondents at ProRail mention this to be a political choice, just as the
implementation of ERTMS on the HSL-Zuid was. This fragmented implementation is argued to create
interoperability issues by definition since the implementation is spread throughout a longer period of
time. Therefore, being able to implement new systems while operating rail continuously within a certain
time frame is a serious challenge to be considered. In this regard, a modular approach should make
this more adaptable since it is argued to be easier to be more adaptive on technology advancements.
However, this does require the implementation of a modular standard first.
Additionally, it is necessary that the entire system will work as a safe system. In this regard, respondent
13 explains that this is also the challenge for the SmartRail 4.0. At the same time there is an incredible
high standard for punctuality with that many trains running. From a technical perspective, this is argued
to be a major challenge as well since the margins for errors have become almost non-existent. However,
this is not only a challenge for the SmartRail 4.0 program, it will be a challenge for the Netherlands
as well if comparable systems, such as Digital Rail will be implemented. As the traffic management
department from ProRail argues, the Netherlands has a very complex rail system with high density of
rail kilometres, stations and switches while having a high degree of interwovenness of rail modalities
such as sprinters, intercity trains, international traffic and freight traffic which are all different parties
who operate these modalities.
Finally, the cybersecurity aspect of digital systems should be noted. As the industry points out, proper
cybersecurity measures need to be taken in order to have a safe system. With the current evolutions
of cyberthreats, this is a major challenge to be taken into consideration. Therefore, the abovely stated
arguments are in line with the statements made by Jägare and Karim (2019) who point out that with the
digitalisation of the railway a range of challenges, such as data acquisition, transformation, modelling,
safety, quality, and security are a challenge.
5.3.3 Human factor
One specific point needs particular attention related to the impact of Digital Rail is the human factor
aspect in the Digital Rail concept. In this regard several challenges can be derived from the interviews.
These mostly related to the competence and knowledge available and regarded for implementing the
concept of Digital Rail or related innovations/technologies.
In order to implement new technologies into the railways, this is dependent on the competence of
the knowledge of the employees that are working in it. In this regard two points should be noted, as
derived from the interviews. First, according to respondent 1, it is difficult to manage human resources
and manage change in this regard. He mentions the specific example of traffic management and the
change that new technologies are going to bring. Also, there is the additional challenge to re-educate
specific groups for new jobs which have different needs and purposes than what they have orginally
been selected for. The current implementation of ERTMS brings along new procedures and training in
order to be able to work with a different system with different procedures. Therefore, on the traffic
management side, there are some noticeable challenges on the human side. Second, respondent 1
mentions the increased workload for personnel with new systems and the need to be able to estimate
the change for the cognitive workload of personnel and the impact on their work. Therefore, major
changes in rail systems have a huge impact on the human side of the operation. As other respondents
within the innovation department at ProRail argue, it is important to think about how to shape the
change trajectory when developing and implementing digital and automation technology. Especially the
question on how to include those working with the systems is essential in this regard. In comparison to
literature, a similar statement by Manning (2004) from the theoretical framework can be found which
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mentions the importance of proper change management due to the necessary time and adjustments
from people in order to deal with the learning curve that comes with new technology.
However, it is not unthinkable that the role of humans in rail will diminish in the future with new
technologies. In this regard, the operators within this research all test with ATO GoA2 systems for
automatic operation in the future. However, as respondent 9 states, it is mandatory to anticipate human
interaction with a vision towards the unmanned railway. Yet, just replacing humans for automatic
solutions for the sake of technology can be counterproductive, as follows from the statement below:
It is mandatory to anticipate human interaction with a vision to look at the unmanned railway. However,
today the machine is just replacing humans when there is an opportunity to do so, that is insane and
counterproductive. So, you need to look where the human fits in the systems and how to manage
human interaction, then you can gain the full potential. However, the railway without human will be
unfriendly. So, this question needs to be key when aiming with a concept like digital rail. It should not
be just replacing human because of digitalisation; it should be about supporting human. In this regard,
digitalisation is not only about capacity, it is also about interoperability, safety, and humanism. (R9)
Therefore, the focus should also lie in to finding the proper place for humans in the system. Nevertheless,
as derived from the interviews, not all actors believe that the introduction of more automation will
necessarily result in lost jobs yet its impact on employees will be large. Therefore, it does require a
proper process to facilitate new opportunities for those whose initial jobs might be lost. In this regard,
this research proposes the concept of Digital Rail to be ATO GoA2 in which a driver is still required.
As respondent 7 explains, it should be noted that the capacity benefits of ATO are mainly due to the
decrease of the human factor, resulting in shorter headway times as the result of less dependency on
reaction speeds of the driver and other safety related measures. Yet, future developments towards
GoA3 and GoA4 are not excluded as possibility. Though, it should be noted that these developments
are still considered to be hard to implement due to the strict safety regulations in rail. Furthermore,
as respondent 7 argues, there are still a lot of functions performed by the driver that cannot be
performed by a computer yet. However, in the meantime aiming to support humans in their work in rail
in order to increase capacity is considered to be a viable alternative. Yet, the increasing use of digital
solutions, such as automation, do not only have an impact on rail workers, but also on the travellers. As
respondent 3 mentions, travellers have to be willing to use and trust the automated train technology.
The convenience and safety factor of the customer, as explained in paragraph 2.1.1, can be negatively
influenced with automated train operation due to associations of travellers with automated trains.
Therefore, pilots are very valuable in order to get feedback and evaluate the success.
Although much of the human factor is related to the impact of the digitalisation solutions on the human,
it is also important to consider the creation of future digital systems and the knowledge required. In
this regard, it should be noted that the concept of Digital Rail is composed by two words, digital and
railway. Therefore, multiple respondents state that it is important that there is a need for people that
understand both domains. However, as both infrastructure managers and operators state, the number
of people that have domain knowledge on both digital technology and railway operation is limited.
In that sense, it will be hard to shape and implement Digital Rail, also due to the new knowledge and
skills required. As both operators and infrastructure managers argue, the knowledge on rail is rather
scattered and lack of domain knowledge is argued to be problematic especially considering the oftenmentioned difficult recruitment of new young professionals in rail. For instance, you can have a very
talented programmer, but if he or she does not have any domain knowledge on rail it will be hard to
put his or her expertise to proper use. This is also what the SBB mentions in relation to SmartRail 4.0.
The required skill change and new knowledge is a real challenge in order to shape IT based technology
for rail use. This issue is also appearing in the Netherlands with the development of the STM-ATB. This
component acts as translator for the ETCS onboard computer in order to understand ATB signals since
in the transition phase trains need to be able to operate with both due to some corridors not being
migrated to ERTMS yet. According to respondent 8, only a few people in the Netherlands have deep
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knowledge on this product. However, if such people disappear its development for bridging legacy and
modern technology can become problematic. This issue is in line with what can be found in academic
literature. As Nemtanu and Schlingensiepen (2018) mention, shortage of skilled staff to be a barrier in
the development of digital railways. However, also the more specific mention of Fraszcyk and others
(2018) related to the ageing rail force in Europe and the challenge on how to recruit young talented
individuals and retain them within the railway sector is in line with the mentioned challenges regarding
knowledge and competence in rail.
However, in the end the major challenge that digitalisation brings along, which is argued by respondent
6 in the interview, is the behavioural change, even more than a technical change. This has to do
with the innovative strength and the difficulty of making the transition from the classical thinking in
expansion in terms of steel and concrete, to ICT based technology to achieve the same result. This is
not only a behavioural change, but also a culture change for railway in general. As other respondents
also state railway is quite conservative, in that sense that moving towards a digital railway is about
accepting to move to a new direction and away from the classical approach. Additional to the cultural
argument, respondent 9 adds that railway needs its pioneering culture which has been the key element
of the railways in the 19th century but has ‘deactivated’ in his perception. The emphasise should be
on testing, experimentation, demonstrating and prototyping again instead of negotiating the possible
requirements.
5.4 Conditions for implementing Digital Rail
In order to implement Digital Rail and/or digital innovations and technology this research looks to the
conditions necessary for doing so. These conditions are split in three categories: safety and regulation,
cost, and time and finally actors, cooperation, and strategy. The following paragraphs explain the issues
and possible solutions in order to come to the necessary conditions for implementing Digital Rail.
5.4.1 Safety and regulation
Rules strongly relate to human capacity in order to guarantee safety in rail. For instance, most national
rules still require the driver on board. However, it is argued that in rail there is a lot of regulation. This
has the positive effect that rail is a very safe means of transport and there is a large push to keep it that
way. As both respondents from the NS point out, rail is one of the safest ways of transport. However,
the disadvantage of this push for safety is that there is a growing number of rules regarding safety which
result in the product train becoming expensive, inflexible, and limiting for the future. As respondent 8
points out, most rules relate to the fact that in the rail process, lots of people are involved. Passengers
are pretty well shielded in this regard due to their presence at stations and boarding. However, the story
is different for rail workers. In order to protect them, there is lots of regulation in order to guarantee
their safety. For instance, in the Netherlands, the aim is to protect the driver as much as possible with
loads of safety measures to absolutely make sure that accidents are as limited as possible. One of the
examples in this regard is the headway time of three minutes in the Netherlands which is the minimum
time between two trains. Yet, in the end the CEO of the operator remains responsible for the safety for
the drivers. Therefore, if an accident occurs, they are mostly responsible.
Yet, the story is different for France in which drivers are responsible for the safety of the train while
driving. Therefore, labour unions demand large safety margins in order to prevent accidents because if
an accident occurs, the driver is responsible. However, these large safety margins result in capacity loss.
Therefore, when a Thalys uses the HSL-South, the impact on the capacity is huge due to the margins
required. However, as respondent 7 points out, the introduction of ERTMS and ATO limits the human
factor which enables shorter headway times due to reduced reaction times of the driver. Therefore, the
safety margins can be decreased, resulting in more capacity. In this regard, digital technology is argued
to be a chance in order to reduce safety margins while keeping the same level of safety in rail.
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Nevertheless, if for any innovation ultimate safety needs to be proven, this results in long development
times and higher costs. In this regard, as some operators argue, it should be necessary to look at
sufficient safety and not at hundred percent safety. If hundred percent safety is the goal, it will take
five to ten years before any kind of innovation is developed and implemented. Therefore, it should
also be guaranteed when an innovation is implemented, other factors or systems are not negatively
impacted. This requires not only standards and less complex systems in rail, but also early involvement
of risk analysis and, as respondent 5 points out, early involvement of regulatory authorities. Since
innovation is by definition ahead of regulation, there are no rules regarding the specific innovation
yet. According to both operators and infrastructure managers, rules can be innovation limiting per
definition, but the early involvement can take some bottlenecks away due to the transparency in the
process. As respondent 5 states, if rules are seen as a direct problem, innovation can be hard. However,
if you involve policy employees and regulation authorities, the process will be much smoother and
the chance of successful innovation is much higher. This does however require some flexibility of the
authorities.
The existence of the overload of rules is argued to be related to the lack of standardisation. For instance,
respondent 1 compares rail to aviation in which much more regulated and standardised in international
treaties which makes innovation faster to be developed and implemented. However, achieving so is
hard to do in the rail culture, which is based on safety and which is stated by some actors to be the
pride of rail. Yet, this process of proving that something is safe is not only time consuming, but also very
expensive as respondent 13 points out:
‘And this is like making medics or pharma or whatever, the work out there is that you pay, let us say,
one euro for the software and you pay 10 euro for the proof that it is safe. This is so expensive and
upgrading software on existing systems, hardware systems, means that you have to prove that you
have a system with, let us say, absolutely clear of any error. And this proof is very expensive on the
innovation we are working on.’ (R13).
As mentioned earlier, the lack of innovation in the CCS area is mostly related to the safety law and the
way that systems have to be very rigid and extremely safe. The challenge then is to have more trains
running but compromising the safety. In this regard, ERTMS is argued to be a system that contributes
to both safety and capacity by both ProRail and the supply industry.
Nevertheless, there are also positive developments mentioned regarding regulation and standardisation
in order to achieve interoperability in the ERTMS standard. As UNIFE points out, since the fourth railway
package the European Rail Agency (ERA) will have to authorise rolling stock int the future in which the
system compatibility test for ERTMS will be mandatory for the authorisation of the rolling stock. So, if
the rolling stock wants to be authorised for an area of use, it has to be demonstrated that this rolling
stock is compatible with the different implementations of ERTMS in this area of use. To verify this,
the infrastructure manager also has to deliver and take this test in order to show the engineering and
compatibility of the trackside implementation. In this regard, it can be guaranteed that the specific
engineering of both onboard and trackside are in fact compatible.
5.4.2 Cost and time
Issues
The conditions for implementing Digital Rail is strongly related to the cost and time aspect of rail.
As derived from the interviews rail projects are often expensive and take long development and
implementation times. As respondent 13 explains for Switzerland, the workload for a project like ERTMS
the workload is four times higher than average classic signalling projects. Considering that in Switzerland
around two years of preparation is needed for signalling projects before the implementation can start,
the time needed for ERTMS alone is massive. As for SmartRail 4.0, indicating the development time
is rather hard. First estimations vary from five up to nine years including testing, prototyping, and

71

piloting. Therefore, as respondent 13 emphasises, modularity is very important in order to not have
frequent high level development costs but being able to have smaller projects regarding particular
aspects of the system and no need for large overhauls of the system every ten years.
However, this is for a project which involves lots of IT aspects. For infrastructure project, the development
and implementation duration are far longer. However, also maintenance is a very expensive aspect of
rail. In this regard, respondent 6 states the following:
‘And I think if you really commercialise in rail, I think people are completely shocked at what rail costs
per year.’ (R6)
This statement stresses the need for a different approach to rail in order to manage the cost. However,
the question whether digital solutions are in fact more cost-efficient lacks coherence in answer. As
respondent 8 states, the modular aspect will help in making the cost and risks manageable. Yet,
respondent 9 explicitly states his doubt whether digital solutions are most cost efficient in comparison
to the state-of-the-art current rail systems. However, he does add to this that it could be possible that
Digital Rail will generate more benefits, but at the same cost. Although Nemtanu and Schlingensiepen
(2018) state that Digital Rail will result in a cost reductions, the interviews provide a slightly different
perspective considering the mention of making the costs managable or increased benefits, but for the
same cost.
Nevertheless, not only cost is an issue in rail. The time it takes to develop a specification or product
and implement it can take multiple years. For instance, the ERTMS is argued to be a product from the
nineties which is not widely implemented in Europe. In the Netherlands, in 2019 the decision was
made to implement in the Netherlands and the implementation is assumed to be finished in 2050 with
the first seven corridors operational in 2030. Strictly speaking, the product is already outdated before
the implementation has even properly started.
Solutions
However, several statements regarding conditions for the implementation of Digital Rail related to cost
and time are made throughout the interviews. First, respondent 1 points out that projects should be
funded for development purposes. For instance, ERTMS is now funded as a replacement project, but not
as a development project which it could have been. Secondly, in order to have a faster implementation
of ERTMS, UNIFE states that the time for the transition phase should be reduced. In this regard the
European Commission should push to decommission the class B systems as soon as possible. This is a
necessary condition to really have a railway system which will be cost effective.
Thirdly, standardisation and modularity are needed in order to reduce and manage cost and decrease
development time while providing more opportunities for faster innovation, as argued by all operators
within this research. Due to the shorter life cycle of product, a plug and play system with standardised
components is a must. If this is not considered and current practices are continued, costs are argued
to rise exponentially. As respondent 8 points out that the current onboard implementation of ERTMS
is estimated around a million euros per train, this is unsustainable for the future given the shorter life
cycle of digital systems. However, if it is possible to rationalise with modular systems, costs and risks
become manageable.
Fourthly, respondents from ProRail argue that in order to have efficient railways, it might also be useful
to isolate the rail network from its surroundings. Therefore, amongst others level crossings should be
eliminated and access to rail should be strictly prevented. This removes some liability in rail, creating
more room for faster and safer operation due to less risk of incidents. However, it should be noted that
such changes come at a great cost.
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Fifthly, it is argued to be important to look at the long-term benefits, compared to only the shortterm benefit. As pointed out by both operators and infrastructure managers, this is politically sensitive
and harder to achieve, but most measures in rail do not generate benefits right away. However,
with a modular approach future change and innovation can be achieved faster, potentially leading
to faster visibility of benefits. Yet, it remains the case that initial investment cost will often be high.
It is in the longer run that the cost savings of such approach occur. Related to this, it is mentioned
that it is important to consider that when investments are made, for instance in infrastructure, the
benefits could mostly come to the operator. Therefore, a clear division on cost and benefits should be
considered. Finally, it is important to have an integral approach in order to save cost. As respondent 6
points out, there is a large number of fragmented projects, which results in a lot of tax money being
lost due to the lack of coherence.
5.4.3 Actors, cooperation, and strategy
Issues
Regarding cooperation between actors and formulating a strategy as condition for implementing Digital
Rail, there are several issues pointed out by respondents. First, as respondents within ProRail point out,
every country has their own digitalisation strategy, including implementing ERTMS. Although there
is cooperation on system aspects within initiatives such as RCA, OCORA and EULYNX it is argued by
respondent 6 that there are so many initiatives that it becomes scattered:
‘It (initiatives) can come from stakeholders, it can come from interest groups such as the UIC, from the
EIM, but it can also come from the legislative parties such as the ERA. It could come from scientific
research or things that run via Shift2Rail. It is really, it is so fragmented, there is none, there is actually
no knitting needle to pull through to see if we are all working towards the same point very effectively
and efficiently.’ (R6).
With the scattered initiatives there is no real rationale or clear structure on how to cooperate and with
what aims to what ends. Although EULYNX is argued to be successful and RCA and OCORA having some
major participants in Europe, the push is there. However, for other innovations mostly new initiatives
arise instead of incorporating these in an integral approach. In order to have an actual impact and
success it is necessary that enough actors endorse an initiative, which is currently not always the case.
This links to the second issue, which is the point made by both operators and infrastructure managers
who state that there is a lack of a long-term vision for rail in Europe and a clear aim to go for. Current
programs are based on thinking in classical solutions such as the construction of more infrastructure
and ignore lots of potentially relevant actors from other modalities to shape the mobility system. This
lack of strategy has also been mentioned by Tokody and Flammini (2017) and Jägare and Karim (2019),
with consequences for the competitiveness of rail transport. Additionally, especially operators argue
that the standards that are currently formulated still have to much freedom for implementation due
to the lack of rigid standards, therefore resulting on competition within the core specifications of the
standard, rather than its features.
Furthermore, the push for liberalisation is mentioned throughout the interviews to be an issue.
Although it is argued that the liberalisation of rail has had some benefits with some smaller lines that
have now better services and the establishment of a more commercial line of thought with operators,
most respondent mention throughout the interviews the negative impact of ongoing liberalisation in
rail. As the NS points out, with the current market organisation there is lots of cooperation between
actors such as the NS and regional operators since there is competition on the regional lines, but not
on the mainlines. This provides the opportunity of operators to cooperate open and freely. However, if
the mainline network is opened up this cooperation is feared to disappear due to the fact that all actors
are now competitors to each other. Furthermore, it is pointed out that there are people at the NS
which would like to share their knowledge but that other operators keep the innovation to themselves.
However, it is mentioned that in the end no one actually benefits from such mentality to make rail
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better and use it more efficiently. However, it is not that only operators mention the negatives, also
infrastructure managers emphasise the negatives of the push for more liberalisation. Since concessions
go right through long term visions and innovations, this is clearly not a benefit.
However, politics are often mentioned in relation to rail in regard to strategy and cooperation. First,
the transformation of ProRail to ZBO is mentioned to be a potential issue. In theory, it should not
matter whether ProRail is a ZBO if the relationship between client and contractor is properly founded.
However, if the management of the ZBO is determined by the political delusion of the day, this can be
problematic for the establishment of a strategy and vision for the middle to long term. Furthermore,
the current rollout strategy for ERTMS is a replacement task for each track section. This immediately
results in the problems as known with the HSL-Zuid today. This is a result of a political choice to tackle
the task of a system transition by means of a fragmented implementation. This is argued by multiple
Dutch respondents to create interoperability issues by defintion as a result of the implementation
choices. Additionally, as respondent 13 states, it is all about the aspect of many countries wherein the
ministry has a large role in the establishment of new technologies:
‘The big point normally, it’s all about that aspect of many countries, that the ministry, especially on a
management level demand technology and this demand is also meant in a way that they all think the
industry will develop by itself. And then the innovation comes, and it is only taken when it is proven. This
is the normal state of mind let us say at the political level in many countries, but on a national level.’
(R13).
In this regard, the SmartRail program has a chosen a strategy to not try to democratise and politicise
technology because, as stated by respondent 13, technology, architecture and modular need to be
of good quality and should therefore not be a type of political movement. The reason the SmartRail
program has come to existence is due to the integral vision of operators and infrastructure managers,
however, within the proper administrative context which enabled the program to do so. However,
this might be the case for Switzerland, but not for other European countries and especially not the
Netherlands.
This particular point is supported by statements of Dutch rail actors. Rail is very much driven on the
manner in which politics or the ministry make decisions. This is very much fragmented and plan driven
with labelled funding to have more trains running. However, the matching tactics to have it running
operational properly are found out along the way. Therefore, there is a need of a structural change in
the way projects are run. Additionally, the question therefore is on what all actors want to establish
together, how to do so and how to fund such programs. As stated in the interviews, there is a lack of
one specific strategic or policy table which establishes a vision and a goal in order to determine what
is needed. The HSL line is argued to be an example of this particular issue. Instead of taking the French
model, there was a Dutch political ambition and the Netherlands came up with their own idea for the
HSL line and how it should look.
Finally, respondent 7 mentions the relation between operators and suppliers in regard to innovations
within rolling stock. Since the NS is argued to be a smaller actor compared to most suppliers, it can
be quite hard to have influence on the innovations in rolling stock. Most specific innovations from
operators can be implemented by the supplier, but often at an extra cost due to their commercial
nature. Therefore, it is always the challenge to work constructively together with the suppliers in order
to have the best product. However, if there is no benefit to do so, suppliers are argued to be less
willing to implement these innovations. Respondent 7 argues that this does not really help the sector
in general.
Strategic solutions
Throughout the interviews several conditions are mentioned in relation to strategy and cooperation
between actors. First, there is a strong need for better commissioning from the public side while at
the same time there is challenge for other actors, such as infrastructure manager ProRail, to organise
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themselves to be able to deal with large integral programs. However, as operator NS states, this requires
that the rail actors work together and commit to certain goals. Nevertheless, as respondent 13 points
out, democratising, and politicising technology is not a strategy to be considered since technology,
architecture and a modular approach need to be of good quality and should not be subjective to
political movements.
Regarding cooperation respondent 9 states there is no collaboration without leadership, meaning that
different railway companies, either supplier or operator, should acknowledge that sometimes work
needs to be done by another party instead of solving it on your own. With this mentality, as respondent
9 points out, it should be possible when a prototype is launched it is shared with other companies
who might be interested in this project and could assist on the design or development. Therefore, the
focus should shift from competition to cooperation. This is, according to the respondent, the move
which can be seen with Shift2Rail, OCORA and RCA. As respondents 4 and 5 point out, this is essential
in order to get people along in your project. Sometimes this requires talking to each other and tuning,
but sometimes it is also essential for someone to take the lead since in the end, most actors always
have an own agenda.
Furthermore, respondent 4 also argues that for instance the Netherlands and Switzerland could
pull such initiatives in order for the European rail market to become an interesting export market.
Additionally, respondent 3 states that usually a lot of projects are run on contract basis. However, with
innovation, there are always uncertainties, for instance in how the innovation is going to take shape:
‘Normally a contract is made and I will pay you, then it will be fine or so with the assignment. But that
is not what you are looking for, you are looking for, you do not know exactly how the innovation will
go, you do not know what expertise you need. Sometimes you have to help each other more than you
might expect in a customer supplier relationship. But that means you may have to do a little more with
risk sharing.’ (R3)
This risk sharing can be found in the definitions described for Public-Private Partnerships (Klein
and Tesman, 2003; Koppejan, 2005). Considering the fact that most respondents advocate for the
cooperation between public and private parties, such models could be beneficial to consider for
defining a strategy for implementing concepts like Digital Rail. Especially on funding, risk sharing and
the use of competences and the larger size of an integral project, public-private partnerships provide
an option. Nevertheless, since most actors argue for a European wide approach and mostly concerns
operators, infrastructure managers and European initiatives. Therefore, it remains a question whether
classic PPP approach with a DBFM (O) contract is ideal for this kind of use.
However, several respondents state the necessary consideration of the SmartRail 4.0 model. This
program is based on a cooperation of five railway companies, both infrastructure managers and
operators, by the means of a cooperation contract. The emphasis lies on working together, not only
between operators and infrastructure managers, but also with ministries and other public actors.
Furthermore, as respondent 13 emphasises, it is important to cooperate with the industry in order to
have their innovations and possibilities embedded in the program. Additionally, as respondent 2 states,
the Swiss model has lots of cooperation with universities and research. Therefore, connecting these
two worlds is needed to create benefits. This collaboration should then enable interoperability, some
modularity of the system in order to have a good product. Related to this, respondents from UNIFE and
SNCF emphasise the roll of Shift2Rail in this approach due to their role in innovation and cooperation
on a European level. If a European solution is needed, Shift2Rail could be the place to start.
Although cooperation is important within the national programs, cooperation with other (European)
rail actors is mentioned to be important as well. It is important to not only think of everything yourself
but search for cooperation with other European rail actors as well in order to come to rigid European
standards. In this way, the core functions of the system can be standardised and provide adaptivity and
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modularity for country specific features. In this regard, it is important to have a coalition of the willing,
as stated by respondent 6. If the initiative scatters in hundreds of small projects which will not succeed.
It is needed to have a collaborative aim and approach and keep the project integral. Related to this
integral approach, respondent 6 also states that decentralisation in rail is not the best approach since
a strong central vision is needed. He in particular states that Google and Facebook do not decentralise,
so he argues that railway should not do so either.
As respondent 7 points out, the ability to be adaptive during the program is essential. If a plan is made
for the next 30 years, it will take a long time and will be obsolete when finished. With technology
moving fast the full aims of the program should try to capture all innovation at ones but set out a vision
and reach that idea in the shortest time possible. If necessary, the vision can be adjusted along the way.
If a vision with all aspects is drafted on forehand it becomes too big to be manageable and lots of time
is lost before the project has even started. Related to this, respondent 6 points out the necessity of the
inclusion of IT workers at the start of the program. Too often people who mostly think in infrastructure
concepts are prominently included in the first phases, therefore missing the opportunities of IT for a
solution. Since digitalisation covers the full spectrum of rail assets, their involvement is crucial for rail
projects.
Although a lot of projects and programs focus on providing capacity, it is essential to keep the demand
side in the scope. Influencing the demand can be beneficial in order to increase the efficiency of rail
transport, as argued by respondent 7. Therefore, the relation and connections with other modalities
is important in order to improve the comfort and convenience for passengers. This point strongly
relates to the lack of a multimodal approach as argued by Nemtanu and Schlingensiepen (2018). With
incorporating this aspect into the strategy, this shortcoming can be solved.
Finally, respondent 9 emphasises that the focus should be on human driven digitalisation and not
on technology driven digitalisation. He states that there is no way to manage digitalisation without
collaboration, it being within a company, between companies or other rail actors. Without this
collaboration, there is no evolution. In addition, respondent 6 states that the digitalisation issue affects
all components of each rail organisation, or in this case the organisation of an infrastructure manager. It
affects traffic management, capacity, large projects, asset management, etc. It is crucial to have a vision
in this regard and show this to operators.
In the end, respondent 9 summarises most of these conditions in the following statement:
‘So, a national market is much too small and mobility is not a national question anymore, it is a European
question and it is even a worldwide question with climate change. So, let us play together. This European
project let us inject some positivity in it. And I trust that a Digital Railway can be a nice project where
Europe can deliver value. Shift2Rail is a good tool, because we can aggregate a lot of fuelling to deliver
this. So, then Shift2Rail is finally a good place to have a knowledge solution.’ (R9)
5.5 Digital Rail as alternative to physical rail infrastructure
The last paragraph aims for the insight on Digital Rail as an alternative to physical rail infrastructure
expansion. Throughout the interviews several statements are made which provide insight on the
strategy to be chosen for rail to develop. For instance, the traffic management of ProRail points out that
rail and systems have a theoretical capacity, which is influenced by a number of aspects in the context.
These are aspects like environmental laws regarding noise and vibrations, energy supply, safety layers
and the layer of procedures in rail which determine what the responsibilities are of rail workers in order
to have a safely operating rail system. Therefore, capacity is not just a simple correlation of supply
demand. Historically, capacity issues were solved the addition of new infrastructure. However, since a
couple of years, other opportunities are also discovered, as respondent 1 points out:
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‘If you are going to increase your capacity, you can of course turn a number of knobs. You can turn
the knob of the infrastructure, you can turn the knob of the security, you can turn the knob of the
procedure, you can also turn the knob of the people. You can also say where people train to provide
more capacity to deal with incidents there faster. Uhm yes, but for the time being we still often turn the
knob of infra there uhm and with ERTMS we come much more to the knob of ‘hey what can you do with
the security layer?’’ (R1)
Therefore, capacity is basically determined on seven mentioned factors being the number of tracks
available, the number of trains that are operated, the system capabilities and several context related
factors such as energy supply, procedures, the environmental context such as vibrations and sound
caused by trains and safety which also determine the conditions for this capacity. The ratio between
these factors is displayed in figure 18.
Figure 18 Ratio between capacity factors
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With ERTMS being one of the primary examples in this regard of a measure in order to increase the
capacity, this links to digital solutions as a way to generate more capacity. This relates to the question
for the future what the most viable strategy would be to deal with the increase of demand for rail
services. In this regard, the main argument which can be derived from all the interviews is that the
focus should primarily be on making better use of the current infrastructure and opportunities in
favour of building new infrastructure. In this way, the current use of the infrastructure is optimised
which enables maximisation of its potential. As pointed out by several respondents, the potential of for
instance ATO on an isolated corridor can be huge. However, as respondent 13 explains, the optimisation
of the network varies in opportunities form country to country. For example, a country that has a fixed
block length with a limited number of blocks can implement much easier and simpler technologies
in order to improve their capacity. However, for example Switzerland has much more blocks in the
network which is very strict to allow to optimise the capacity. Therefore, when the other country uses
the same signalling system which Switzerland has for instance, it will result in plenty years of added
capacity. In this regard, it is always a matter of comparing the initial status, the demand, and the status
of the technology.
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Yet, the situation becomes a bit different if the system is already used quite efficiently, for instance in
the Netherlands or Switzerland. Then the requirements for technical solutions are much higher and
more complicated in order to gain capacity through technical systems. However, as pointed out by
both NS and ProRail, there is still capacity and efficiency in the Dutch rail network to be gained with
digital/technical solutions and systems. Therefore, almost all respondents argue that the focus should
primarily be on optimising and using digital solutions in order to gain capacity and efficiency in the rail
network for the coming years, granted that there are no physical bottlenecks in the rail infrastructure.
As argued respondent 4, the development and implementation of digital solutions will bring benefits,
but smaller infrastructure changes might still be necessary in some cases since some bottlenecks cannot
be solved by the digital solutions. However, as stated by respondent 3 if the bottlenecks are larger than
the technical systems can (potentially) handle, it might still be necessary to look into investments in the
physically infrastructure. For instance, the investments in 3kV can be highly beneficial for rail capacity
and are considered mandatory if more trains have to be operated on the Dutch rail network.
However, if in the end infrastructure is maximised and there is no further capacity to be gained from
technical solutions, physical expansion is argued to remain necessary. For instance, a single-track
corridor will have much less opportunities for drastic capacity expansion compared to a double track
corridor. In this regard, it is also mentioned that the four-track system is the most desirable due to the
opportunity of splitting sprinter and intercity trains, therefore enhancing capacity due to the reduced
waiting times caused by sprinters stopping on intermediate stations. However, seen the amount of
space this requires, it is hard and very costly to implement this. Furthermore, it is pointed out in the
interviews that increasing the capacity does result in more trains needing to be stored in the network.
With the current stress on shunting yards which often lie in inner city areas, this is a challenge to be
considered as well.
Yet, although some countries still have the opportunity to still construct new lines, some countries are
much more constrained in order to do so. As respondent 9 explains, the aim for the Netherlands is to
gain more capacity on existing lines due to for instance spatial limitations. Contradictory, in France,
land use is not the issue, but building new lines is argued to be a huge challenge. In further comparison,
according to the SBB, for Switzerland it is the challenge that capacity cannot simply be increased by
just building new tracks anymore since it takes almost 20-30 years in order to construct new tracks and
comes at a great cost. However, it is argued that the building of a new track only cuts one bottlenecks,
which is not that big of a step for capacity improvements. Therefore, the emphasis for countries with
not enough space or in general not enough means for expansion should rely mostly on technological
ways to improve the overall capacity.
In the end, it is generally stated in the interviews that for each specific situation it should be considered
what solution would work the best. As respondent 9 states, there is no one size fits all solution.
Depending on the needs, an extra line might be needed. However, most respondents agree that if
there are opportunities for Digital Rail, this would be a desired solution. With ERTMS and ATO there will
be capacity gains, as is expected with digital solutions on most lines. However, as respondent 9 points
out, with such capacity gains, there will be other factors in the rail system such as the energy supply or
maintenance related aspects which will need attention. There will always be physical assets in the rail
network that cannot be solved with ICT solutions. Depending on the type of bottlenecks, an investment
in a physical asset for infrastructure might still be required. For instance, the respondent states that
catenary cannot be replaced with ICT. However, ICT can assist and improve on related aspects although
that has limits, as follows from the following statement:
‘So, through the ICT you can regulate the use of the energy through the catenary, you can adapt the
speed of the train, you can adapt the acceleration of the train. So, you can make better use, but for
catenary we allow never more than one train for five minutes and with Digitalisation you can never
touch this’ (R9).
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6. Conclusion
The question under what conditions the concept of Digital Rail can be a realistic alternative to part
of the investments needed for the construction of new rail infrastructure and how cooperation with
public and private parties can play a role in this is examined in this thesis. In light of answering the
first sub-question of the research, related to the definition of the concept of Digital Rail within the
participating countries of the Shift2Rail program, this research reveals the different perspectives
within the rail domain on the subject of Digital Rail and digitalisation. Overall, this research concludes
that Digital Rail in its core can be defined as “an intelligent transport solution (ITS) aiming for the
digitalisation of the railways, therefore enabling organisations, goods and vehicles to be smarter, more
efficient, more comfortable and safer. Digital Railways is not a goal in itself, but a new concept and
approach to the rail system in general in which new digital resources such as the intelligent use of data,
innovations and a system architecture, in which modularity, adaptivity and standardisation are key
components, contribute to rail mobility objectives such as increased efficiency, safety, liveability and
capacity expansion of the rail network.” Furthermore, this thesis proposes a systematic and practical
approach to the concept of Digital Rail, which is proposed to be Digital Rail as a system.
The research indicates the existence of two domains within the concept of Digital Rail as a system
approach. In this regard several core functions and aims have been established in the concept of Digital
Rail in a system approach. These core functions relate strongly to the mentioned definition of Digital
Rail and cover two main domains; the domain of CCS and the domain of data. Within the domain of
CCS the importance of standardisation and modularity are emphasised in order to achieve an adaptive
and efficient framework for future rail development. In this regard, the domain of data is emphasised
in order to provide better information to customer and use data for maintenance and engineering
purposes. In the end, both domains aim for the enhancement of customer satisfaction.
Second, the research shows several advantages and disadvantages of the implementation of the concept
of Digital Rail in the Dutch rail network. The advantages contain ERTMS and ATO related efficiency and
capacity benefits, improved opportunities for shunting, general increased efficiency of the rail system
at a lower cost combined with better use of technological opportunities and the enhanced information
supply. Conversely, there are several disadvantages of the concept of Digital Rail to be considered as
well. The disadvantages contain the challenges related to ERTMS level 3 regarding localisation and train
integrity, bottlenecks in connectivity with outdated means of communication (GSM-R) and general rail
development due to the slow pace of rail innovation and implementation challenges regarding legacy
security systems and cybersecurity.
One specific important aspect of the impact of Digital Rail is the human factor, which is a crucial aspect
of Digital Rail. In this regard, it can be concluded that in order to implement new technologies into
the railways, the competence of the knowledge of the rail employees is of vital importance. The focus
should not lie on replacing humans by technology but finding a way for systems to support human
interaction with the system. However, this research does find that future diminishing of the role of
humans in rail can be reduced with the introduction of fully automated rail systems under ATO GoA4.
Therefore, anticipation on this future is necessary for proper change management.
Third, this research shows problems that can arise with the concept of Digital Rail being an alternative
to investments in physical rail infrastructure. It can be concluded that the concept of Digital Rail is
always bound to the physical capacity that infrastructure can provide. Therefore, it might still be
necessary to implement (small) infrastructure changes. Additionally, if infrastructure use is maximised
and there is no further capacity to be gained from technical solutions, physical expansion is argued to
remain necessary. It should in this regard also be noted that a two track corridor with mixed traffic is
less efficient in capacity generating than a four track corridor. However, seen the amount of space this
requires, it is hard and very costly to implement this. Finally, it is pointed out in the interviews that
increasing the capacity with the concept of digital rail does result in more trains needing to be stored
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in the network. This puts more stress on shunting yards which often lie in inner city areas with a lack of
opportunities to grow. Also, it can be concluded that digital rail only applies to one factor of the factors
determining rail capacity. There remain other conditions to be met in order for Digital Rail to become a
fully capacity generating concept which depend on the context.
Fourth, this research indicates that cooperation between different and private actors is necessary in
order to implement the concept of Digital Rail. In this regard, a proper strategy is needed in which
strong leadership and willingness to collaborate in a coalition of the willing are of vital importance.
Subsequently, it should be noted that this strategy includes an European level of cooperation in
which the Shift2Rail program can be a proper solution to do so. However, on a national level, a similar
approach to the SmartRail 4.0 program should be considered as a decent example.
The following main question was central to this research: ‘Under what conditions can the concept of
Digital Rail be a realistic alternative to part of the investments needed for the construction of new rail
infrastructure and in what way can cooperation with public and private parties play a role in this?’
Now that the four sub-questions have been answered, an answer to the main question within this
research can be formulated. In light of the answers to the sub questions this research concludes that
Digital Rail can be a realistic alternative to some investments in physical rail infrastructure if four initial
conditions are met. Regarding the first condition, concerning safety and regulation, this research
concludes that the cooperation with safety authorities in early stages of development is needed for
shorter development and implementation times of the concept of Digital Rail and the development
of innovations in the rail sector. In this regard, the increase of standardisation in safety regulation is
beneficial.
The second condition regarding the cost and time that this research points out relates to the need for
more standardisation and modularity in the CCS architecture in order to decrease the cost and project
lead times for future development. With the current lead times on rail development such as ERTMS, it
remains doubtful whether a system like Digital Rail can be initially implemented faster in comparison
to physically expanding the rail network. However, this research concludes that the proposed approach
for Digital Rail is essential in order to establishment a more adaptive rail system for decreasing project
lead times for the future, making the Digital Rail system more beneficial in regard to time and cost
in the future. This research also shows that a focus on the long term benefits is needed since initial
investment costs will occur with the concept of Digital Rail. However, this is politically difficult due
to the frequent focus on short term benefits. Yet, in the long term, Digital Rail is argued to have less
costs due to the plug and play and modular design, making changes to the system less costly and time
consuming.
The third condition that this research mentions in order to have Digital Rail as a realistic alternative
to part of the investments needed for the construction of new rail infrastructure relates to the
cooperation between rail actors. This research concludes that a clear cooperation structure between
public and private parties is needed in which risks are shared. Essentially in this regard is also the
inclusion of IT workers in the initial design phase of the project in order to prevent the classic cultural
infrastructure approach to capacity expansion. Furthermore, the establishment of a long term and
adaptive strategy for rail in Europe is essential, especially when it comes to standardisation within the
concept of Digital Rail. It is important that in the core of the system, European modular standards are
guaranteed. Therefore, an integral approach is needed in which cooperation can be done open and
freely. In this regard, the Swiss model for Smart Rail 4.0 can be considered as strategy. Additionally,
this research concludes that political involvement in implementing technical change and rail IT systems
and their specifications is not desirable. Since the architecture and modular design need to be of good
quality this should not be a type of political movement.
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The fourth and final condition relates to the consideration of Digital Rail as alternative to investments
in physical rail infrastructure. This research concludes that the concept of Digital Rail can only be
considered to be an alternative to investments for expanding the rail network when no physical
bottlenecks in rail infrastructure occur. This research has indicated that some bottlenecks still require
investments for adjustments to the physical infrastructure which the concept of Digital Rail is unable to
solve. Therefore, Digital Rail is only to be considered as an alternative to physical infrastructure when
the physical situation of the infrastructure allows for it.
When the consideration is made between physically expanding the rail network or implementing
Digital Rail in order to gain capacity, this research concludes that capacity increase is determined on
seven factors, being the number of tracks available, the number of trains that are operated, the system
capabilities and context related factors which include energy supply, procedures, the environmental
context (vibrations and sound caused by trains) and safety. These are important factors to be taken
into account when considering the concept of Digital Rail as alternative for physical expansion of the
rail network in terms of capacity.
Yet, it should be noted that Digital Rail strongly relates to the increase in efficiency in the rail systems
and processes. This results in an efficient rail network, which offers a more attractive prospect for
the railways in the coming years in comparison to other modalities. With the concept of Digital Rail
providing more capacity, efficiency and traveller convenience, this research indicates the potentially
reduced travel times and higher travel willingness, therefore strengthening the connections between
Dutch cities. The relation between the concept of Digital Rail with increased competitiveness of the
Dutch cities is therefore indicated within this research.
Nevertheless, despite all these advantages of this concept, this research concludes that the investments
in the physical infrastructure in order to expand the rail network remain necessary in the long run in
order to deal with the increasing demand for rail capacity, assuming that current expected capacity
growth continues. For the Dutch rail network the challenge lies in the lack of availability of land for
constructing new tracks and the added fact that the requirements for the technical solutions are much
higher and more complicated in order to gain capacity through technical systems. This research has
shown that there is still capacity and efficiency to be gained in the Dutch rail network with IT solutions,
although the requirements for such solutions are high. However, when the system does not have
any optimisation room left and the bottleneck of capacity remains other solutions, such as physical
expansion, need to be considered.
This shows the problematic relation between the availability of land in the Netherlands and the
construction of rail infrastructure, as well as the pressure on space of the Dutch inner city landscape.
With the limited space to expand, the need for shunting and storing trains when not in operation and
given the influencing factors for compact city planning practices in the Netherlands, expanding the rail
network is a difficult issue. Although Digital Rail provides a solution to some issues, a long-term integral
strategy for rail is still needed. With the focus on sustainable transport, this research has shown the
potential of rail as environmental friendly alternative to automotive and aviation transport, however,
this is only possible with a viable long term strategy to mitigate the challenges with expanding the rail
network.
In the end, this thesis concludes that developing and implementing the concept of Digital Rail is
considered to be a desirable strategy for the coming years in order to aim for better use of current
rail infrastructure in the Netherlands. There is still an imminent need for investments in the physical
rail infrastructure if certain bottlenecks require so. However, in an equal situation in which the choice
is purely between physically expanding or digital solutions given the current state of the rail network,
the implementation of Digital Rail provides an viable alternative worth considering. Implementing this
concept of Digital Rail requires proper cooperation between both public and private actors. With the
argued lack of data sharing, argued lack of an innovative culture in rail and lack for clear cooperation
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structures there are still some major challenges foreseen for further development and implementation
of the concept of Digital Rail. However, considering the importance of the concept of Digital Rail for rail
innovation that this research has showed, these are challenges worth overcoming.
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7. Discussion & reflection
In this final chapter of this research the reflection on the research, its outcomes and limitations takes
place. Furthermore, several recommendations for further research are made.
First, further research is needed on the definition of Digital Rail within Europe. This research includes
some major actors in the rail sector and their expertise related to the concept of Digital Rail. However,
due to time and geographical constraints, not all European countries and rail organisations within
Shift2Rail have been included in this research, although they might have a digitalisation strategy. To
have a more generalisable definition and concept of Digital Rail, more information and insight is needed
on the application and use of Digital Rail within Europe by other rail actors. However, this is a hard to
achieve goal, as this research shows that defining Digital Rail is also strongly depended on the view of
the rail actor leaving the subject prone to (subjective) opinions. Related to this limitation, it should be
noted that within the Dutch rail actors, only NS and ProRail have participated in this research. Other
(smaller) regional operators have not been included in this research due to time constraints within this
research. Therefore, for the definition and use of the concept of Digital Rail, further research including
these actors should be performed.
Subsequently, another limitation of this research is the single case study design. Due to the limited
time and opportunities to specifically perform research on the uses of Digital Rail in other countries,
this research only covers a potential scenario for the Netherlands regarding the uses of Digital Rail.
Although the findings of this research are somewhat relatable for other countries, many differences
exist between countries in the context for implementing the concept of Digital Rail. Therefore, a
recommendation for further research would be to include more actors and more cases within the
research in order to be able to relate findings to the case studies.
In addition, this research only touches the surface of the technical systems within the rail sector.
Although most proposed solutions are functional on an overall level, the details and feasibility are
not covered within this research. Considering that the OCORA and RCA initiatives still are proposed
solutions, their effectiveness is not yet to be measured in practice. This research therefore relies on aims
and claimed benefits of said initiatives, which are yet to be shown in practice. Furthermore, it should
be noted that paragraph 4.4 is based on preliminary results. The underlying research is still ongoing
and simulations are needed in order to underpin the indicated benefits. Therefore, and in general for
this research, the benefits of Digital Rail are described on paper, but the proposed solutions need to be
simulated to provide concrete results of capacity benefits. However, this was not manageable for this
research due to the lack of time and knowledge required. Furthermore, since the aim of this research
was to establish a first link between rail infrastructure planning and digitalisation solutions as an
alternative this research does not provide a detailed implementation plan for the concept. Therefore,
further research is needed in order to verify the technical feasibility of the proposed concept. Also,
with the lack of academic coherence on defining Digital Rail, it can be generally stated that additional
research is needed in order to provide more comparison on the concept of Digital Rail, its uses and
implementation.
Furthermore, this research does not include the energy aspect of the rail system. Considering not only
the use of energy by trains but also the use of energy by the cloud through data centres there is a factor
to be considered in relation to energy efficiency of the rail network. This is a limitation of this research
to be considered. Furthermore, with the pressure on space in the Netherlands and the increasing
number of data centres, also called ‘verdozing van het landschap’ which refers to the boxy shape and
large size of data centres. This is a factor which is not considered within this research. Although this
increasing use of data centres and its impact on the landscape is a research on its own, it is important
to be considered in relation to the increasing use of IT in rail. Therefore, a recommendation for further
research linking these two factors together is made.
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Besides the above-mentioned limitations and recommendations, more research should be performed
regarding the human factor in rail in relation to change management and cooperation. This research has
provided some first insights into this matter but requires more insights on how to shape this transition,
its impact on rail workers and the change of the human factor in rail. Furthermore, this research has
mostly covered the modality of rail. However, the multimodal aspect of mobility in this regard is not
made. Therefore, further research on the connection between modalities and the role of digitalisation
in this regard is recommended. Additionally, this research assumes the current trends in rail use with
current rail rolling stock. However, concepts like swarming with smaller vehicles with less capacity, but
higher frequency are not considered in this regard. Whether such concepts belong to the concept of
Digital Rail is not covered within this research. This research has mostly aimed for rail as it is known
today, however, other concepts can be part of it as well. Therefore, the recommendation on further
research on the topic of swarming in relation to Digital Rail is made.
One final limitation of this research concerns the anonymity of respondents within this research and
the sensitive aspects of some aspects of the concept of Digital Rail. Several respondents explicitly did
not want to comment on certain subjects due to several reasons such as political reasons and ongoing
discussions and research. Therefore, some sensitive information is not included within this research
due to the sensitive character of the topic and the anonymity of the respondents
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