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Abstract

Faced with increasing challenges, railways around Europe have recently
undergone major reforms aiming to improve the efficiency and compet-
itiveness of the railway sector. New market structures such as vertical
separation, deregulation and open access can allow for reduced public
expenditures, increased market competition, and more efficient railway
systems.

However, these structures have introduced new challenges for managing
infrastructure and operations. Railway capacity allocation, previously in-
ternally performed within monopolistic national companies, are now
conferred to an infrastructure manager. The manager is responsible for
transparent and efficient allocation of available capacity to the different
(often competing) licensed railway undertakings.

This thesis aims at developing a number of methods that can help allo-
cate capacity in a deregulated (vertically separated) railway market. It
focuses on efficiency in terms of social welfare, and transparency in
terms of clarity and fairness. The work is concerned with successive allo-
cation of capacity for publicly controlled and commercial traffic within a
segmented railway market.

The contributions include cost benefit analysis methods that allow public
transport authorities to assess the social welfare of their traffic, and cre-
ate efficient schedules. The thesis also describes a market-based trans-
parent capacity allocation where infrastructure managers price commer-
cial train paths to solve capacity conflicts with publicly controlled traffic.
Additionally, solution methods are developed to help estimate passenger
demand, which is a necessary input both for resolving conflicts, and for
creating efficient timetables.

Future capacity allocation in deregulated markets may include solution
methods from this thesis. However, further experimentations are still re-
quired to address concerns such as data, legislation and acceptability.
Moreover, future works can include prototyping and pilot projects on the
proposed solutions, and investigating legal and digitalisation strategies
to facilitate the implementation of such solutions.

Keywords: railway capacity; capacity allocation; train timetable; cost
benefit analysis; deregulated market.
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Sammanfattning

Med okande utmaningar har jirnviagar runt om i Europa genomgatt
stora reformer som syftar till att forbattra jarnvagssektorns effektivitet
och konkurrenskraft. Nya marknadsstrukturer sdsom vertikal separe-
ring, avreglering och Oppet tilltrade for flera operatorer kan mojliggora
minskade offentliga kostnader, 6kad marknadskonkurrens och effekti-
vare jarnvagssystem.

Denna omreglering av jarnvagsmarknaderna har dock skapat nya utma-
ningar for hanteringen av jarnvagsinfrastruktur och drift. Tilldelning av
jarnvagskapacitet, vilket tidigare skottes inom nationella monopolfore-
tag, maste nu goras av en infrastrukturforvaltare (infrastructure mana-
ger). Forvaltarens kapacitetstilldelning till olika (ofta konkurrerande) li-
censierade jarnvagsforetag (railway undertakings) maste samtidigt
vara transparent, rattvis och leda till ett effektivt kapacitetsutnyttjande.

I denna avhandling utvecklas metoder som kan anviandas av en infra-
strukturforvaltare for att tilldela kapacitet i en avreglerad jarnvagsmark-
nad. Den fokuserar pa samhillsekonomiskt effektiva utfall men dven
transparens, tydlighet och rittvisa.

Avhandlingens bidrag omfattar samhallsekonomiska analysmetoder
som gor det mojligt for regionala kollektivtrafikmyndigheter att bedoma
den samhaillsekonomiska effektiviteten for deras trafikering och skapa
ett effektivt utbud. Med dessa metoder som utgadngspunkt beskrivs en
marknadsbaserad och transparent tilldelningsprocess for kapacitet dar
infrastrukturforvaltare prissiatter kommersiella tagliagen for att 16sa ka-
pacitetskonflikter med offentligt kontrollerad trafik. Dessutom utvecklas
optimeringsmetoder for att estimera passagerarefterfragan och for att
skapa effektiva tagtidtabeller.

Framtida kapacitetstilldelning pa avreglerade marknader kan inkludera
l6sningsmetoder fran denna avhandling. Ytterligare experiment kravs
dock fortfarande for att hantera problem sdsom data, lagstiftning och
godtagbarhet. Dessutom kan framtida arbete omfatta prototyper och pi-
lotprojekt av de foreslagna losningarna och undersoka lagliga och digi-
taliseringsstrategier for att underldtta implementeringen av sddana 16s-
ningar.

Nyckelord: sparkapacitet; kapacitetstilldelning; tagtidtabell; sam-
hallsekonomisk analys; avreglerad marknad.
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Preface

This doctoral thesis is the culmination of research conducted between
2015 and 2020 at the Royal Institute of Technology (KTH), the Swedish
National Road and Transport Research Institute (VTI) and Linkoping
University (LiU) in Sweden. Funded by the Swedish Transport Admin-
istration (Trafikverket), the thesis is part of the SamEff project (Sam-
hallsekonomiskt effektiv tilldelning av jarnvdgskapacitet) which stands
for societally efficient railway capacity allocation.

The thesis consists of five papers appended to an introductory essay.
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Terminology

The following glossary presents definitions (in alphabetical order) of
the main terminology (italicised when first used) that is adopted in this
thests.

The definitions are based on a number of references from railway and
economics. Most of the railway-related definitions are borrowed from
the glossary of terms by RNE (2017). Definitions of economics-related
terms are mainly from the book by Wetzstein (2013).

Swedish translations are checked using Sweden’s national term bank
database (Rikstermbanken, 2019).

Annual timetable (drlig tadgplan): yearly constructed schedule listing
the times and the locations at which certain events, e.g., arrivals and de-
partures, are expected to take place (same as the working timetable).
Commerecial train services (kommersiella tagutbud): train services
that are operated on a profit-maximising basis, e.g., freight, long distance
passenger trains (in contrast to subsidised train services).
Competitive tendering (konkurrensutsatt upphandling): process of
bidding to win the rights to run train services, i.e., for-track competition.
Concession (koncession): management contract giving the right to op-
erate a service over a defined period (typically several years) subject to
meeting certain requirements, often awarded by competitive tendering.
Consumer surplus (konsumentoverskott): benefit that is received by
the consumers of a product or a service from the difference between the
price and the willingness-to-pay.

Corner solution (hornlosning): an optimal solution in a point where
several linear constraints meet, making its location independent of cer-
tain input parameters.

Cost benefit analysis (kostnads-nyttoanalys): approach to calculate
and compare the benefits and costs of a certain project or policy.
Deregulation (avreglering): process of removing barriers to entry in
the market, and thus increase competition.

Dispatching, traffic control (trafikledning): directing and facilitat-
ing the movement of trains in a certain area and period of time.

EU directive (EU-direktiv): legal act of the EU that needs to be trans-
posed into national law in the member states without dictating how.
EU regulation (EU-forordning): legal act of the EU that becomes im-
mediately enforceable as law in all member states simultaneously.
Framework agreement (ramavtal): setting out capacity allocation
rights over a period longer than one working timetable.
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Franchising (franchise): exclusive right to operate a service under a
higher degree of specification (compared to concession, e.g. setting fare
levels and financial risks) and may involve payments between the
transport authority and the franchisee.

Freight traffic (godstrafik): railway traffic transporting goods (in con-
trast to passenger traffic).

Gamification (spelifiering): use of game principles and design to solve
problems in non-game contexts, e.g., to improve productivity or for
learning.

Grandfather right (hdvdvunnen rdttighet, ooversatt): rights and
rules favoring incumbents at the expense of new entrants.

Headway (tdgseparation): time or distance between two consecutive
trains.

Incumbent operator (etablerad operatér): national railway under-
taking(s) or operator(s) traditionally owning rolling stock, responsible
for production, operations, maintenance and infrastructure (before the
vertical separation and the deregulation).

Infrastructure manager (infrastrukturférvaltare): body responsible
for administering rail infrastructure and managing its facilities.
Monopoly (monopol): when an actor is the only supplier of a certain
service or product in a market.

Nationalisation (nationalisering): process of converting private assets
to public ones owned by the state (in contrast to privatisation).
Network statement (jarnvdgsndtsbeskrivning): document which sets
out in detail the general rules and procedures for allocating railway ca-
pacity, including information required for capacity applications.

Open access (Oppet tilltrdde): process by which non-incumbent oper-
ators can also access the infrastructure, enabling them to run services
complementing or competing with others, i.e., on-track competition.
Passenger traffic (persontrafik): railway traffic transporting passen-
gers (in contrast to freight traffic).

Privatisation (privatisering): process of converting state-owned pub-
lic assets to private ones (in contrast to nationalisation).

Producer surplus (producentoverskott): the monetary value that is
gained by the producers of a product due to the difference between the
price and their production cost or willingness-to-sell.

Public service obligation (trafikeringsplikt): responsibility of the
railway undertaking to maintain a certain level of public services, e.g.,
number of train departures or frequency, ticket prices.

Public utility (allmdnnyttig tjdnst): service provided on a regulated
public infrastructure such as electricity, water and telecommunication.
Publicly controlled (or subsidised) train services (subvention-
erade tdgtjdnster): train services where timetables and fares are
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determined by a public agency, presumably to maximise social welfare
(in contrast to commercial train services, where a profit-maximising
company decides timetables and fares).

Railway capacity allocation (jdrnvdgskapacitetstilldelning): pro-
cess where capacity is granted to a railway undertaking (or other appli-
cants) by the relevant capacity allocation body (infrastructure manager).
Railway regulator (regulator): independent, official regulatory body
for rail; its duties and powers are set out in the national legislation.
Railway undertaking (jdarnvdgsforetag): any licensed public or pri-
vate entity, the principal business of which is to provide services for the
transport of goods and/or passengers by rail.

Reserve capacity (reservkapacitet): capacity kept available within the
final working timetable allowing quick and appropriate responses to ad
hoc requests.

Rolling stock (rullande materiel): collective term for the railway fleet
describing all the vehicles on a track (in contrast to fixed stock or infra-
structure).

Social cost (samhdllsekonomisk kostnad): total cost incurred by the so-
ciety including consumer, producer and external costs. (same as the so-
cietal cost, in contrast to the social surplus).

Track access charges (banavgifter): fees that are paid to the infra-
structure manager by an operator for running trains on its infrastructure.
Train path (tdgldge): definition of a train's route in terms of time and
space with details of locations at which it will pass, including any activi-
ties that the train will perform, e.g., train crew, locomotive changes.
Train timetabling (tidtabelldggning): process of consultation and
planning to define expected train movements taking place on the infra-
structure during a certain period time.

Transaction costs (transaktionskostnader): costs related to the eco-
nomic interaction between separate entities.

Vertical separation (vertikal separation): separation of infrastruc-
ture management and railway operations (e.g., train services).
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Chapter 1

Introduction

Do not say a little in many words but a great deal in a few
Pythagoras, Greek philosopher







1. Introduction

States long adopted a laissez-faire policy in early railways, allowing pri-
vate companies to build, operate, maintain, and hence own railway sys-
tems, i.e., privatised railways. Some developments (e.g., passenger
trains, fierce competition between investors or railway mania and the
industrial revolution) made governments pay increasing attention. Many
railways were therefore nationalised, and thus operated by monopolistic
state-owned companies providing both passenger and freight traffic.

During the late 20 century, national railways have been facing increas-
ing challenges due to efficiency and cost problems, and competition from
other modes. Several railway markets, mainly in the European Union
(EU), have been subsequently reformed by splitting their monopolistic
national railways into infrastructure management and train services.
This splitting, also called vertical separation, allows for opening the rail-
way market to competition. New (domestic or foreign) railway compa-
nies may provide train services, a process often referred to as deregula-
tion which reduces state market control.

By deregulating their railways, governments aim to reduce public ex-
penditures, increase service quality, and improve system efficiency. For
this to succeed, there is still need for instruments to intervene, i.e., regu-
lating the deregulation. An important element in this context is the allo-
cation of railway capacity which faces new challenges due to the deregu-
lation. In other words, the previously closed internal capacity allocation,
within monopolistic national railway companies, needs to be replaced
with a more transparent and (still) efficient allocation of available capac-
ity to the different (possibly competing) companies in the market. This
task is the main problem that this thesis attempts to address.

This first chapter introduces more relevant information to understand
the research context and motivation of this work. It also presents the
structure of the thesis, and finally, states its delimitation.

1.1. Research context

With decreasing efficiency and increasing spending, state-controlled
railways came under pressure, and a trend of deregulation reforms
emerged which allowed private actors in the market once again (Laurino
et al., 2015). Sweden was first to start deregulating its national market
(as early as 1988) after vertically separating railway services from infra-
structure management (Hansson and Nilsson, 1991).
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Figure 1. Timeline of vertical separation and EU railway packages.

Following the 1991/440/EEC first directive (EC, 1991), several EU mem-
ber states adopted vertical separation as illustrated in the timeline pre-
sented in Figure 1. The directive allows one of three alternatives: ac-
counting, organisational or institutional separation. The first type guar-
antees separate financial accounts, the second is about independent
units within one larger institution, and the third refers to the complete
separation as in Sweden. This resulted in various market structures
throughout Europe but all have at least a vertical separation in account-
ing (Monami, 2000, Nash, 2008).

Following further EU directives and regulations (grouped as railway
packages), train services in different market segments have been gradu-
ally opened for competition (EC, 2001). Further calls from the European
Commission (EC) aimed, among other things, to establish a Single Euro-
pean Railway Area (SERA) as stipulated by the 34/EC SERA directive, a
recast of the 1%t railway package (EC, 2012). The directives have also
aimed to promote competition, interoperability, transparency and effi-
ciency, see Appendix 1: EU directives.

In the context of railway capacity allocation, transparency means that all
the process is comprehensive, clear and above all non-discriminatory to
any of the market players. However, efficiency may be interpreted in var-
ious ways depending on the national railway legislation. In Sweden, the
objective of railway capacity allocation is to achieve maximal socioeco-
nomic or societal efficiency (samhdllsekonomisk effektivitet in Swedish)
meaning that the net social surplus is maximised including benefits for
all consumers and producers as well as all external effects, see Appen-
dix 2: Swedish railway law.

The contributions of this thesis attempt to address the problem of socio-
economically efficient and transparent capacity allocation in vertically
separated and deregulated railways, e.g., Sweden.



1.2. Thesis outline

Four chapters form the thesis. This 15t chapter introduces the research
setting by presenting the research context, the thesis outline and delim-
itation. Chapter 2 presents the relevant background information and ter-
minology on railway capacity, its allocation and market deregulation. It
also provides a review of the literature including related existing research
and experiments with focus on Europe and Sweden. The conducted re-
search is described in the 34 chapter which starts with the gaps and chal-
lenges, and the research questions follow with a presentation of the
methodology. A discussion of the conducted research concludes the
chapter. The contributions and future works in chapter 4 conclude the
thesis.

Relevant excerpts from the European and Swedish legislation can be
found in the two appendices. Finally, all the included papers are ap-
pended to this thesis.

1.3. Delimitation

The scope of this thesis is delimited in several dimensions. First and
foremost, the focus is mostly on the efficiency of the capacity allocation,
rather than its transparency. Second, specific allocation contracts such
as franchising, concessions and framework agreements, although
important, are not studied in detail but only briefly mentioned. However,
we study situations of capacity conflicts between publicly controlled and
commercial train services regardless of the allocation contracts.
Moreover, certain market segments (e.g., infrastructure maintenance)
and allocation steps (e.g., ad hoc) are only briefly discussed.
Furthermore, dispatching or real time traffic control aspects (e.g.,
timetable robustness and train punctuality) are not considered, but these
are well developed in the literature (Andersson et al., 2013), and can
therefore be included in a later stage of the allocation. Last but not least,
legal issues are only briefly mentioned and discussed.
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Literature Review

‘Manga vet mycket, ingen vet allt’
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2. Literature Review

In this 24 chapter, background information on railway capacity, its al-
location and market deregulation are presented while introducing rel-
evant terminology. Related existing research and experiments are also
briefly reviewed focusing on the European and Swedish context.

2.1. Railway capacity

In the railway sector, capacity has different meanings depending on the
context where it is used. Although no unique definition exists, railway
capacity is an important concept that can be defined and analysed based
on specific aspects (Petersen, 1974). For instance, it is highly affected by
factors such as infrastructure (number of tracks and network design),
type of train traffic (e.g., freight, high-speed or commuter trains) and
other operational factors (Forsgren, 2003, Abril et al., 2008).

One definition, also used in Sweden, is from the 406 code by the Inter-
national Union of Railways (IUC) which states that capacity of any infra-
structure is the number of possible paths in a time window (UIC, 2004).
Such a number may depend on additional factors such as the path mix
(traffic heterogeneity), service quality and other considerations for con-
structing train timetables (Goverde and Hansen, 2013).

In the context of railway capacity allocation, RailNetEurope (RNE), in its
glossary of terms, refers to capacity as the actual train path which de-
scribes the infrastructure needed for running a train between two places
over a given period of time, i.e., time-space taken up in the annual time-
table by the passage of the train including safety margins (RNE, 2017).
Later in this thesis, we will see that train paths include certain flexibility
and can be adjusted during allocation.

Railway capacity at certain parts of the infrastructure may depend on (or
affect) that of other parts in the network. For instance, (primary) delays
in one place may cause (secondary) delays in others, or improved acces-
sibility on some parts may induce demand on others. Such network ef-
fects indicate that capacity analysis is combinatorial in nature, and that
most related problems are hard to solve using state-of-the-art solvers,
e.g., train timetabling (Caprara et al., 2002).



2.2, Capacity allocation

The allocation of railway capacity refers to the process where train path
requests are granted by the relevant capacity allocation body, often called
infrastructure manager (IM), to capacity applicants or train operators,
also called railway undertakings (RUs). The allocated capacity can be
used for running freight or passenger trains as well as for infrastructure
maintenance. The IM is responsible for the allocation based on specific
conditions and rules, compiled in the national network statement. Such
allocation is repeated on a yearly basis to construct a new annual timeta-
ble specifying when and where trains run (RNE, 2017).

Unlike road traffic with an ad hoc allocation of capacity (queues can pos-
sibly be building up, i.e., road congestion), railway capacity must be
planned and allocated beforehand (van Wee et al., 2013). Thus, capacity
congestion in railways may emerge when the available capacity is not
enough to include all the requested train paths. Capacity allocation is
therefore fundamental in the railway sector for prior planning of the traf-
fic, and for solving capacity conflicts, if any.

When allocating capacity, the IM has certain flexibility to adjust and re-
schedule the original train path requests. Thus, allocating capacity
means including the (adjusted) requested train paths in the annual time-
table. Each request represents a plan for a certain service, such as a
freight or passenger trains. Such services differ in many ways, e.g., speed,
distance, publicly controlled or commercial, and therefore express vary-
ing requirements. Furthermore, how capacity is allocated may also de-
pend on the structure of the market, e.g., existing (or dominant) comple-
mentary or competing train services, degree of market competition and
deregulation (Gibson, 2003).

2.3. Market deregulation

Railways are often referred to as examples of natural monopoly due to
their substantial initial fixed costs (De Palma and Monardo, 2019). Other
examples can be found in public utility networks such as gas, electricity
and water. In natural monopolies such as railways, it is more practical to
have a monopoly that provides the railway network. Hence, the early mo-
nopolistic and highly regulated national railways.

With the emergence of market deregulation trends in the railway sector,
new structures appeared which vary from one country to the other due
to various reasons, e.g., political, economic and geographical (Laurino et
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al., 2015). One fundamental difference between these markets is their
degree of vertical separation (or integration) which refers to the division
of responsibilities between infrastructure management and rail services.
Another important difference is the level of deregulation, i.e., the hori-
zontal relationship between the different actors in a market segment with
similar roles and responsibilities (e.g., RUs).

These fundamental differences lead to four main structures as illustrated
in Figure 2 where each arrow indicates the movement from one struc-
ture to another, either separation or integration in the horizontal or ver-
tical dimension. In the same figure, a railway company (large grey box)
may be responsible for rail services and/or the network (smaller white
boxes).

Contrasting market structures (and segments) have distinct characteris-
tics, and therefore need different capacity allocation principles (Gibson,
2003). In vertically integrated markets (i.e., top in Figure 2), capacity
allocation is internally administered, and reduced to the so-called train
timetabling problem (TTP) where the monopolistic company constructs
a feasible train timetable that maximises the company’s objective func-
tion (Brannlund et al., 1998, Caprara et al., 2002). This is different for
vertically separated markets (i.e., bottom in Figure 2) with separate
IMs. Railway deregulation allows for the presence of actors (RUs) other
than the incumbent operator(s). In order to allocate capacity, the IM
needs to accommodate different (sometimes conflicting) train path re-
quests from RUs, and settle all the possible disputes. RUs are usually re-
quired to pay track access charges for their respective allocated paths
(Freebairn, 1998, Bouf et al., 2005).

Each structure has pros and cons (Mizutani et al., 2015, Abbott and
Cohen, 2017). On the one hand, integration is better for reducing trans-
action costs between separate entities which are working together
(Merkert, 2012, Merkert and Nash, 2013). On the other hand, separation,
if managed well, can increase competition and thereby productivity and
service quality. However, if competition is not well regulated, market in-
efficiencies may emerge, for instance due to anti-competitive practices
by certain RUs leading to market outcomes that are far from maximising
social welfare (Broman and Eliasson, 2019).
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Figure 2. Overview of the main railway market structures.

In what follows, the thesis mostly focuses on capacity allocation in verti-
cally separated (and deregulated) markets with open-access of the kind
mostly found in EU markets, and in particular the Swedish railway sys-
tem (Jensen and Stelling, 2007, Alexandersson and Rigas, 2013). Most
European railways are vertically separated and deregulated with hori-
zontal separation in services, see Figure 3. This structure aims at stim-
ulating competition by allowing new (possibly foreign) companies to
provide services alongside, often in competition with, the incumbent (or
the previous monopolistic national company), if any. Interoperability is
thus required for licensed companies to provide services across the Eu-
ropean SERA market (Crozet et al., 2012).

Railways in a selected country

Foreign
Companies Incumbent companies/incumbents
[sees ||

Infrastructure manager

network

i

Figure 3. Example of a deregulated market structure in Europe.
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2.4. European context

As part of the European reforms, several member states adjusted their
market structures and national railway legislation to EU policy guide-
lines (Monami, 2000, Nash et al., 2014). The EC has introduced several
railway packages as guidelines to help implement the deregulation (EC,
1991, EC, 2001, EC, 2012). An overview of the packages and main topics
of the corresponding directives is presented in Table 2.

Table 2. EU packages and main topics in the directives.

Package Year Main topics

18t 2001 Vertical separation for market deregulation:
cross-border freight, access charges, licensing
ond 2004 Integrated European railway area:
safety, interoperability, national freight
grd 2007 International passenger:
open access, subsidised services, interoperability
4th 2016  Domestic passenger services:

interoperability, governance, licensing

A timeline of these packages was also previously presented in Figure 1.
The 1t package (initiated with directive 91/440 from 1991) was an early
attempt to set certain guidelines for market deregulation and capacity
allocation (EC, 2001). Accordingly, all member states are required to
have at least vertical separation in terms of accounting. A recast estab-
lished, among others, principles for interoperability in the SERA markets
(EC, 2012). The packages that followed focused on the successive dereg-
ulation of different market segments, e.g., cross-border freight (2001),
national freight (2004), international passenger (2007) and domestic
passenger (2016) as part of the more recent 4t railway package (EC,
2016).

In European deregulated markets, the IM publishes the national network
statement on a yearly basis providing guidelines on how capacity is allo-
cated for the licensed RUs. The allocation generally starts one year
(noted X-12) before adopting the new annual timetable. The IM receives
capacity (train path) requests which are formulated by capacity appli-
cants (RUs). A draft of the annual timetable is prepared by the IM for
coordination with RUs to settle potential capacity conflicts.

When unresolved through negotiations and voluntary compromises, ca-
pacity conflicts are settled unilaterally by the IM using predetermined
priority criteria. Lines (and time periods) where such conflicts occur are
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declared congested, and capacity analysis is conducted by the IM for re-
inforcement plans to improve the capacity supply.

Once the draft is published, the late train path requests are received and
allocated depending on the available reserve capacity. This ad hoc allo-
cation of capacity continues during the year, even after the start day of
the annual timetable, i.e., between X and X+12. The allocation is super-
vised by the railway regulator, often an independent governmental
body. An overview of the allocation is illustrated in Figure 4.

2.5. Swedish capacity allocation

The Swedish railway market was managed by the Swedish State Railways
SJ (Statens Jdrnvdgar) until 1988, when infrastructure management
was separated from operations and transferred to the newly created Swe-
dish Rail Administration (Banverket) leading to one of the first vertically
separated railway markets in the world. In 2001, SJ was split into several
state-owned companies: SJ (passenger), Green Cargo (freight), Jern-
husen (stations) and Euromaint (maintenance). In 2010, Banverket was
integrated with the Swedish Road Administration (Vagverket) to form
the Swedish Transport Administration (Trafikverket).

Trafikverket allocates capacity in the Swedish network similarly to many
European deregulated markets, see Figure 4 for an overview of the dif-
ferent steps of the capacity allocation. One of the main differences is in
the settlement of capacity conflicts that remain after the coordination
with applicants which settles most of the capacity conflicts. Unlike many
IMs which use simple and general priority lists, Trafikverket uses prior-
ity criteria based on cost benefit analysis (CBA) rules aiming to reflect
which train path requests that yield the highest social welfare
(Trafikverket, 2020). This Swedish CBA-based prioritisation appears to
be more developed than the basic rule-of-thumbs criteria that are used
for conflict settlement by many European IMs.

Trafikverket uses the CBA-based prioritisation to unilaterally settle the
remaining conflicts only if the coordination process fails. Depending on
the train category, different weights are used for certain variables such
as the scheduled travel distance and time, train connections and cancel-
lation. These weights are estimated using econometric studies to reflect
their social welfare effects (Trafikverket, 2016a).
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Figure 4. Overview of Swedish railway capacity allocation.

In case of (potential) unfair prioritisation or discrimination, RUs can re-
port complaints and appeal to the regulator, i.e., Swedish Transport
Agency (Transportstyrelsen).

2.6. Existing research and experiments

The problem of capacity allocation in deregulated markets has been stud-
ied extensively in other fields, such as airport slots (Rassenti et al., 1982,
Gilbo, 1993), public utilities such as energy (gas and electricity), telecom-
munications, and water (McMillan, 1994, McAfee and McMillan, 1996).
However, few academic works or experiments have been conducted in
the railway sector.

Several research papers look at important components to consider for
railway capacity allocation such as train timetabling and access charges
(Gibson, 2003). Some others discuss the challenges of railway deregula-
tion (Crozet et al., 2012) and the potentials of market-based solutions
such as (combinatorial) auction (Nilsson, 2002, Borndorfer et al., 2006,
Perennes, 2014). Most studies develop specific algorithms to allocate
and/or price railway capacity (Lusby et al., 2011). These studies rarely
consider the context of deregulation and the various market segments.

In a doctoral thesis, Pena-Alcaraz (2015) studies the capacity allocation

in a deregulated and vertically separated market (called shared railway).
The author investigates a capacity allocation solution that combines
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problems of RUs (e.g., train timetabling) and IMs (e.g., capacity pricing),
and the market outcome for different pricing strategies. However, no
considerations are given to the social welfare in the allocation. These wel-
fare aspects are considered in another doctoral thesis by Perez Herrero
(2016) who uses an economic approach to study railway capacity in light
of the market deregulation. Although no capacity allocation model is pro-
posed (or studied), the author highlights the use of (optimal) congestion
pricing of capacity as an instrument to improve the social welfare of ca-
pacity allocation outcomes.

Aspects relating to railway deregulation and capacity allocation have also
been the subject of several reports from international organisations and
forums. Such reports attempt to summarise and analyse their prospects
and challenges. An early publication from OECD (2005) gives a compre-
hensive summary of the structural reforms that have happened in all the
member countries. Focusing on EU countries, Crozet et al. (2012), in a
policy report for CERRE, looks at how vertical separation can increase
railway efficiency, and identifies key issues and regulatory
recommendations for the introduction of competition to the market.
This is later discussed by Crozet (2016a) at the International Transport
Forum (ITF). Several CERRE follow-up studies deal with more specific
aspects such as the liberalisation of passenger rail services in France
(Crozet, 2016b), Germany (Link, 2016), Great Britain (Smith, 2016) and
Sweden (Nilsson, 2016), or the levying of track access charges in France
(Crozet, 2018), Germany (Link, 2018), Sweden (Nilsson, 2018) and Great
Britain (Nash et al., 2018).

At the EU level, Train Timetable Redesign (TTR) is an initiative that at-
tempts to redesign the international timetabling process (capacity allo-
cation) in Europe to improve the competitiveness of cross-border
(freight) train services. The TTR initiative introduces the concept of roll-
ing planning which allows for ad hoc capacity requests in addition to the
traditional annual requests. For instance, it is possible to safeguard
bands of train paths (i.e., reserve capacity) and continuously allocate
them for freight traffic. Certain pilot lines on cross-border European
freight corridors are used for further experimentation (RNE, 2019).

At the national level, Trafikverket initiated a development project for
market-adapted planning of capacity in Sweden, locally called MPK. The
project aims to create a new (more flexible) approach for railway capacity
allocation, and to develop new (digital) supporting tools (Gestrelius et
al., 2020). Important contributions include a digital portal for capacity
application which allows to access (and manage), for instance, train path
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requests, capacity restrictions and track access charges (Trafikverket,
2016b). The project also attempts to implement the concept of incremen-
tal allocation (successiv tilldelning) which was previously studied and
presented, e.g., by Aronsson et al. (2012). In such allocation, the annual
timetable is initially flexible, and is incrementally constructed starting
from (long term) delivery commitments to (more specific) production
plans.
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3. Conducted Research

Following the literature review, this 3 chapter presents the conducted
research. It describes the literature gaps and challenges, and formu-
lates the research questions. A presentation of the research methodol-
ogy and the developed models follows. Discussion of the conducted re-
search concludes the chapter.

3.1. Challenges and research gaps

While studying the Swedish allocation process, Eliasson and Aronsson
(2014) show that even the relatively well-developed Swedish conflict res-
olution model has some flaws. First, CBA calculations rely on certain var-
iables (such as fares, demand, running costs) that are difficult or impos-
sible to observe for commercial train services. For private, commercially
driven traffic, such data is highly sensitive business information, and of-
ten unknown at the time of capacity allocation. On the other hand, such
data is usually available for publicly controlled traffic (e.g., subsidised
regional or commuter services). Second, the weights that are used in the
CBA-based priority model are static. This means that certain train cate-
gories are always prioritised over others leading to so-called corner so-
lutions. Thus, in case no interactions between complementary services
exist, the diminishing returns to scale is not captured. In reality, the mar-
ginal societal benefit of higher frequency (or shorter headway) on a train
service decreases, but this is not captured by the CBA-based priority cri-
teria.

With these challenges in mind, the current CBA-based conflict settle-
ment might lead to inefficient capacity allocation outcomes. Deregulated
markets are more prone to capacity conflicts, especially with limited in-
frastructure capacity and increasing demand. These inefficiencies can
therefore intensify in deregulated European markets such as Sweden,
and hence the importance of a more efficient (and transparent) capacity
allocation and conflict resolution.

Any adjustment to the current capacity allocation should abide by the
legislation. On the one hand, EU policies provide guidelines related to
capacity allocation and access charges. In Appendix 1: EU directives,
the Articles state that conflict settlement can make use of access charges
which may be included as an additional charge for scarcity. Such charges
can be used to allocate capacity to the most important services to society
in a fair and non-discriminatory manner. On the other hand, the Swedish
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legislation (Jdrnvdgslagen) also provides certain general guidelines for
allocating infrastructure. In Appendix 2: Swedish railway law, the
Clause states that Trafikverket is required to assess the capacity needs of
the different types of services (including reserve capacity) and that, in
case of unsettled conflicts after the coordination process, it is required to
allocate capacity with the help of charges or priority criteria that yield
(socioeconomic) efficient utilisation of the infrastructure.

The use of (CBA-based) priority criteria to settle capacity conflicts is gen-
erally aligned with the legislation. However, the use of such criteria in
deregulated markets faces challenges, e.g., relevant data availability, and
may lead to inefficient outcomes which goes against the guidelines. Both
European and Swedish legislations allow for using a market-based ca-
pacity allocation, i.e., scarcity charges or pricing, an option that has been
previously used to allocate capacity, e.g., for airport slots and public util-
ities. Thus, the lack of models and applications for railway capacity allo-
cation in deregulated markets.

Parts of the conducted research consist of several methods that can help
allocate capacity in deregulated markets, e.g., Sweden. Such methods can
address many discussed challenges that relate to efficiency and transpar-
ency. Moreover, this work helps reduce the described existing gap in the
research literature, e.g., capacity allocation and market deregulation in
the railway sector.

3.2. Research questions

Several challenges and research gaps appear in the light of the literature
review. This thesis attempts to answer a number of research questions
(RQs) to help address some of the main cited challenges, and to fill in the
mentioned research gaps.

To start with, this thesis reviews and analyses existing capacity allocation
practices in a number of European railway markets.

RQ1. What capacity allocation is used in current deregulated markets?
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Based on the answers to RQ1, a market-based and transparent capacity
allocation is proposed. The focus is on improving the efficiency of
existing capacity conflict solutions in important market segments.

RQ2. How can capacity conflicts be more efficiently resolved between
commercial and subsidised traffic?

Answering RQ2 requires dealing with a number of other related RQs.
First and foremost, capacity conflicts with commercial traffic are solved
based on existing conventional CBA guidelines. An efficient capacity
conflict resolution (to answer RQ2) therefore relies on the assumption
that subsidised traffic supply is efficient according to these guidelines.

RQ3. Is subsidised traffic supply efficient according to CBA guidelines?

A second related RQ focuses on ways to use mathematical optimisation
to improve RUs’ traffic supply, e.g., train timetables.

RQ4. How can mathematical optimisation be used to further improve
the traffic supply?

The third and last related RQ deals with demand data (origin destination
or OD matrices), an important input data for more accurate policy deci-
sions, e.g., more efficient traffic supply.

RQ5. How much demand data is needed for more accurate policy deci-
sions?

In the remainder of this thesis, we will present the conducted research,
results and contributions to address the presented RQs.

3.3. Research methodology
A top-down approach is followed to conduct this research, see Figure 5

for an overview of the components of the methodology and the corre-
sponding included papers.
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Figure 5. Flowchart of the adopted top-down research methodology.

A survey, in P1, of different European deregulated railway markets fo-
cuses on how capacity is currently allocated especially in case of conflicts.
Conclusions from the survey, and the study by Eliasson and Aronsson
(2014), help identify the need to develop a more efficient capacity alloca-
tion model for deregulated markets such as Sweden. The proposed
model, in P2, focuses on allocating capacity in two important market seg-
ments, i.e., publicly controlled and commercial traffic.

Thereafter, the conducted research work aims at designing, implement-
ing, and experimenting with several methods to help successively allo-
cate capacity between publicly controlled and commercial traffic. This
work includes methods, for instance, to construct efficient train timeta-
bles (P4), to estimate relevant input data such as passenger demand (P5)
and CBA cost parameters (P3). More details about these methods are
presented later in this chapter.

Various research methods are also adopted at different stages of this
work. Table 3 gives an overview of these methods and the correspond-
ing included papers.

Table 3. Research methodology and adopted methods.

Research methodology
Research methods Literature Model Methods
Qualitative text analysis P1
Cost benefit analysis (CBA) P2 P3
Mathematical programming P4 and P5
Passenger flow simulation P2 P3 and P5
Data analysis P1 P2 P3, P4 and P5
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Qualitative analysis of official text material (e.g., network statements) is
mostly used for the early literature review in P1. Quantitative methods
are later used for the allocation model in P2. For instance, CBA is used
to assess train timetables in P3, and to price capacity requests in P2.
Mathematical programming is applied to model train timetabling in P4
and OD estimation in P5. Methods for passenger flow simulation are use-
ful to assess timetables in P2 and P3, and estimate OD matrices in P5.

Extensive data analysis is used to study and compare different European
railways in P1, and to describe the infrastructure and operations in P2
using the (microscopic) railway simulation software RailSys (Radtke and
Bendfeldt, 2001). Train timetables are exported and manually adjusted
to construct train path requests for testing in P2 and P4. Moreover, OD
estimation methods in P5 use extensive passenger demand data from
smart cards. Finally, CBA cost parameters, used in P2 and P3, are based
on detailed trip valuation data from national and local guidelines
(Trafikverket, 2016a, SLL, 2017).

3.4. Market-based capacity allocation

The literature review indicates that countries in Europe are increasingly
adopting a deregulated market structure for both passenger and freight
traffic. These reforms are driven at the EU level by an attempt to, among
other things, stimulate competition. However, the incumbents are often
favoured in capacity allocation, and still dominate most markets.

Traditional capacity allocation requires adaptations to best serve the new
deregulated markets focusing on transparent and efficient allocation of
capacity. Adaptations such as (CBA-based) priority criteria are however
not always able to capture the marginal social benefit of certain services,
e.g., private-commercial traffic due to limited data availability. The con-
ducted research aims at studying possible improvements to this capacity
allocation (presented in Section 2.5) in the light of the cited challenges
and issues brought by the deregulation of railway markets, e.g., Sweden.

23



Market

segments .
Doctoral project (SamEff)

» Passenger i i \
. ' i Commercial |i :
[* Commercial i traffi ! 1
i raffic ! i
» Operations » Freight i ; Ad hoc H
L subsidised i Publicly i traffic !
» Passenger contro.lled

L

* Infrastructure [ Major works ‘ ‘ Maintenance windows and possessions

Successive
" allocation

Strategic Annual timetable Ad hoc
N -
?

Figure 6. Successive capacity allocation in a segmented market.

For this, we consider a segmented deregulated market, and study succes-
sive allocation of capacity over these segments. Figure 6 presents a sim-
plified overview of the allocation of capacity in a segmented deregulated
market such as Sweden. The horizontal axis represents the different
steps of the allocation whereas the vertical one refers to the market seg-
ments. In such successive allocation, capacity is consecutively allocated
to different segments, i.e., publicly controlled, then commercial traffic
and finally ad hoc requests. Thus, it must not to be confused with incre-
mental allocation (successiv tilldelning), a concept that was previously
mentioned in Section 2.6.

Although the boundaries are not always clear, railway markets have sev-
eral different segments depending, for instance, on the services, funding,
and regulations. The main focus of this thesis is on publicly controlled
(local or regional commuter) and commercial traffic segments as well as
their interactions. Both passenger and freight services are included in the
segment for commercial traffic. Interested readers are referred to the
study by Froidh and Nelldal (2015) on the different types of traffic supply
in Sweden after the deregulation.

Several years before the annual timetable, new infrastructure invest-
ments are decided based on government’s transport strategic plans. The
core step in capacity allocation is the construction of the annual timeta-
ble which is the scope of the doctoral project. We distinguish between
publicly controlled and commercial traffic since these have different
characteristics. On the one hand, publicly controlled (or subsidised) ser-
vices cover mainly the operation market segment of unprofitable local
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and regional passenger traffic, some trains (e.g., freight postal or passen-
ger night services) can sometimes also be included in this segment but
are not studied here. On the other hand, commercial services cover prof-
itable market segments for freight and passenger traffic.

The capacity needed for publicly controlled traffic are applied for by the
regional public transport authorities (PTAs or RKTM in Sweden), pre-
sumably based on social welfare considerations. Hence, an ideal refer-
ence timetable for these regional and local train services should aim for
maximising the total societal welfare. Given relevant data, some methods
(e.g., in P3) in this thesis can be used to achieve that.

For commercial traffic, licensed operators, both state-owned and private,
may apply for train paths in the annual timetable. Which train paths (i.e.,
ideal timetable) to apply for is the results of their business plans which
aim at maximising their profit, i.e., revenue minus operation costs. These
operators often compete for capacity with each other and with other op-
erators, including PTAs (Alexandersson et al., 2018). In this thesis, we
focus on the inter-segment capacity conflicts between publicly controlled
and commercial trains. Conflicts between commercial services, although
important, fall mainly outside the scope of this thesis. Such conflicts can
be resolved with methods such as auction (Affuso, 2003, Perennes,
2014).

The last step is the ad hoc allocation (or short-term planning) of late path
requests. One way to allocate these train paths is to use a dynamic pricing
(or yield management) scheme. Train paths are priced based on the ca-
pacity demand and supply (i.e., reserve capacity). This step is not further
explained as it falls slightly outside the scope of this thesis. Such dynamic
capacity pricing models are studied by Svedberg (2018), and later by
Aronsson (2019) who looks at the overall supply of reserve capacity for
ad hoc allocation.

Another important part of the last step, falling outside the scope of the
thesis, is the allocation of capacity for infrastructure maintenance. Inter-
ested readers are referred to the doctoral thesis by Lidén (2018) for more
details on how such capacity can be planned and allocated together with
train services.

3.5. Subsidised traffic

Local and regional commuter trains are examples of services that are of-
ten part of the publicly controlled traffic. In deregulated markets, the
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PTAs are responsible for this type of traffic often through concessions or
public service obligation (PSO) contracts with RUs. These contracts are
increasingly awarded based on competitive tendering (for-track compe-
tition) considering several key performance indicators (KPIs) such as
costs, punctuality, sustainability, and innovation. Other special types of
contracts also exist but not studied here, e.g., Public Private Partnerships
(PPP).

Ideally, the PTA specifies the traffic supply aiming at maximising the so-
cietal welfare. That is to say that out of all the possible traffic plans (e.g.,
frequencies), it chooses the plan yielding the highest societal net welfare.
Thereafter, the RU (awarded the contract) should execute the traffic plan
in the best possible way under the conditions stated in the contract. An
overview of the capacity allocation cycle for publicly controlled traffic is
presented in Figure 77 showing the scope of some of the included papers.
Note that unlike the less detailed traffic plans (specified by the PTAs),
train timetables (operated by the RUs) are more detailed translations of
the traffic plan which should additionally consider all the operational
constraints (e.g., crew, fleet, network infrastructure) for feasible and safe
operations.

The PTAs face the challenging task of specifying a traffic plan that is as
efficient as possible in terms of societal welfare. Based on this plan (and
contract), the RUs have the (internal) task of finding an operational
timetable that is commercially efficient, i.e., economically optimised.
There are different ways to do this. The traditional method is to update,
often manually, a reference traffic plan (e.g., from last or previous years)
based on new information about population growth and urban develop-
ment, etc. This is often done with the help of expert planners who have
accumulated years of experience.
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Figure 7. Overview of capacity allocation for publicly controlled traffic.

However, this thesis includes (e.g., in P3) a combination of methods from
operations research and (micro-)economics to allocate capacity for pub-
licly controlled traffic. In order to study the societal efficiency of a certain
traffic plan for a publicly controlled service, CBA methods allow the PTAs
to quantify and compare the welfare effects of these plans. Thereafter,
timetabling optimisation methods (e.g., mathematical programming and
Lagrangian relaxation), such as in P3, can be used to find the optimal
plan that the RUs can execute, such as in P4, under the operational con-
ditions and the infrastructure constraints.

Although not included in this thesis, it is possible to combine the two
mentioned steps in one optimisation model, interested readers are re-
ferred to the related (i.e., part of the same project) licentiate thesis by
Svedberg (2018). However, such train timetabling problems are more
complex and thus harder to solve (Svedberg et al., 2015). This thesis con-
tributes thus with models for both steps separately.

Note that the societal efficiency of the traffic plans using CBA requires
the availability of relevant data, e.g., passenger demand and operating
costs. Such data can be made available in publicly controlled traffic seg-
ments, e.g., smart cards as in P5, but not (necessarily) in others such as
commercial traffic.
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3.6. Commercial traffic

One of the main challenges of allocating capacity in deregulated markets
is to, transparently and efficiently, solve capacity conflicts between the
different (often competing) applicants. These applicants can be from dif-
ferent market segments, running different or complementary services.
In this thesis, we focus on conflicts arising between the commercial
(freight or passenger) traffic and the previously discussed publicly con-
trolled ones. A situation which is increasingly common in heterogenous
networks such as Sweden’s where both types of traffic are steadily grow-
ing since the 1990s (Nilsson, 2016).

As discussed earlier, an alternative to the currently widely used priority
criteria is a market-based allocation. In this case, it is important to cor-
rectly price the infrastructure capacity (i.e., train paths) to reflect mar-
ginal societal costs for more efficient capacity allocation outcomes (Perez
Herrero, 2016). The capacity is hence allocated based on the prices for
train path requests and the applicants’ willing-to-pay (WTP).

As an illustration, a case study (from P2) looks at capacity conflicts be-
tween publicly controlled Stockholm commuter services and an inter-re-
gional commercial passenger train. The idea is to study the loss in socie-
tal welfare for commuter services when scheduling the commercial train
path. Figure 8 presents different rescheduling scenarios to solve capac-
ity conflicts.

space

Trains types Time

— = — . commercial (freight
or passenger)

— commuter

Rescheduling scenarios

2@ remove (S1)
i> delay (52)
7 Xy shift (s3)

Time

Time

Figure 8. Illustration of different train path adjustments.
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For different time periods of a typical working day, Figure 9 presents
the prices of the commercial train paths. Such prices change significantly
depending on the time (peak or off-peak) and/or the rescheduling sce-
nario (how train path requests are adjusted). An important assumption
in this case study is that the reference commuter timetable is optimal,
i.e., yields maximal total societal welfare. Thus, any rescheduling of this
timetable will generate a loss in the total societal welfare, i.e., non-nega-
tive price for the commercial train path.

120 000 kr
100000 kr
80000 kr
60000 kr

40000 kr

20000 ke .
. [— — []

Morning peak Mid-day off-peak Afternoon peak

W (51) remove (52) delay  m (53) shift

Figure 9. Example of commercial train path pricing (in SEK).

The price for commercial train paths is based on the marginal loss of total
societal welfare for publicly controlled traffic. It serves as a reservation
price for the path to be allocated. However, some paths can be requested
by more than one applicant (e.g., in open access lines). In this case, the
price can be used as an initial reservation price in an auction process be-
tween these applicants (Kuo and Miller-Hooks, 2015, Stojadinovi¢ et al.,
2019).

3.7. Discussion

Several methods for allocating capacity in deregulated railway markets
are previously briefly discussed. Further discussion of the conducted re-
search is presented in this section.

Railways have high initial investment costs, for instance, to acquire the
necessary rolling stock (Murillo-Hoyos et al., 2016). This can become a
substantial economic burden and barrier to entry, especially for potential
new entrants, often in need for several years to become profitable. Such
considerations are not modelled in this thesis, however, one way to mit-
igate these entry barriers is the allocation of capacity over multiple years,
also called traffic agreements (RNE, 2017). An additional solution
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consists in setting up (state-owned) leasing companies assuming the
ownership of the rolling stock.

An important issue relates to information asymmetry. In reality, the in-
cumbent(s) in some railways may have substantial information ad-
vantage in the market compared to new entrants. In addition, the pres-
ence of cross-subsidisation may further magnify this advantage. Such
market imperfections (or distortions) often lead to inefficient market
outcomes. In this case, the regulators should intervene to ensure, for in-
stance, transparent access to information, ticket sales channels and fair
access charges for the new entrants. However, these asymmetric regula-
tions, in favour of new entrants (on the expense of the incumbent), can
threaten interoperability, e.g., within the harmonised SERA markets
(Montero, 2019).

Another important issue is data quality and availability, both are as-
sumed for most of the presented methods. For instance, demand data is
used to calculate the loss in the total societal welfare for publicly con-
trolled traffic which is in turn used to price commercial train paths. Bet-
ter data quality is therefore important for a more efficient capacity pric-
ing and allocation. However, this requires, among others, the develop-
ment of suitable infrastructure for information and communications
technologies (ICTs), e.g., through digitalisation. In this context, cyberse-
curity should be as important for safety as infrastructure maintenance.

Different types of congestion are mentioned in the conducted research.
On the one hand, capacity congestions (on the track) are used to motivate
the need for capacity allocation. These occur when the IM rejects train
paths requests from one or more RUs due to capacity shortage, i.e., the
capacity constraints (as in P4) are binding, and the corresponding mul-
tipliers (or shadow prices) can be interpreted as the marginal value of
increased capacity, e.g., useful for planning future infrastructure invest-
ments. On the other hand, the cost functions (in P2 and P3) accounts for
in-vehicle congestion costs as part of the consumer surplus (for subsi-
dised passenger traffic). Such congestion is incurred by train passengers
in the form of an increased perceived travel time (or sometimes denied
boarding). With these two congestion perspectives in mind, it is im-
portant to incentivise RUs to efficiently use allocated train paths together
with their rolling stock (e.g., number of wagons and train formation) in
order to reduce both capacity and in-vehicle congestion.

As mentioned before, apart from the subsidised versus commercial traf-
fic, other types also exist in different deregulated railways. For instance,
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some RUs can be subsidised (for welfare maximisation), and at the same
time be allowed to provide commercial traffic (and maximise profit). An-
other example is when PTA’s traffic goes beyond the boundaries of the
region, and thus compete with other regional subsidised or commercial
services. There are multiple examples of such situations (in Sweden), and
often require ad hoc solutions between the stakeholders, e.g., agree-
ments between PTAs and/or RUs. Thus, these situations have not been
studied in this thesis. Interested readers are referred to the study by
Alexandersson et al. (2018) on such situations around the greater Stock-
holm region in Sweden.

Besides, political considerations can undermine the efficiency and trans-
parency of the capacity allocation. One can suspect that grandfather
rights and political lobbying are factors that may affect capacity alloca-
tion, although such practices are illegal and not allowed to affect capacity
allocation decisions by the IM (Gestrelius et al., 2020). Another related
issue that needs to be addressed is equity in the supply and accessibility
of transport services (Rubensson, 2019). Finally, transferring profits
abroad by foreign RUs should also be highlighted as these benefits are
exported, i.e., not accounted for in the national gross domestic product
(GDP).

Differentiation exists already in certain track access charges, e.g., pas-
sage or emission charges (Nilsson, 2018). However, the introduction of
a demand-responsive market-based pricing can face resistance before
being gradually accepted, e.g., road congestion pricing in Stockholm
(Eliasson, 2008). Such resistance would come from the different stake-
holders such as commercial freight and passenger RUs. Ways to soften
the transition exist, e.g., gradual implementation through further devel-
opments and prototyping with the different proposed methods. One pos-
sible experiment is to use gamification, i.e., capacity allocation as a game
between the different stakeholders (Meijer, 2015). Other more practical
experiments could be conducted on specific national corridors as with
several freight corridors in the TTR project (RNE, 2019).

Finally, European and national legislations do not seem to be ahead of
the developments in the railway market, especially when it comes to ca-
pacity allocation, and how it should be implemented in deregulated mar-
kets. Thus, legal grounds need to be clarified and developed ahead of the
new developments, e.g., (market-based) capacity allocation.
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Chapter 4

Contributions & Future
Works

‘C'est par la logique qu'on démontre, c'est par l'intuition qu'on invente’

It is by logic that we prove, but by intuition that we discover
Henri Poincaré, French polymath







4. Contributions and Future Works

This 4t chapter provides a summary for each included paper. It de-
scribes the papers’ contributions to answer the corresponding re-
search questions. The chapter ends with conclusions and insights for
future works.

4.1. Summary of the papers

Summary of P1
A Survey of Railway Deregulation in Europe.

This review paper describes the railway deregulation in Europe by
studying market organisation in several selected countries. It focuses
mostly on deregulated markets which underwent major reforms fol-
lowing a number of EU directives (EC, 1991, EC, 2001, EC, 2012). These
reforms introduced new market structures and more importantly new
challenges for capacity allocation. One of the goals of these reforms is
to introduce (or increase) competition, both for passenger and freight
services. Thus, the need for capacity allocation that is transparent from
a procedural perspective, clear and non-discriminatory. Such alloca-
tion also needs to be efficient from a market perspective, ensuring the
best societal value.

The paper reviews aspects related to capacity allocation such as solving
capacity conflicts on markets where several operators exist and com-
pete for capacity. For each selected country, an extensive desk survey
reviews a brief history of the market, existing actors, resolution of ca-
pacity conflicts and principles for calculating access charges, if any.

Based on the review, few if any countries use capacity allocation meth-
ods that are transparent and efficient. As to transparency, it is difficult
for outsiders or new entrants, to understand the priority criteria (often
second-best solutions) when capacity conflicts occur. Moreover, the ac-
tor responsible for capacity allocation (the IM) is sometimes related to
the incumbent (often dominant) RU, and new entrants have reasona-
ble concerns for discrimination in the market. As to efficiency, such as-
pects are rarely considered in the allocation even if the purpose of a
competitive market is to ensure, in the long run, that train services
which give the best value for money to consumers should get priority
in allocating capacity, especially in case of conflicts. However, the
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review indicates that efficiency considerations are surprisingly almost
absent. Priority criteria have (at best) a vague relation to consumer de-
mand and market efficiency. A vast majority of priority criteria and de-
cision rules instead relates to simple administrative or technical crite-
ria, e.g., longer train paths, passenger services over freight services,
and timetable robustness.

The survey shows that most countries still have some way to go in open-
ing the market for competition and benefiting from it. In particular,
rules for allocating capacity need to be more transparent (from a pro-
cedural perspective) and more efficient (from a societal perspective).

Summary of P2
Pricing Commercial Train Path Requests Based on Societal Costs.

The paper describes how commercial train path requests can be
priced based on societal costs. It considers the case where the railway
market is deregulated. Inevitably, capacity conflicts arise, and in such
cases the IM needs to prioritise between conflicting path requests. De-
pending on the ownership of the infrastructure, the IM can have dif-
ferent objectives. One of these is to allocate capacity in a way that
maximises total societal benefits. The paper describes an approach to
resolve conflicting capacity requests between commercial trains (max-
imising profit) and publicly controlled traffic (maximising welfare).

The model presented in this paper allows to calculate the societal
costs (i.e., loss in social welfare) caused by changing the commuter
train timetable to accommodate the commercial train path. Such costs
include in-vehicle and waiting times, transfers, (in-vehicle) crowding
and operating costs, and are used to price the commercial train path.
The societal costs (or train path prices) are calculated using origin
destination matrices (based on smart card data, studied in more de-
tails in P5 and RP3), time valuations (e.g., value of travel time and
waiting time, the latter is studied in more details in P3) and parame-
ters for operating costs.

The railway network in Stockholm is used as the case study. The re-
sults show that accommodating additional train paths in the busy
commuter timetable comes at a high societal cost — much higher than
the current charges (called passageavgift or passing fees) intended to
partly reflect scarce capacity in transport hubs such as Stockholm. We
also show that it is possible to substantially reduce the costs of
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changes in commuter train timetables by choosing the best reschedul-
ing alternative.

The main contribution of this paper is a method to calculate a reser-
vation price for a commercial train path request by estimating the so-
cietal costs (i.e., loss of benefits) of the changes needed in a baseline
commuter train timetable to accommodate this path request. If the
commercial operator is willing to pay this reservation price, it is
awarded the path and the commuter train timetable is adjusted; if
not, the request is declined, and the commuter trains are given prior-

1ty.
Summary of P3

Are Commuter Train Timetables Consistent with Passengers’ Valua-
tions of Waiting Times and In-vehicle Crowding?

This paper is an attempt to check if commuter train timetables are
consistent with valuations of certain trip parameters such as waiting
time and in-vehicle crowding that are estimated from passenger pref-
erences and used in CBA. It is a follow-up study to P2 where such
consistency is assumed, i.e., subsidised traffic supply is efficient ac-
cording to CBA guidelines. Thus, this study compares passengers’ val-
uations (i.e., traveller perspective) with the ones implied by the ser-
vice frequencies in the PTA’s traffic plan for commuting services (i.e.,
government’s perspective).

Stockholm’s commuter train services (pendeltdg) are used as a case
study to compare the societally optimal and SL’s actual frequencies
where SL (Storstockholms Lokaltrafik) is the PTA in the region of
Stockholm. Such comparison allows to estimate SL implicit valuations
of the studied trip parameters (i.e., waiting time and crowding). Using
an analytic CBA model, similar to the one presented in P2, this paper
is a numerical study of the optimal frequency (or headway) on certain
highly frequented lines. The results suggest that SL’s timetables are not
quite consistent with passengers’ valuations.

In order to explain this inconsistencys, i.e., SL frequencies being slightly
higher than optimal, this study further estimates SL implicit valuation.
For instance, these valuations for waiting times are found to be twice
as high as the ones used in CBA guidelines, which are often estimated
based on passenger (stated or revealed) preferences. Moreover, we find
that the optimal frequencies are more sensitive to the waiting time
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valuation than to that of crowding, implying lower levels of crowding if
trains are assumed to be punctual (or robust timetables).

Even if the presented results remain inconclusive, due to different as-
sumptions (e.g., no delays, frequency granularity and fixed operating
costs), the work in this study provides an example of models that can
be used by PTAs for more efficient (and transparent) allocation of ca-
pacity, especially if such capacity is shared with other subsidised
and/or commercial services in a deregulated railway market.

Summary of P4
A disaggregate bundle method for train timetabling problems.

P4 studies the train timetabling problem (TTP) which refers to finding
a feasible train timetable minimising a certain objective function. TTP
is difficult to solve using the-state-of-art optimisation algorithms in a
tractable period of time since it is NP-hard (Caprara et al., 2002).
Therefore, solving the TTP often means finding a good quality solution
within a given period of computation time.

This paper studies the existing TTP model by Brannlund et al. (1998),
discretised in time and space, and formulated as a mathematical pro-
gram, more specifically Integer Programs (IP). Alternative formula-
tions exist such as Mixed Integer Programs (MIP), mostly used for con-
tinuous models in time and/or space (Forsgren et al., 2013).

The study derives an alternative solution method using lagrangian re-
laxation, called disaggregate bundle method, and compares its compu-
tational performances with the (standard) aggregate method, also used
by Brannlund et al. (1998). The comparison is based on a real-world
timetabling scenario from the Iron Ore line (Malmbanan) in Northern
Sweden.

Numerical results indicate that the proposed solution method tends
to give shorter execution times compared to the existing standard
method. Moreover, the disaggregate method generates larger sets of
possible train paths, a useful feature for constructing better feasible
timetables.

Additional outputs also include optimal shadow prices (or multipli-
ers), useful for analysing capacity scarcity in space and time, and for
calculating the marginal value of new infrastructure (or maintenance)
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investments. Hence, this study shows that the proposed approach has
the potential to improve lagrangian-based solution methods for solv-
ing the TTP.

Summary of P5

The Value of Additional Data for Public Transport Origin-Destina-
tion Matrix Estimation.

With the increasing amount of data, generated from public transport
(PT) systems such as smart cards, this final paper focuses on (dy-
namic) OD estimation in a railway PT network. The aim is to study
the value of additional PT data when used for the estimation in an en-
try-only network, i.e., only the origin counts are known (from smart
cards).

Using the principle of entropy maximisation (EM), the study com-
pares the estimation quality or relative root mean square error
(RMSE), when combinations of different data types are known and
used for estimating the dynamic OD matrix. The RMSE of two policy-
relevant estimated outputs are studied, namely the flows at exit sta-
tions and at links. Combinations of data types such as the number of
alighters, average travel distance and certain link flows are valuated
and compared for different time periods of the day (i.e., morning and
afternoon peak hours, and midday off-peak).

The study uses extensive travel demand data (e.g., based on smart
cards) from the Piccadilly line in London. The results indicate that,
although inexpensive, certain data can be more valuable and consid-
erably improve the quality of the estimation compared to more expen-
sive and detailed data. The marginal value of such detailed additional
data may be lower, especially when other data is already used in the
estimation. Such results are inconclusive, and require further valida-
tion using, for instance, other estimation models, error metrics and
additional data sources in other case studies.

4.2. Main contributions

In order to answer the research questions, the thesis has several main
contributions which we present in this section.

RQ1. What capacity allocation is used in current dereqgulated mar-
kets?
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C1. Overview of deregulated railway markets in Europe:

Capacity allocation aspects are reviewed in [P1]. With focus on Euro-
pean deregulated markets, the paper provides details on the current
legislation, organisation, competition, capacity allocation and track ac-
cess charges.

RQ2. How can capacity conflicts be more efficiently resolved between
commercial and subsidised traffic?

C2. Currently used ways to solve capacity conflicts:
Focusing on European deregulated markets, [P1] reviews existing
ways to solve capacity conflicts, and analyses their (dis-)advantages.

C3. Pricing commercial train paths using marginal societal costs:
[P2] describes a more efficient market-based allocation where com-
mercial train path requests are priced based on their marginal societal
costs on commuter traffic.

RQ3. Is subsidised traffic supply efficient according to CBA guide-
lines?

C4. Assessment of societal costs for commuter traffic:
Based on existing CBA guidelines, [P2] presents a method to calculate
the societal costs of changes in the subsidised commuter traffic.

Cs. PTA’s implicit valuation for waiting time and crowding:

By comparing the current (PTA’s) and optimal traffic supply, [P3]
shows how PTA’s implicit valuation for waiting and in-vehicle crowd-
ing can be inferred.

RQ4. How can mathematical optimisation be used to further improve
the traffic supply?

C6. Optimal frequencies for commuter traffic:

In the absence of a closed form for the optimum, [P3] uses simulation-
based optimisation to find the numerical values of the optimal frequen-
cies for commuter traffic.

C7. Improved method to solve lagrangian-based TTP models:

As a first step to solve the TTP, [P4] studies an improved variant of
bundle methods (called disaggregate) to find good quality solutions for
the (relaxed) timetabling optimisation problem.
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C8. EM-based estimation models for dynamic OD matrices:

An important input data to improve (passenger) traffic supply is the
dynamic OD matrix. In [P5], an EM-based estimation model is pre-
sented and used to find dynamic OD matrices based on smart card and
additional data.

RQO5. How much demand data is needed for more accurate policy de-
cisions?

Co. Optimal traffic supply based on OD data:
[P3] shows how dynamic OD data can be used to make more accurate
policy decisions regarding commuter traffic supply.

C10. Value of additional data for better dynamic OD estimates:
More accurate policy decisions are based on more accurate OD esti-
mates. [P5] shows that certain additional data can substantially im-
prove the accuracy of dynamic OD estimates.

These contributions are of interest to different stakeholders within the
railway market. Table 4 provides a mapping of the main contribu-
tions, the papers, and the main stakeholders with examples from Swe-
den.

Table 4. Main contributions and interested stakeholder(s).

Stakeholder RQ1  RQ2 RQ3 RQ4 RQ5
(Sweden) C1 C2 C3 C4 C3 C6 C7 C8 Cg9 Cio
Regulator (Trans-

pof;tstyrelsen) P1 P1

IM (Trafikverket) P1 P1 P2 P2 P4

PTA (SL) P2 P3 P3 P5 P3 Ps
RU (8J) P4 P5 P3 P5
RU (Green Cargo) P4

4.3. Conclusions and future works

Deregulation of railway markets brought new issues and challenges to
capacity allocation. This thesis deals with the problem of how to effi-
ciently and transparently allocate available railway capacity to different
competing applicants. For that, we present methods to successively al-
locate capacity in a segmented market.

The contributions of this thesis focus on CBA solutions that allow PTAs
to efficiently create traffic plans for publicly controlled traffic. For the
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IM, pricing train paths are studied to solve capacity conflicts and allo-
cate capacity for commercial traffic. Moreover, various methods are de-
veloped for other stakeholders, e.g., data collection and train timeta-
bling.

The case studies indicate that the proposed solutions have an im-
portant potential to be integrated in future capacity allocations, espe-
cially with the increasing scarcity in capacity. However, experimenta-
tion and prototyping are still needed. These can help address further
concerns such as data, legislation and acceptability.

Future research work can build upon the methods presented in this
thesis to develop and implement solutions for other segments such as
infrastructure maintenance and ad hoc allocation (e.g., reserve capac-
ity and real time traffic management). Other future works may also in-
clude further testing of the proposed solutions. For instance, gamifica-
tion of the allocation process or more practical pilot projects on specific
national corridors (as in the TTR initiative) can reveal further relevant
insights. Such future works can also investigate digitalisation strate-
gies, and look at how the legislation can be in line with the new devel-
opments.
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Appendix 1: EU directives

The following Points are excerpts from the SERA directive (EC, 2012).

Point 1 of article 39 on capacity allocation states that:

1. Member States may lay down a framework for
the allocation of infrastructure capacity subject to
the condition of management independence laid
down in Article 4. Specific capacity-allocation rules
shall be laid down. The infrastructure manager
shall perform the capacity-allocation processes. In
particular, the infrastructure manager shall en-
sure that infrastructure capacity is allocated in a
fair and non-discriminatory manner and in ac-
cordance with Union law.

Point 4 of article 31 on the principles of track access charges states that:

4. The infrastructure charges referred to in para-
graph 3 may include a charge which reflects the
scarcity of capacity of the identifiable section of the
infrastructure during periods of congestion.

Points 3 and 4 from article 47 on conflict resolution guidelines in con-
gested infrastructures:

3.Where charges in accordance with Article 31(4)
have not been levied or have not achieved a satis-
factory result and the infrastructure has been de-
clared to be congested, the infrastructure manager
may, in addition, employ priority criteria to allo-
cate infrastructure capacity.

4. The priority criteria shall take account of the im-
portance of a service to society relative to any
other service which will consequently be excluded.
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Appendix 2: Swedish railway law

The following Clause is an excerpt from the Swedish railway law (Jd-

rnvdgslagen) on the general guidelines for railway capacity allocation
(Riksdag, 2004).

Clause 3 of the 6t chapter from 2004:519 [in Swedish]:

En infrastrukturforvaltare ska bedoma behovet av
att organisera taglagen for olika typer av trans-
porter, inklusive behovet av reservkapacitet. Om
ansokningarna om infrastrukturkapacitet inte kan
samordnas, ska forvaltaren tilldela kapacitet med
hjalp av avgifter eller i enlighet med prioriterings-
kriterier som medfor ett samhdllsekonomiskt effek-
tivt utnyttjande av infrastrukturen.
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