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Abstract
This thesis investigates advanced optimisation strategies to improve the efficiency, sustain-
ability, and resilience of freight networks, tackling critical challenges across multiple domains
of transportation. The research aims to provide practical insights into resource allocation,
environmental impact reduction, and operational reliability, contributing to the advancement
of efficient, sustainable, and resilient logistics systems.
The study is structured into four research areas. First, it focuses on optimising single wag-

onload (SWL) rail transport networks, which are often constrained by congestion and limited
capacity. Using network flow optimisation models, the research identifies strategies to enhance
throughput while maintaining service quality, addressing key bottlenecks in the rail freight
sector. Second, the thesis examines the optimal modal split between road and rail in courier,
express, and parcel (CEP) networks. It develops a bi-modal network flow model that minimises
costs associated with operations, emissions, and city logistics impacts, providing recommenda-
tions to balance economic and environmental objectives in CEP transport. Third, it explores
disruption management in SWL networks, introducing a time-space network approach to model
and mitigate the effects of disruptions on network reliability and train service scheduling. The
approach quantifies the impact of disruptions on network resilience, which offers insights for
infrastructure managers and policymakers. Fourth, the research extends its scope to airport
ground handling operations, presenting a novel optimisation model for scheduling multi-skilled
resources. This model addresses resource constraints, operational disturbances, and the need
for timely aircraft turnarounds, enhancing both efficiency and resilience in airport logistics.
By researching these diverse transport networks, the thesis contributes to the broader un-

derstanding of optimisation strategies in freight networks, demonstrating how operational
decisions in different transport modes can influence overall system performance. The findings
offer practical recommendations for policymakers, transport operators, and logistics stake-
holders, emphasising the importance of advanced modelling techniques in achieving efficient,
sustainable, and resilient freight networks.
Future research directions include integrating real-time data into optimisation models, apply-

ing Artificial Intelligence and Machine Learning to improve decision-making under uncertainty,
and exploring multimodal freight systems to enhance operational synergies. This thesis thus
provides a comprehensive basis for advancing freight transport systems, aligning them with
the increasing demands for efficiency, sustainability, and resilience in global supply chains.
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Zusammenfassung
Diese Dissertation untersucht fortschrittliche Optimierungsstrategien zur Verbesserung der
Effizienz, Nachhaltigkeit und Resilienz von Frachtnetzwerken. Sie adressiert zentrale Herausfor-
derungen in verschiedenen Bereichen des Transports und liefert praxisorientierte Erkenntnis-
se zur Ressourcenallokation, Reduzierung von Umweltauswirkungen und Sicherstellung der
betrieblichen Zuverlässigkeit. Die Forschung trägt zur Weiterentwicklung nachhaltiger Fracht-
netzwerke bei.
Die Arbeit gliedert sich in vier zentrale Forschungsbereiche. Zunächst werden Einzelwa-

genverkehrsnetze untersucht, die häufig durch Kapazitätsengpässe und Überlastung geprägt
sind, mit dem Ziel, Optimierungsmöglichkeiten aufzuzeigen. Strategien zur Erhöhung des
Durchsatzes und zur Sicherstellung der Servicequalität werden mithilfe von Netzwerkfluss-
Optimierungsmodellen entwickelt. Dadurch sollen zentrale Engpässe im Schienengüterverkehr
behoben werden. Der zweite Schwerpunkt liegt auf der Ermittlung des optimalen Modalsplits
zwischen Straße und Schiene im Kurier-, Express- und Paketdienst (KEP). Ein bi-modales Netz-
werkflussmodell minimiert dabei Kosten im Zusammenhang mit Betrieb, Emissionen und
städtischer Logistik, um wirtschaftliche und ökologische Ziele im KEP-Transport miteinander in
Einklang zu bringen. Drittens wird das Management von Störungen in Einzelwagenverkehrsnet-
zen untersucht. Ein zeitlich-räumliches Netzwerkmodell wird entwickelt, um die Auswirkungen
von Störungen auf die Zuverlässigkeit und Kontinuität des Netzwerks zu modellieren und zu
minimieren. Der Ansatz quantifiziert die Auswirkungen von Störungen auf Emissionen und
Netzwerkresilienz und bietet Infrastrukturmanagern sowie politischen Entscheidungsträgern
wertvolle Einblicke. Viertens erweitert die Forschung ihren Fokus auf die Bodenabfertigung
an Flughäfen und stellt ein neuartiges Optimierungsmodell für die Einsatzplanung von multi-
qualifiziertem Personal vor. Dieses Modell berücksichtigt Ressourcenkonflikte, operative Stö-
rungen und die Notwendigkeit pünktlicher Flugzeugabfertigungen, um sowohl die Effizienz als
auch die Resilienz bei der Bodenabfertigung zu verbessern.
Durch die Integration dieser vielfältigen Forschungsbereiche leistet die Dissertation einen

Beitrag zum besseren Verständnis von Optimierungsstrategien in Frachtnetzwerken. Sie zeigt
auf, wie betriebliche Entscheidungen in verschiedenen Verkehrsträgern die Gesamtleistung
von Transportsystemen beeinflussen können. Die Ergebnisse geben praktische Empfehlungen
für politische Entscheidungsträger, Transportunternehmen sowie Logistikakteure und unter-
streichen die Bedeutung fortschrittlicher Modellierungstechniken für das Schaffen nachhaltiger
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Zusammenfassung

und resilienter Frachtnetzwerke.
Zukünftige Forschungsvorhaben umfassen die Integration von Echtzeitdaten in Optimierungs-

modelle, die Anwendung von Machine-Learning-Techniken zur Verbesserung von Entschei-
dungen unter Unsicherheit und die Untersuchung multimodaler Frachtsysteme zur weiteren
Förderung operationeller Synergien. Diese Dissertation bietet somit eine umfassende Grundla-
ge für die Weiterentwicklung von Güterverkehrssystemen und richtet sie an den wachsenden
Anforderungen an Nachhaltigkeit und Effizienz in globalen Lieferketten aus.
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1 Introduction

1.1 Background and motivation

The transport sector is undergoing rapid transformation due to increasing demand for mobility,
stricter climate policies, and the rising complexity of urban transport (Rodrigue, 2020). Freight
transport, in particular, is integral to this evolution, as it is expected to balance economic
e�ciency, environmental sustainability, and resilience to disruptions and disturbances. However,
this balance remains challenging to achieve, as displayed by the dominance of road transport
in the modal split of inner-European freight transport from 2011 to 2021 in Figure 1.1.

The �gure illustrates the modal split in % for road, sea, rail, inland waterways, pipelines, and
air transport based on tonne-kilometres (tkm). During this period, the total freight volume
increased from 3,045 billion tkm in 2011 to 3,432 billion tkm in 2021 (European Commission,
2023). Road transport consistently held the largest modal split, rising from 50.6% in 2011 to
54.3% in 2021, which shows its dominance in European freight transport. Maritime transport
experienced minor �uctuations, maintaining a signi�cant modal split of around 27�29%. The
share of rail transport slightly declined from 13.2% in 2011 to 11.9%, whereas inland waterways
remained stable at around 4�5%. Pipelines saw a steady decrease, dropping from 3.6% in
2011 to 2.6%. Air transport consistently accounted for only 0.1% of the modal split due to its
specialised role in transporting high-value, time-sensitive goods (European Commission, 2023).

Each transport mode faces limitations, such as emissions, infrastructure strain, capacity con-
straints, and operational ine�ciencies. A critical challenge underlying these issues is congestion,
which, in this thesis, is de�ned as the over-utilisation of transport infrastructure, leading to
delays, higher operational costs, and ine�ciencies. In railway networks, congestion arises from
limited track capacity and scheduling con�icts, creating bottlenecks that cascade across the
network. On roads, tra�c jams hinder freight �ows, and increase travel times and emissions.
Additionally, the increasing demand for freight services, coupled with stricter environmental
policies, intensi�es these challenges, while placing signi�cant pressure on transport networks
to adapt and evolve. Addressing these systemic challenges requires a holistic approach that
considers the strengths and limitations of di�erent transport modes. Freight systems must
not only prioritise environmental sustainability and operational e�ciency but also enhance
their resilience to disruptions and disturbances. These e�orts require innovative strategies and
targeted improvements to ensure the adaptability and sustainability of future transport sys-
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Figure 1.1: Modal split of inner-European freight transport (2011�2021) according to European
Commission (2023). The data include domestic and intra-EU-27 transport only. Air
and sea transport are based on Eurostat estimates. Maritime activity time series
were revised backward for 2011�2020 to align with updated EU-27 �gures, avoiding
breaks in the series. Road data represent national and international haulage by
European drivers within EU territory.

tems. This thesis adopts speci�c de�nitions of the key concepts guiding the research. E�ciency
refers to the ability to maximise the use of infrastructure and resources to meet demand while
minimising operational costs. Sustainability is de�ned as reducing greenhouse gas emissions
and resource consumption by promoting environmentally friendly transport modes, such as
rail. Resilience is understood as the capacity of transport systems to adapt to and recover from
disruptions or disturbances, ensuring reliable operations under varying conditions. Together,
these concepts form the foundation for tackling the systemic challenges facing freight transport
and align closely with the environmental and economic goals of the sector.

The sustainability bene�ts of freight rail make it essential for transitioning to greener freight
systems. Rail emits only 24 grams carbon dioxide equivalents (gCO2e) per tkm, compared
to lorries at 137 gCO 2e per tkm, making it signi�cantly more sustainable. Inland waterways
emit 33 gCO2e per tkm, maritime transport 7 gCO 2e per tkm, and air freight 655 gCO 2e per
tkm, highlighting the distinct contrast in emissions across transport modes (Doll et al., 2020).
A shift toward sustainable modes like rail is increasingly critical to achieving global climate
targets (Borken-Kleefeld et al., 2010). Road transport is dominant due to its �exibility and
door-to-door capabilities, while rail transport o�ers a more sustainable alternative for long-haul
shipments. Air transport, though minimal in volume, plays an important role in time-sensitive
and high-value transport. This thesis focuses on rail, road, and air transport, as they are central
to addressing the challenges of intra-European freight �ows, particularly for time-sensitive
and �exible operations. Maritime and inland waterways are excluded from the scope, as they
primarily serve bulk transport and lack the �exibility required for intra-European supply chains.
Similarly, pipelines are excluded due to their specialised use for transporting liquids and gases
(Rodrigue, 2020). By concentrating on the aforementioned three modes, this study tackles
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their unique operational challenges and explores strategies to improve e�ciency, sustainability,
and resilience across freight transport networks. Policies supporting the shift towards rail
transport further highlight the need for optimised freight systems. For instance, Switzerland
enforces driving bans on heavy goods vehicles (HGVs) over 3.5 tonnes during night-time and
Sundays (TruckBAN, 2025). These restrictions emphasise the need for alternative transport
mode networks to complement road transport, ensuring reliable and sustainable freight �ows
even under regulatory constraints. By adapting to such measures, freight systems can better
balance �exibility and sustainability in meeting transport demands. Rail transport o�ers sub-
stantial opportunities for reducing emissions, making it a compelling alternative to road freight.
Among rail transport modes, single wagonload (SWL) systems are particularly advantageous
as they enable the consolidation of smaller consignments from various senders, improving
train utilisation and achieving economies of scale (Marinov et al., 2012). This makes SWL a
suitable alternative to road transport, especially for fragmented freight �ows that require �exi-
ble logistics solutions. However, the frequent reassembly of wagons at hubs and reliance on
speci�c infrastructure also make SWL networks highly vulnerable to disruptions and distur-
bances (Beygang et al., 2010). Disruptions in this thesis are de�ned as signi�cant, unexpected
events, such as infrastructure failures, accidents, or extreme weather, that interrupt planned
operations. Disturbances, in contrast, refer to smaller, localised perturbations, such as minor
delays, which cumulatively degrade system performance. This distinction is derived from the
framework presented by Zhu and Goverde (2019), which di�erentiates between disturbances,
where operations continue but may experience delays, and disruptions, which require more
severe actions such as cancellations or rerouting. Mitigating these vulnerabilities is crucial
for improving operational e�ciency while enhancing resilience and sustainability of transport
networks. In congested rail systems, disruptions can quickly have cascading e�ects, causing
delays across large parts of the network, which in turn increase emissions from detours and
idle time (Rodrigue, 2020). E�ective disruption management in rail, such as rerouting strategies
and adaptive scheduling, plays a crucial role in ensuring reliable and e�cient freight �ows (Islam
et al., 2016). Optimising SWL operations, including shunting and infrastructure use, is critical
for achieving the environmental bene�ts of freight rail transport while maintaining operational
e�ciency (Ruf and Cordeau, 2021).

Meanwhile, the rise of e-commerce and the demand for fast deliveries have led to a signi�cant
increase in the volume of consignments, especially in the courier, express, and parcel (CEP)
sector (KE-CONSULT Kurte and Esser GbR, 2023). As customers expect next-day deliveries, the
pressure on carriers to transport goods overnight has intensi�ed (Salehi et al., 2022). To balance
these demands with environmental considerations, bi-modal transport networks that combine
road and rail are emerging as a promising solution. By shifting suitable freight movements
from road to rail, emissions can be reduced while still meeting the strict delivery timelines of
the CEP sector (Dimoula et al., 2016). Additionally, placing transshipment centres closer to city
centres allows for smoother transitions between long-distance and urban deliveries. This helps
to reduce road congestion and lower inner-city emissions (Cempírek et al., 2023; Ribesmeier,
2023).

Airport ground handling operations also contribute to the overall resilience and e�ciency of
the transport sector, especially for time-sensitive transport. Passenger and dedicated cargo
aircraft play signi�cant roles in freight transport, as a substantial portion of global air freight
is carried as belly cargo on passenger aircraft. In 2023, 36.0% of the total available cargo
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capacity was o�ered as belly cargo, which utilises existing �ights to e�ciently transport goods
alongside passengers (IATA, 2024a). These goods need to be transported onwards from the
airport, requiring integration with other transport networks, such as road transport. While
last-mile delivery can also involve modes such as rail or drones, road transport remains the
most �exible and widely utilised option. Its ability to adapt to the fragmented nature of freight
�ows, characterised by small shipments, low load factors, and ine�ciencies such as empty
running, makes it well suited for urban freight transport (Bosona, 2020).

E�cient ground handling operations are necessary for maintaining smooth air transport
integration with road transport. Ground handling tasks vary in complexity and responsibility,
ranging from less complex activities such as baggage unloading to more specialised tasks like
aircraft refuelling. Delays in ground handling can quickly propagate, disrupting schedules across
the entire network (Padrón et al., 2016). To tackle these challenges, multi-skilled resources
� referring in this thesis to personnel trained to perform multiple tasks � play a signi�cant
role. For instance, a resource trained in both baggage loading and aircraft refuelling can be
reallocated more �exibly, reducing bottlenecks during peak times or in cases of disruptions.
Given the dependencies between ground handling tasks and the availability of such multi-
skilled resources, optimising resource allocation is essential to minimise delays and ensure
operational stability (Krishnamoorthy et al., 2012). Developing robust scheduling models for
airport operations can help reduce delays and therefore emissions by improving operational
�ow and minimising total delay.

This thesis develops and applies optimisation models to address key challenges in freight
transport systems, focusing on e�ciency, sustainability, and resilience. Freight transport plan-
ning operates across three decision-making levels: strategic, involving long-term infrastructure
and policy decisions; tactical, focusing on medium-term resource allocation and scheduling;
and operational, dealing with short-term management of freight �ows (Crainic and Laporte,
1997).

A central methodology is Multi-Commodity Network Flow (MCNF) optimisation, which rep-
resents and optimises the �ow of multiple types of goods across shared transport networks
at the tactical level. In MCNF models, commodities (e.g., di�erent types of freight) are routed
through nodes and arcs of a network while considering constraints such as capacity limits and
delivery times. This approach is particularly suited for analysing freight systems with shared
infrastructure, such as road, rail, and air networks. The optimisation enables the identi�cation
of bottlenecks and optimal routing strategies. The Resource-Constrained Project Scheduling
Problem (RCPSP) framework is applied in the context of multi-skilled resource scheduling. This
framework focuses on optimising the allocation of resources with diverse skill sets to minimise
delays and improve resource utilisation in complex operational environments, such as airport
ground handling. By leveraging workforce versatility, the RCPSP framework demonstrates how
resource constraints can be e�ectively managed to handle peak demands and disturbances,
which ensures e�cient and �exible operations.

Scheduled Service Network Design (SSND) extends the MCNF framework by incorporating
the temporal dimension, optimising transport schedules to meet demand and delivery require-
ments. This framework integrates operational-level considerations, by enabling adjustments
to schedules and routing within a short timeframe. The thesis uses Mixed-Integer Linear Pro-
gramming (MILP) as a foundation for solving these optimisation problems, complemented by
heuristic methods to tackle computational challenges in large-scale networks. Scenario-based
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analyses are integrated to evaluate system performance under varying conditions, such as
disruptions or policy changes.

The case studies presented in this thesis focus on German transport networks, providing
detailed insights within this national context. However, the methodologies developed and
applied are designed to be adaptable to broader European networks. This is particularly
relevant given the interconnected nature of transport systems across Europe, where freight
�ows frequently cross borders (He et al., 2021). Moreover, European Union regulations and
policies, which aim to harmonise transport systems and promote sustainability, impact all
member states. As a result, while the case studies are speci�c to Germany, the broader
European perspective provides an important framework for de�ning the scope and relevance
of this thesis.

1.2 Research questions

To investigate the evolving demands of the transport sector, this thesis explores optimisation
strategies across various freight transport networks, addressing pressing needs for e�ciency,
sustainability, and resilience. The main research question for this thesis is:

How can mathematical optimisation models and algorithms enhance operational e�ciency, sus-
tainability, and resilience across diverse transport modes � including rail, road, and air � within
complex freight transport networks?

By exploring this question, this research aims to provide insights that support sustainable
and resilient transport operations while accommodating the complex interdependencies and
challenges inherent in transport systems. To overcome the speci�c challenges within this
overarching question, this thesis considers the following research questions:

ˆ How can optimising �ows mitigate congestion in single wagonload transport networks to
enhance transport e�ciency? ( Chapter 2 )

ˆ How to determine optimal modal split between road and rail transport in the courier,
express, and parcel sector to achieve e�ciency and sustainability objectives? ( Chapter 3 )

ˆ What strategies can e�ectively manage disruptions in single wagonload transport networks
to minimise delays and operational impacts? ( Chapter 4 )

ˆ How to optimise airport ground handling operations through the allocation of multi-skilled
resources to improve resilience and e�ciency during disruptions? ( Chapter 5 )

Each research question tackles a speci�c facet of optimising transport networks: mitigating
congestion (Chapter 2), balancing modal choices (Chapter 3), managing disruptions (Chapter 4),
and enhancing resource allocation (Chapter 5). By addressing these challenges in turn, the
thesis contributes to the overarching goal of improving adaptability of transport systems to
evolving demands and external pressures. Finally, the answers to these questions collectively
improve the understanding of how to enhance the e�ciency, sustainability, and resilience of
transport networks.
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1.3 Main contributions

This thesis improves the understanding and application of transport network optimisation,
focusing on key challenges in sustainability, e�ciency, and resilience across multiple transport
modes. The main contributions are as follows:

ˆ Optimisation of multi-commodity transport networks: This research develops and applies
optimisation models to tackle operational challenges in rail, road, and air transport
networks. The models integrate multiple objectives, including cost minimisation, reducing
delay, and environmental sustainability, to improve decision-making in complex transport
environments. By enabling the assignment of freight �ows to modes or the allocation
of resources to operations, the research supports e�cient utilisation of infrastructure
and resources. The models are �exible to be applied across diverse transport contexts,
which highlights their adaptability to varying logistical challenges and speci�c modal
requirements.

ˆ Enhancing network sustainability: By incorporating stakeholder perspectives and environ-
mental considerations, this research promotes sustainable transport solutions, such as
shifting freight from road to rail and optimising resource use in transport operations.
The developed frameworks contribute to reducing greenhouse gas (GHG) emissions and
mitigating the environmental impact of freight transport.

ˆ Improving system e�ciency: The thesis introduces strategies to enhance operational e�-
ciency by addressing bottlenecks, optimising resource allocation, and reducing delays
in transport networks. Methodologies applied include resource-constrained scheduling,
network �ow optimisation, and optimising operation chains through a tailored priority
heuristic. These methods improve operational transport system e�ciency and operational
reliability.

ˆ Strengthening resilience in transport systems: A signi�cant focus lies on understanding
the impacts of disruptions and disturbances, as well as developing methods for their
e�ective management in rail and air transport systems. This research examines how
disruptions a�ect network performance, including delays and operational ine�ciencies,
and proposes strategies to minimise these e�ects. While primarily focusing on resilience
at the tactical level, the developed disruption management solutions also incorporate
operational-level considerations by enabling adjustments to schedules and routing within
a short timeframe, typically under two hours. These capabilities enhance the reliability
and adaptability of transport networks, ensuring continuity and e�ciency under varying
operational conditions.

ˆ Advancing transport policy analysis: This research provides insights into the e�ects of
transport policies, such as tolls, high-speed rail freight services, and energy pricing strate-
gies, on modal shift behaviour and transport performance. The analysis incorporates a
gravity-based approach for generating demand, re�ecting realistic freight �ows between
regions, and a comprehensive sensitivity analysis to evaluate the impact of varying pa-
rameters such as costs, speeds, inner-city impacts, and environmental considerations.
These methodologies allow for the exploration of di�erent policy scenarios and their
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implications, o�ering practical recommendations for policymakers to support sustainable
and e�cient freight transport systems while considering stakeholder objectives.

ˆ Generalised methodological framework: The models and methodologies developed in this
thesis are designed to be transferable across di�erent transport modes and contexts,
providing a �exible framework for optimising freight transport systems. By employing
approaches such as network �ow optimisation, demand modelling, and scenario analysis,
the research addresses logistical challenges in a variety of transport settings. This adapt-
ability enables the application of the developed methodologies to di�erent transport
modes, transport network sizes, geographic regions, and policy scenarios, promoting
broader implementation of sustainable and e�cient logistic chains.

These contributions o�er practical solutions for improving the operational e�ciency, sus-
tainability, and adaptability of transport networks, while also enhancing their resilience to
disruptions.

1.4 Societal relevance

Transport systems are essential to modern society, facilitating the movement of goods, sup-
porting economic activity, and connecting communities. However, they also face signi�cant
challenges related to sustainability, e�ciency, and resilience. Road freight transport, in partic-
ular, contributes heavily to air pollution and GHG emissions, while urban transport systems
are increasingly strained by growing demand and congestion. This research tackles these
challenges at the tactical level, focusing on the optimisation of transport networks to improve
system performance, enhance resilience, and recommend sustainable freight solutions. The
optimisation models developed in this thesis support strategies to reduce rail network conges-
tion, optimise the modal split between road and rail considering various transport policies, and
improve operational e�ciency for rail and air transport networks. Additionally, the research
highlights the importance of reducing reliance on road freight by removing trucks from roads,
thereby contributing to environmental and societal bene�ts.

The importance of this research is particularly evident in the optimisation of long-distance
freight rail and road distribution networks, such as SWL systems, as well as air transport systems.
These networks play a crucial role in connecting regional and urban transport, supporting
e�cient and sustainable freight �ows across large distances. In the case of air transport, the
focus is on airport ground handling, particularly the allocation of resources, which represents a
critical component of the air transport network. Delays in ground operations can propagate
through the entire air transport system, potentially causing cascading disruptions and a�ecting
overall network performance. Similarly, the increasing demand for goods, in�uenced by e-
commerce growth and expanding global supply chains, has intensi�ed pressure on these
networks, contributing to congestion, emissions, and operational ine�ciencies. By optimising
transport mode choice and improving system performance, this thesis provides solutions that
improve the e�ciency and sustainability of freight transport systems. For operators, these
solutions enable cost savings through reduced operational ine�ciencies, better use of available
capacities, and fewer delays. For customers, they ensure more reliable and timely deliveries,
enhancing satisfaction and con�dence in the transport network.
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While the primary focus is on long-distance transport, the research also considers aspects
of urban freight distribution. By integrating road and rail modes, the burden of heavy road
transport within cities can be reduced, leading to lower emissions, reduced congestion, and
improved air quality. These contributions align with broader goals of sustainable development
and demonstrate the versatility of the proposed solutions across di�erent logistical contexts.
Policies quanti�ed within this thesis, such as pricing adjustments and environmental taxes, can
encourage shifts towards rail transport. For example, a slight increase in lorry operation costs
can initiate a shift to rail, while city taxes exceeding 200 cost units for lorries lead to a signi�cant
modal shift towards rail transport. Train network capacity is identi�ed as a critical factor in
determining modal choice, with policy and stakeholder decisions also in�uencing these shifts.
These �ndings show the potential of targeted policies to drive sustainable freight solutions.

In addition to environmental bene�ts, this thesis addresses the critical issue of transport
system resilience. Disruptions, whether caused by technical failures, weather events, or opera-
tional ine�ciencies, can have far-reaching impacts on supply chains, leading to delays, economic
losses, and reduced service reliability. The models developed for disruption management in rail
and air transport systems support operators with tools to minimise the impacts of such events
and enable optimal responses. These improvements not only ensure operational e�ciency
but also lead to happier customers, increasing con�dence in rail transport as a viable and
sustainable mode of freight delivery. A positive customer experience further reinforces the
use of rail over road, contributing to a sustained modal shift towards greener transport. By
supporting more reliable and adaptable transport systems, the research helps ensure that
transport networks are prepared to accommodate increasing demand, strengthening supply
chain reliability and economic stability.

Beyond the environmental and economic dimensions, optimised transport systems have a
direct impact on quality of life. Reducing congestion and emissions can improve living conditions,
particularly in urban areas where the negative side e�ects of transport are most serious.
Reducing noise pollution and improving air quality directly bene�t urban populations, while
more reliable freight transport networks ensure that essential goods reach consumers without
unnecessary delays. These societal bene�ts are particularly valuable as cities continue to grow,
and the demand for sustainable and resilient transport solutions becomes increasingly urgent.

The methodologies and frameworks developed in this thesis also hold signi�cant practical
relevance. By enabling transport operators and planners to systematically analyse and opti-
mise complex networks, the models presented in this research can support better-informed
decision-making and more e�cient resource allocation. Planners can shift their focus from
reactive problem-solving to proactive network management and improvements, ensuring trans-
port systems operate e�ciently under both normal and disrupted conditions. This leads to
outcomes such as improved service reliability, reduced operational costs, and better alignment
with sustainability goals. The �ndings also demonstrate the importance of targeted policies to
support these shifts, such as appropriate pricing mechanisms and incentives for adopting sus-
tainable transport solutions. These insights make the research highly relevant for policymakers,
transport operators, and urban planners.
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1.5 Collaborations

This thesis encloses four scienti�c articles, primarily developed by the author in collaboration
with several co-authors. The author has led the research process by undertaking the majority of
the work independently, including the conceptualisation, methodological framework, software
implementation, validation of results, data curation, visualisation, and the drafting and editing
of each manuscript. The co-authors contributed in supporting roles, particularly with respect
to conceptualisation, methodology, manuscript review, and supervision.

The chapters of the thesis are based on the following articles:

ˆ Chapter 2: Krauth, M., and Haalboom, D. (2022). An economic view on rerouting railway
wagons in a single wagonload network to avoid congestion. European Transport Research
Review, 14(1). https://doi.org/10.1186/s12544-022-00573-y

ˆ Chapter 3: Krauth, M., Ribesmeier, M., and Be²inovi¢, N. (2025). Optimising mode choice
in a bi-modal freight network considering sustainability and urban logistic stakeholder
perspectives. Transportation Research Interdisciplinary Perspectives, 31, 101442. https:
//doi.org/10.1016/j.trip.2025.101442

ˆ Chapter 4: Krauth, M., Haalboom, D., Preis, H., and Be²inovi¢, N. (2025). Disruption
management in single wagonload transport. Transportation Research Interdisciplinary
Perspectives, 32, 101541. https://doi.org/10.1016/j.trip.2025.101541

ˆ Chapter 5: Krauth, M., Preis, H., Jalowski, N., Be²inovi¢, N. Optimising Airport Ground
Handling Operations considering Multi-Skilled Resources. Manuscript submitted for
journal publication.

The research of this thesis has been presented at the following international conferences:

ˆ European Transport Conference 2021 (ETC 2021): Krauth, M., Haalboom, D.: An economic
view on rerouting railcars in a single wagonload network to avoid congestion.

ˆ European Transport Conference 2022 (ETC 2022): Krauth, M., Haalboom, D.: Objective
decision making in the event of disruptions - potentials for single wagonload transport
network control.

ˆ Urban Transitions Conference 2022: Krauth, M., Ribesmeier, M.: Impacts of long distance
high speed rail freight transportation on inner-city logistics and development.

ˆ Optimization and Decision Science Conference 2023 (ODS2023): Krauth, M., Ribesmeier,
M., Be²inovi¢, N.: A Mode Choice Model for Sustainable Freight Transport Considering
Urban Logistics Stakeholder Perspectives.

ˆ 2023 INFORMS annual meeting: Krauth, M., Haalboom, D., Preis, H., Be²inovi¢, N.: Opti-
mizing the routing of wagons during disruptions in single wagonload transport.

ˆ Transport Research Arena 2024: Krauth, M., Ribesmeier, M.: Intelligent Carrier Decision
Framework for Sustainable Intermodal Delivery Services. This research has been awarded
�rst place at the 2024 TRA VISIONS Young Researcher Competition in the category cross-
modal.
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ˆ EURO 2024 conference: Krauth, M., Preis, H., Jalowski, N., Be²inovi¢, N.: Optimising Airport
Ground Handling Operations Considering Multi-Skilled Personnel

1.6 Thesis outline

The remainder of the thesis is structured as follows. Figure 1.2 provides a visual outline of the
thesis.

Chapter 1: Introduction

Chapter 2: Network Flow Opti-
misation for Single Wagonload

ˆ MCNF

ˆ Arc-based approach

Chapter 3: Optimising
Mode Assignment in
a Rail-Road Network

ˆ Bi-modal MCNF

ˆ Gravitational approach

Chapter 4: Disruption
Management in Single
Wagonload Networks

ˆ SSND

ˆ Rerouting and
Rescheduling

Chapter 5: Multi-Skilled
Resources in Airport

Ground Handling

ˆ RCPSP

ˆ Priority Heuristic

Chapter 6: Conclusions

Figure 1.2: Visualisation of the thesis structure

Chapter 2 focuses on the optimisation of SWL networks using a MCNF model with an arc-
based approach to improve route optimisation. This chapter explores strategies to reduce rail
network congestion while minimising operational costs, by applying network �ow optimisation
techniques. These methods establish a foundation for tackling multi-modal transport and
disruption management in subsequent chapters. Chapter 3 extends the research to bi-modal
freight transport networks, integrating road and rail transport. The optimisation framework is
based on a bi-modal MCNF model, incorporating a gravitational approach to generate demand,
re�ecting realistic freight �ows between regions. Environmental considerations and urban
logistics stakeholder perspectives are included to evaluate mode assignments under di�erent
transport policies. The methodologies demonstrate how network �ow optimisation supports
sustainable and e�cient transport systems. Chapter 4 builds on the optimisation framework
introduced in Chapter 2 by focusing on disruption management in SWL transport networks.
Using a SSND model, the chapter focuses on rerouting and rescheduling strategies to minimise
delays and operational ine�ciencies. These methodologies enhance resilience in rail networks
and provide insights into delay management, which inform strategies in subsequent applications.
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Chapter 5 applies the concepts of optimisation and disruption management to airport ground
handling operations. The chapter focuses on the allocation of multi-skilled resources, using an
RCPSP model and a priority heuristic to schedule operations e�ciently. By adapting methods
developed in earlier chapters, this chapter tackles the challenges of resilience and e�ciency in
airport ground handling processes. Chapter 6 summarises the �ndings from the preceding
chapters, drawing overarching conclusions about the contributions of the thesis to transport
network optimisation. The methodologies developed and applied throughout the thesis are
evaluated for their broader implications on sustainability, e�ciency, and resilience across diverse
transport systems. Directions for future research are identi�ed, emphasising the adaptability
of the methodologies to various transport contexts.
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2 An economic view on rerouting
railway wagons in a single
wagonload network to avoid
congestion

This chapter has been published as:
Krauth, M., and Haalboom, D. (2022). An economic view on rerouting railway wagons in a
single wagonload network to avoid congestion. European Transport Research Review, 14(1).
https://doi.org/10.1186/s12544-022-00573-y
It has been slightly adjusted for this thesis.

2.1 Introduction

Single wagonload (SWL) is a type of transport in which a train consists of railway wagons from
di�erent senders and receivers. Groups of wagons from the same sender can have the same
receiver (Berndt, 2001). Railway wagons with the same direction are consolidated in nodes to
form trains that travel to the next node of the hub and spoke based network. At each node,
the railway wagons are reassembled until they reach their destination (Ruf and Cordeau, 2021).
This network design requires substantial infrastructure in the nodes and has intensive railway
wagon handling. However the existing capacity of the system is better utilised. Due to the
higher utilisation of trains, economies of scale occur (Marinov et al., 2012).

Despite the decommissioning of infrastructure such as sidings, the market share is expected
to increase due to its lower impact on the climate compared to other modes of transportation
like road transport or aviation (Borken-Kleefeld et al., 2010). This leads to an increased utilisation
of infrastructure. In particular, the nodes in the SWL network, the so-called marshalling yards,
are to be mentioned as bottlenecks, which are thus highly susceptible to congestion. Thus,
research is being carried out to improve the use of existing capacities. Beygang et al. (2010)
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propose an optimisation of shunting operations in marshalling yards by algorithms. In addition
to increasing capacity utilisation, SWL transport faces further challenges. This concerns both
current problems of pro�tability and reliability as well as the consideration of future develop-
ments and planning. A streamlining of processes in SWL transport can thus already be initiated
in the planning stage in order to reduce overall costs (Milenkovi¢ et al., 2017). Innovations such
as an integration of intermodal transport into the marshalling yards are taken into account in
the long-term planning of the layout and operations (Belo²evi¢ et al., 2015). These challenges
are aggravated by the fact that it is a system with limited capacity and surrounded by many
uncertainties which involves fault management and short-term rerouting of railway wagons.

2.1.1 Costs in single wagonload transport

Cost optimisation and pricing of transport services are important factors in SWL transport. As a
study by Guglielminetti et al. (2017) indicates, costs are one of the crucial reasons for the general
decline in SWL transport. In some countries such as the UK, Italy or Spain, SWL transport has
been discontinued or almost discontinued because the operation is not pro�table. Also in
Switzerland or Austria, where SWL transport is operated, the production costs of up to 50% of
the services cannot be covered. Based on the lack of pro�tability, approaches are developed
and potential for cost savings are identi�ed to re-launch SWL transport (Guglielminetti et al.,
2017). The introduction of automation components such as digital automatic coupling could
have positive e�ects, as shown in a study by Pollehn et al. (2021).

Various approaches to calculating costs in SWL transport are to be found in the literature.
For example, experts from the KTI Institute for Transport Sciences and the Research Centre
for Transport Development have prepared a study on the full cost calculation (KTI Institute
for Transport Sciences Non-Pro�t Ltd., 2020). In their analysis, they take into account external
monetary as well as non-monetary costs such as energy and climate costs in addition to
operational and infrastructure costs. The dominant operator of the German SWL transport
network with a market share of ~95% is the international transport and logistics group DB
Cargo AG (Vogt, 2011). In a publicly accessible document of DB Cargo AG detailed price
tables are presented for various railway wagon parameters such as distance and weight (DB
Kommunikationstechnik GmbH, 2021). However these are the costs that the customer has to
pay. There is no public information on the operational costs of the railway wagons and trains.
In a study by the European Commission cost structures are taken into account. In this study
from 2007 it is stated that the traction costs are 12�15 ¿ per train per km and about 150 ¿ for
shunting a railway wagon (European Commission, 2015). Voll (2014) stated that costs of 6 ¿
per train kilometre and shunting costs of 25 ¿ per railway wagon were accurate according to
DB Cargo internal sources. The costs of shunting are about a factor of 6 lower than those of
the European Commission study. These large di�erences show that it is di�cult to measure
these costs exactly. The publications mentioned above have in common that �xed and variable
costs are accumulated and divided into train costs and marshalling yard costs. This is also
implemented in this contribution in order to show the e�ect of short-term diversions.
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2.1.2 Purpose of this contribution

In this contribution we want to focus on the e�ects of short-term rerouting of railway wagons.
Short-term rerouting in this case refers to the alternative routing plan that has to be determined
at short notice due to disruptions such as congestion. In order to be able to measure the
e�ects and impacts, we optimise the costs of routing in a network based on the German SWL
network for di�erent scenarios and compare them with the optimal network, which has an
unlimited number of trains and is interference-free. We use some simplifying assumptions in
our model to stay within the scope of this paper and to be able to carry out calculations. For
example, neither the availability of resources nor time restrictions are currently considered in
the model. This procedure allows us to draw conclusions about the various in�uences. For our
approach we use distance based train routing costs and �xed costs for railway wagons.

2.2 Methodology

Using a mathematical optimisation model, we are able to analyse e�ects of disturbances (e.g.
congestion or closed tracks) in the railroad network. This is primarily depicted by developing
multiple scenarios. Each scenario has di�erent constraints regarding the capacity and existence
of its arcs. The model presented below belongs to the class of capacity-constrained routing
models. It is based on a model developed by Voll (2014) to optimise the total cost of routing.
However, the aim is not to determine the costs of a short-term rerouting, but the optimal
composition of a transport plan over several days. In contrast, this paper examines the costs for
di�erent scenarios with identical other parameters. Therefore several scenarios are developed
that extend the existing model. The scenarios are described in detail in Section 2.3.

2.2.1 Development of an arc-related optimisation model

This chapter presents the optimisation model used as the basis for the computational experi-
ments. It is a node and arc based model structured as a hub and spoke network. The nodes
represent marshalling yards in the German SWL network. The nine large train marshalling yards
shown in Figure 2.1 are Maschen (AM), Seelze (HSR), Seddin (BSE), Halle (LHG), Hagen-Vorhalle
(EHGV), Cologne-Gremberg (KG), Mannheim (RMR), Nuremberg (NNR), and Munich North (MN).
The coordinates of the marshalling yards were determined by an arti�cially created coordinate
system that encloses Germany. The relative distances in kilometres thus correspond to the
actual distances, whereby the curvature of the earth is neglected. Arcs with limited capacity
exist between the nodes. Depending on the scenarios presented below di�erent numbers of
trains can run over one arc, constraining the optimisation model according to each scenario.

This model minimises the total costs of routing railway wagons in a SWL network, which
consist of train operation costs and shunting costs in marshalling yards. To obtain the optimal
objective function value, the model must therefore �nd the best composition of train and
shunting costs for the total transport volume. In European Commission (2015) and Voll (2014)
is stated that the costs of train operation are primarily dependent on the distance a train has
to travel, whereby the shunting costs get accumulated to a value for each shunting process.

First, the sets N,A and K of the optimisation model are de�ned. The set N contains all
marshalling yards i respectively j of the model. Set Ade�nes all connections between marshalling
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(a)Scenario 1: unlimited number
of trains on each arc

(b) Scenario 2: realistic, maximum
number of trains running on
each arc is limited to the de-
piction in the �gure

(c)Scenario 3: no connection to
direct neighbours, capacity =
3 trains per arc

(d) Scenario 4: incident caused
network, capacity = 10 trains
per arc

(e)Scenario 5: circular network,
capacity = 10 trains per arc

Figure 2.1: Network of each scenario

yard i and marshalling yard j. Set K contains all transport orders k and de�nes their respective
start and destination marshalling yard as well as a de�ned number of cars that cannot be
separated on their route through the network. The last mile has been omitted from the
problem in order to simplify the model. Then the decision variables xk

ij and yij are de�ned.
The decision variable xk

ij is the binary routing variable and describes if a transport order k is
routed via the arc from marshalling yard i to marshalling yard j. The train operation variable xk

ij

depicts the number of trains running on an arc from marshalling yard i to marshalling yard j
and therefore must be an integer. The integer value is bounded by the maximum number of
trains allowed on arc ij.

The objective function

min
x,y

X

(i,j)2 A

"

cijyij +
X

k2 K

rin
kxk

ij

#
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minimises the distance based train operation costs cij of the trains yij running on the arc from
i to j as well as the shunting costs ri incurred in marshalling yard i for the number of railway
wagons nk whose transport order passes through marshalling yard i.

The objective function is subject to several constraints. The �rst constraint

X

i2 N

xk
ji �

X

i2 N

xk
ij = D(k, j)

is also referred to in the literature as the network �ow constraint and ensures that each railway
wagon must reach its destination (Köhler et al., 2009). D(k, j) must be equal to 1 if j is the source
of transport order k. It must be �1 if j is the sink of transport order k and 0 in every other case.

Furthermore, a length and a weight constraint are introduced.

X

k2 K

lkxk
ij � Lijyij

and X

k2 K

wkxk
ij � Wijyij

These constraints state that the accumulated length lk of the trains to be formed must never
exceed the maximum possible total length Lij of the trains travelling on the arc ij. Equivalently,
this applies to the accumulated weight wk, which must be less than the maximum weight Wij of
the trains to be formed.

The last two constraints X

j2 N

yijVi

and X

i2 N

yijVj

serve as marshalling yard capacity constraints. In the model, the number of arriving trains at
marshalling yard j and the number of departing trains at marshalling yard i is limited by the
parameter V.

This leads to the following optimisation model:

min
x,y

X

(i,j)2 A

"

cijyij +
X

k2 K

rin
kxk

ij

#

(2.1)

s.t.
X

i2 N

xk
ji �

X

i2 N

xk
ij = D(k, j) (2.2)

X

k2 K

lkxk
ij � Lijyij 8k 2 K 8j 2 N (2.3)

X

k2 K

wkxk
ij � Wijyij 8(i, j) 2 A (2.4)
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X

j2 N

yijVi 8(i, j) 2 A (2.5)

X

i2 N

yijVj 8(i, j) 2 A (2.6)

xk
ij 2 f 0, 1g 8k 2 K 8(i, j) 2 A (2.7)

yij 2 N 8(i, j) 2 A (2.8)

2.3 Creating di�erent scenarios

In this chapter we de�ne �ve di�erent scenarios to which we apply our model. Thereby, each
scenario serves a purpose and is relevant for the analysis below. The nodes are �xed at their
speci�c locations in all scenarios, which correspond to the actual locations in the German SWL
network. The scenarios di�er in terms of restricted possible arcs and limited number of trains
on each arc. In the following, the individual scenarios and their use case are presented.

In Scenario 1, as displayed in Figure 2.1a, no arc will be blocked and the number of trains
on each arc is unlimited. Therefore, it will show us the optimal solution for given optimisation
model for each instance. By comparing the objective values of Scenarios 2�4 with the optimal
solution we are able to draw conclusions on the e�ects and impacts of the scenario speci�c
constraints. Based on assumptions and publicly available data, a simpli�ed image of the German
SWL network was created in Scenario 2 (Figure 2.1b). For example, there are no international
connections. Furthermore the distances between the marshalling yards are measured using
the Euclidean distance. Arcs are only allowed between certain nodes. For example, there are
no direct trains between the train marshalling yards Maschen and Munich North. This scenario
is intended to approximate reality in the interference-free network. The capacity of the arcs
is three unless there is a connection that goes directly past a marshalling yard. In this case,
the same route is used to a large extent in reality, so that the capacity of the connections
concerned is reduced to two per arc in order to re�ect these circumstances. To show the
e�ects of detours and long routes, Scenario 3 closes all routes between adjacent marshalling
yards (Figure 2.1c). It is considered one of the worst negative e�ects to happen even though
it is highly uncertain that the network is e�ected like this in reality. However, evaluating this
worst case scenario gives us the possibility to conclude the e�ects of rerouting over long
distances. If the arcs to the nearest nodes are congested or the nodes are in congestion, it
is necessary to use a longer route in order to get the transportation order to its prede�ned
destination. Scenario 4 (Figure 2.1d) represents a disturbed image of the approximated German
SWL network created in Scenario 2. Disruptions can be of di�erent natures, but they do have an
impact on operations. In this scenario, more arcs are blocked compared to Scenario 1. On the
other hand, the number of running trains and railway wagons cannot be restricted, since the
same instance is considered for the comparability of the results. Furthermore in this scenario a
few lines can only be used by trains in one direction, e.g. due to track construction work. In
reality, depending on the extent of the disruption, it would be possible for trains to use the
same track in both directions with implications for the total throughput of the line. Since our
model is time-independent, this possibility was explicitly not allowed. Disruptions can be both
planned (e.g. construction sites, strikes) and unplanned (e.g. natural events, accidents), with
unplanned disruptions requiring rerouting at short notice. Scenario 5 (Figure 2.1e) takes up an
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idea based on a circular traversal of the network. Each marshalling yard has connections only
to its nearest two neighbours. Trains run in both directions so that the network is traversed
in a circle clockwise and counterclockwise. In this scenario there are no cross-connections
to more distant marshalling yards. Therefore, higher shunting costs are expected here so
that the impact of this cost type can be shown. The aim of this scenario is to show how train
costs and shunting costs behave, since shorter distances are travelled but more trains have to
run to achieve the same transport volume. Furthermore, it is expected that more shunting is
necessary.

2.4 Results

In this chapter the results of our computational experiments will be presented and the frame-
work of our tests will be de�ned. Although the �ve scenarios di�er in their allowed arcs and
their capacities, the optimisation results must be comparable. This is ensured by the framework
conditions. A set of parameters remains constant across all experiments. This concerns, for
example, the costs. The cost values were determined based on various factors and are an
approximation of the values used in practice. These actual values are not publicly available
as they are a company secret, so the decision was determined based on an external analysis.
The train operation costs were set to 15 ¿ per train kilometre, while the distance between two
marshalling yards is measured by the Euclidean distance. The shunting costs were set to 30 ¿
per railway wagon in the marshalling yards. Another set of parameters, such as the length and
weight of the railway wagons and trains, is randomly generated for each instance. The limit
values mostly correspond to practice in Germany and can be looked up in Berndt (2001) as
well as Clausen and Geiger (2013). One instance includes the optimisation of the �ve scenarios
with the same set of (randomly generated) parameters. This ensures comparability between
the scenarios for each instance.

We conducted 3 test series for di�erent sets of transport orders. For (i) 100 transport orders,
(ii) 150 transport orders, and (iii) 200 transport orders, 50 instances each were calculated. This
leads to a total of 750 optimisation problems. The instances di�er by randomly generated
numbers (e.g. length and weight of railway wagons) and the origin and destination of the
respective transport orders. The set parameters and ranges are de�ned as follows:

ˆ Train costs cij: 15 ¿ per train kilometre,

ˆ shunting costs ri: 30 ¿ per railway wagon,

ˆ maximum length of train service Lij: 740 metres,

ˆ maximum weight of train service Wij: 1600 tons,

ˆ number of arriving resp. departing trains V: 20 trains,

ˆ railway wagon length lk: 15�30 metres,

ˆ railway wagon weight wk: 20�80 tons,

ˆ number of railway wagons per transport order nk: 1�5 railway wagons.
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The optimisation problems were solved by using the solver Gurobi 9.1. The hardware con�g-
uration was a Lenovo ThinkPad with a Ryzen 5 Pro CPU and 16 GB of RAM. We set a time limit
of 3600 s to �nd an optimal solution and implemented several valid inequalities to shorten the
search room and therefore accelerating the solving process. If no optimal solution was found
within time limits, we saved the best objective value found and the remaining gap.

The characteristic values are displayed in Table 2.1. Most of the problems were solved
optimally within the time limit of 3600 s. However, as the problem grows exponentially with the
number of transport orders, in Scenario 1 (which is the most complex scenario, because it has
the most degrees of freedom) only 11 instances were solved for (iii). However, as it can be seen,
over all instances the maximum gap was less than 3% which leads to a good approximation
of the minimal costs. As expected the mean solving time increases when creating additional
transport orders. In the last column the mean accumulated number of trains is denoted. It
can be observed, that doubling the number of transport orders does not lead to a doubling
of operating trains. As a result the utilisation of the trains must be more e�cient, because
on average, the number of railway wagons should be doubled as the mean value of railway
wagons per transport order is equal to 3 railway wagons.

Table 2.1: Characteristic values of the optimisation output

# of transport orders (i) 100 transport orders (ii) 150 transport orders (iii) 200 transport orders

Scenario 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

Solved to optimality 50 50 50 50 50 41 49 50 50 50 11 38 49 50 50
Maximum gap 0 0 0 0 0 <4 <1 0 0 0 <3 <1 <1 0 0
Mean solution time in [s] 586 33 12 1.7 0.1 1657 258 19 5.2 0.3 3315 1151 209 86 1
Mean number of trains 22.5 23.4 22.7 27.9 26.4 30.7 31.4 30.9 37.6 35.6 39.6 40.5 39.9 47.7 45.3

The average number of trains operating on each arc for test series (i) is displayed for all �ve
scenarios in Figure 2.2. Several observations can be identi�ed on the basis of this illustration.
Although all connections are allowed in Scenario 1, shorter connections are used more often
than longer ones. The connections allowed in Scenario 2 are served by a very similar number
of trains in Scenario 1. Although no connections to the closest neighbours are allowed in
Scenario 3, it can also be observed that trains tend to use short connections over several
marshalling yards rather than direct connections. As only a very limited number of connections
is allowed in Scenario 4, the load on these connections is noticeably higher. In addition, the
connections that are only allowed in one direction are frequently used. The balanced utilisation
of the routes in Scenario 5 was expected.

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3 (d) Scenario 4 (e) Scenario 5

Figure 2.2: Colour-weighted mean number of trains on each arc for each scenario (test series i)
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