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Abstract

In the field of transportation, especially with trains, lowering carbon emissions is a very
important problem. This thesis introduces a novel approach centred on cost optimisation for
converting from diesel-powered trains to more environmentally sustainable alternatives. It
combines different new green power technologies like electrification, hydrogen fuel cells, and
batteries, with the goal to reduce carbon emissions and also keeping in mind the cost. A
significant aspect of this research involves the development of a multi-mode train simulator.
This innovation in railway technology enables accurate calculations of energy consumption
and efficient management of various power systems in different operational scenarios. Its
capability to handle train operation strategies is important, enabling more accurate assessments

of the cost-effectiveness in decarbonisation strategies.

The study includes a detailed economic analysis over a period of 40 years. This analysis focuses
mainly on the costs involved, including replacing diesel parts, installing new power systems,
and their maintenance over a long time. This deep cost analysis gives important understanding
about the money aspects of changing to green power in trains. Also, the research uses advanced
methods like the Genetic Algorithm and Particle Swarm Optimisation to accurately change
important things such as how long the electrification should be and how powerful the energy
systems need to be. These methods are used to find the best ways to save costs, showing a new

way of looking at costs in making railways more eco-friendly.

The results of the study about saving money are obvious. The research shows that using trains
with different modes could make the costs go down by 40.4% compared to normal diesel trains,
as seen in the example of the train route from London St. Pancras to Leicester. This shows the

financial good points of using different kinds of green power in trains. The study also looks at
i
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how trains powered by hydrogen might be used in the future. Right now, they are not as cost-
saving as other choices, but the study says they might become better as the price of hydrogen
goes down. This part of the research shows how new green power can change the way we think

about making trains more eco-friendly in the future, especially about the costs.

In summary, this study is very important for making trains more eco-friendly, focusing a lot on
saving costs. By bringing together new technologies and ways of doing things, it deals with
environmental problems while also thinking a lot about how much things cost. The ideas and
ways used in this study are very useful for making future plans and policies in trains, leading

to a future that is both more sustainable and saves money.
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Introduction

1 Introduction

1.1 Background

Climate change is a global concern that threatens humans and the environment in which we
live. In December 2015, 195 countries adopted the first universal, legally binding global
climate deal, the Paris Agreement. The agreement’s central aim is to strengthen the global
response to the threat of climate change by keeping the global temperature rise this century
well below 2 <C above pre-industrial levels and to pursue efforts to limit the temperature
increase to 1.5 <C. The Paris Agreement is a bridge between today’s policies and climate
neutrality before the end of the century. On 18 November 2016, the United Kingdom (UK)
government announced that it had ratified the Paris Agreement. This was recognised globally
with the adoption of the Paris Climate Agreement, which created a legally binding aim for
mitigating the effects of global warming and associated climate change. On 12 February 2018,
Minister for Trains Jo Johnson MP urged the rail sector to take bolder measures toward a
greener future. He pushed the industry, in particular, to phase out “all diesel-only trains by
2040 and to offer “a clear, long-term strategy with consistent objectives and incentives” that

included “ambitious and bold plans on decarbonising the whole rail sector”.

Table 1 Modal share in England, 2022 [1]

Walk Car or van Bus Rail Cycle Other
Trips 30.9% 58.2% 4.4% 2.6% 1.8% 2.1%
Distance 4.1% 78.0% 3.5% 9.8% 1.1% 2.8%

Rail is one of the greenest transport modes in the UK [2]. Rail offers a mass transport solution
with relatively low emissions (especially on electrified railways) with one of the lowest

emissions per passenger rates in transport and a 76% emission reduction for freight compared
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with road [3, 4]. As the National Travel Survey showed in 2022, the railway takes 9.8% of total
travel distance while the number of trips by railway is only 2.6% as shown in Table 1. That
means most railway trips are long-distance trips. Long-distance trips with less acceleration are
the key reason why railway has relatively low energy consumption. Overall, rail contributes
less than 1% of the annual greenhouse gas emissions of the UK, and rail is one of the greenest
modes of transport available. As a result, rail has massive potential for decarbonisation of the
economy by increasing the volume of goods and people transported by rail in the UK due to a
modal shift to rail. Similarly, while some of the reduction in industrial emissions is due to the
decrease in manufacturing in the UK since 1990, significant effort has been made by the
industry sector as a whole, with significant emissions reductions achieved through more

efficient energy use and several industries transitioning to onsite renewable energy generation

[5].

1.2 Problem description and trend
The UK's goal to reduce carbon emissions to net-zero by 2050 brings a significant challenge

to its railway sector. This goal requires moving away from traditional diesel trains to greener
alternatives. However, this change is not straightforward, as shown by recent difficulties in UK

rail electrification projects.

Several important electrification projects in the UK, such as in Wales, the Midlands, and the
North of England, were cancelled [6]. These cancellations, often due to high costs and technical
issues, underline the challenges in updating the UK's railway system to be more
environmentally friendly. Areas with limited electrification continue to depend on diesel trains,

which conflicts with the UK's environmental goals.
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The financial aspect of moving to green railway technologies is also a major challenge [7]. The
high initial cost of new technologies, along with installation, operation, and maintenance
expenses, needs careful consideration. This financial factor is important for the success and

acceptance of decarbonisation efforts.

Moreover, current strategies in railway decarbonisation often focus on single technology
solutions. There is a lack of integrated approaches that combine different technologies, like
electrification, hydrogen fuel cells, and batteries, in one system. The effectiveness of these
green strategies also varies based on location. Different regions may require different
approaches due to varying route characteristics and climate conditions. This calls for flexible

and region-specific solutions.

In conclusion, the UK's railway decarbonisation faces multiple challenges, including technical
feasibility, economic costs, and the need for region-specific strategies. These challenges must
be addressed to help the railway sector meet the UK's net-zero emissions target and move

towards a more sustainable future.

1.3 Research Gap
Despite considerable progress in railway decarbonisation research, there are still some gaps in

the field. Existing studies primarily focus on single green power technologies like
electrification or hydrogen fuel cells [8-10]. However, there's limited research on integrating
these technologies in a unified approach. The potential synergies and trade-offs among various

green power solutions within a multi-mode railway system remain largely unexplored.

Secondly, most studies focus on the technical feasibility of green technologies but often

overlook the long-term economic implications [11, 12]. There is a lack of thorough economic
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analyses that consider the entire lifecycle of these technologies, including installation,

operation, and maintenance costs.

Additionally, the application of advanced optimisation algorithms in railway decarbonisation
strategies is still in its infancy. The use of such algorithms to enhance the cost-effectiveness of
multi-mode green power technologies has not been sufficiently addressed [13]. This gap in
optimisation research represents a key area where further exploration could yield significant

benefits.

Lastly, the contextual applicability of these technologies in different geographical and
operational settings remains under-researched. The effectiveness and viability of
decarbonisation strategies may vary based on specific route characteristics, climatic conditions,

and operational demands, an area that needs more focused attention.

1.4 Scope

The scope of this study is designed to address the research gaps. It will primarily focus on the
integration of multiple green power technologies, including electrification, hydrogen fuel cells,
and batteries, in a multi-mode railway system. The study will explore the synergies and
potential trade-offs between these technologies, providing a holistic view of railway

decarbonisation.

A full economic analysis will form an important part of this study, covering the entire lifecycle
of the proposed green power solutions. This analysis will not only consider the initial
installation costs but also explore the long-term operational, maintenance, and
decommissioning expenses. Such an approach will offer a more complete understanding of the

economic practicability of these technologies.
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Furthermore, the study will utilise advanced optimisation algorithms, such as the Genetic
Algorithm and Particle Swarm Optimisation, to refine the deployment strategies of these
technologies. This will help in identifying the most cost-effective and efficient solutions for

railway decarbonisation.

In terms of geographical applicability, the study will use the route from London St. Pancras to
Leicester as a case study. This specific route will provide a practical context to evaluate the
effectiveness of the proposed solutions, considering the unique operational and climatic

conditions of this region.

1.5 Research aims and objectives
This research specifically targets the cost optimisation of the railway power system, aiming to

develop a strategy for modernising the system in an economically viable manner to facilitate
decarbonisation and develop a strategy for modernising the railway power supply system that
minimises total costs, encompassing both the upgrading process and future operations. This
involves evaluating various upgrade options through an overall cost function that integrates
both the railway traction and power supply systems. A key aspect of this study is the use of
sensitivity analysis to identify which parameters most significantly affect the outcomes. By
fine-tuning these sensitive parameters, the research seeks to pinpoint the most economically
efficient solution, which achieves decarbonisation with minimal impact on journey times. To

accomplish these aims, the study will address several specific objectives:

e The literature on railway power systems and sensitivity analysis evaluations assists in
optimising the upgrade process. Three major upgrading approaches are contrasted, and
their corresponding field studies demonstrate how each method might improve

performance or efficiency. The research process begins with a discussion of the
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characteristics of each approach. The study strategy details the hypothesis, modelling,
parameter analysis, and optimisation.

e This investigation will need the development of a multi-mode train simulator. This
study is based on a railway system simulator. It is required to replicate a train’s
performance and condition during the route and enable it to be powered by various
power supply systems, either synchronously or asynchronously. The train’s status must
be updated in dynamic to allow for management of the train’s operating strategy at any
point throughout the operation.

e A cost function is necessary to assess the train’s lifetime performance. In contrast to
the qualitative comparison used in the literature study, a more precise quantitative
comparison is the primary criterion for decision-making. This assessment should be
conducted regarding the entire cost, including the initial investment and subsequent
operating costs. Additionally, there is a general negative association between trip
duration and energy use when energy expenditure is considered. A time penalty must
be included in the assessment to minimise lengthy journey situations.

e Sensitivity analysis is required to determine the optimisation priority and choose the
most influential parameter for the cost function. This approach aims to quantify the
sensitivity of each investigated parameter. Furthermore, the variables to be optimised
might be those having a highly sensitive value.

e The ultimate goal is to optimise the total cost using the most sensitive parameters
identified via sensitivity analysis. Two distinct changed optimisation algorithms are
compared to optimise both progress and outcomes to arrive at the ideal option for

upgrading railway power systems.
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1.6 Justification

The justification for this study lies in its potential to fill critical gaps in the existing research on
railway decarbonisation and contribute significantly to the field. While previous studies have
made considerable progress in exploring individual green power technologies and their
application in railway systems, there remains a clear need for a more integrated and
comprehensive approach. This study addresses this by examining the combined use of
electrification, hydrogen fuel cells, and battery technology in a multi-modal railway system, a

perspective that has been notably absent in current research.

The economic aspects of railway decarbonisation have often been sidelined in favour of
technical feasibility and environmental impact. This study responds to this oversight by
conducting a detailed economic analysis that spans the entire lifecycle of green power
technologies. Such an approach is important for understanding the long-term economic

sustainability of these technologies and for providing a more holistic view of their viability.

Furthermore, the application of advanced optimisation algorithms in railway decarbonisation
is an emerging field with significant potential. This study's exploration of Genetic Algorithms
and Particle Swarm Optimisation for optimising the deployment of green technologies offers a
novel contribution to the field. It stands to enhance the cost-effectiveness and efficiency of
decarbonisation strategies, thereby providing practical solutions that can be implemented in

real-world scenarios.

Additionally, the geographical context and operational specificity of railway decarbonisation
strategies have been relatively underexplored in existing research. By focusing on the route
from London St. Pancras to Leicester as a case study, this study provides valuable insights into

the applicability and effectiveness of green power technologies in specific settings. This
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approach helps in understanding the varying impacts of decarbonisation strategies across

different geographical and operational contexts.

In summary, this study is important because it looks at many parts of railway decarbonisation
that have not been given much attention before. It tries to connect ideas from research with
reality uses, offering solutions that are good for the environment, can save money, and are
practical to use. The results of this research will be very helpful in making future decisions and

plans for the railway industry, helping it become more sustainable and efficient.

1.7 Thesis structure

Introduction (Chapter 1)

Proposed
W Validate

Literature review (Chapter 2)
v
Modelling:
Power System and Traction system modelling (Chapter 3)
v
Evaluation:
Upgrading and Future Operational Cost Evaluation (Chapter 4)
v
Sensitivity Analysis:
Railway Power System Upgrading Method Parameter
Importance Analysis Based on Sensitivity Analysis (Chapter 5)

Optimisation:
Multi-mode Train Cost Optimisation on Discontinuous
Electrification(Chapter 6)
v

Conclusions (Chapter 7)

Figure 1 Thesis structure
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This thesis is split into seven parts to demonstrate the whole research development; the details

are shown in Figure 1 above.

Chapter 1 introduces the urgent issue of decarbonising the railway industry, addressing the
challenges in shifting from diesel-powered trains towards more sustainable alternatives. It sets
the scene for the research, outlining the thesis's objectives and laying the groundwork for the

study, emphasising the need for efficient and environmentally friendly railway systems.

A full literature review is presented in Chapter 2, covering self-powered traction systems,
including diesel, hydrogen fuel cells, battery-powered, and hybrid trains, as well as overhead
line railway traction systems. This chapter critically analyses these systems, identifying gaps

in current research and setting the foundation for the thesis.

Chapter 3 discusses the development of the Train Performance Simulator (TPS), a significant
tool for modelling railway power systems. The TPS, designed to simulate a range of systems
including diesel engines and hydrogen fuel cells, marks a major advancement in railway system

simulation, enhancing the accuracy and applicability of these models.

Chapter 4 focuses on the financial and environmental aspects of transitioning railway systems,
this chapter presents methodologies for assessing economic impacts and includes a practical
case study. It provides insights into the feasibility and long-term benefits of adopting

sustainable power systems in railways.

In Chapter 5, an in-depth sensitivity analysis of railway system parameters is conducted, using
both local and global methods to pinpoint key influencing factors. A case study applies these
methods in a practical scenario, highlighting the importance of understanding dynamic railway

system interactions for effective optimisation.
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Chapter 6 addresses optimising multi-mode railway trains, exploring various energy
management strategies and their impact on performance. A case study demonstrates the
application of these optimisation techniques, showcasing potential improvements in efficiency

and sustainability.

The final chapter synthesises the research findings, reflecting on the contributions and
innovations of the thesis, including the development of the TPS and new economic and
environmental assessment methodologies. It concludes with future research recommendations,

pointing towards continued advancements in sustainable railway transportation.

10
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2 Literature review

2.1 Introduction
Railway traction power systems supply the energy necessary for vehicles to move. Traction

systems vary in features and specifications depending on the supply source. Since the climate
has shifted and decarbonisation targets have been established, the government and railway
sector have looked for an environmentally beneficial alternative to the present diesel-powered
trains [14]. Particularly after 2022, when energy prices have increased dramatically, and more
people are concerned about future energy price fluctuations, cycling between new and old
traction systems is critical. On the other hand, optimisation of energy consumption is a
important aspect of the railway business since it directly impacts the financial costs associated
with traction operation. Considerable evidence indicates that the substantial energy costs may
considerably affect operational performance and train design [15, 16]. While most research has
focused on railway system optimisation, a limited body of literature is devoted to parameter
sensitivity analysis. These analyses provide researchers with a novel method for selecting

variables before optimisation, which improves the efficiency of the optimisation process.

This chapter summarises the relevant literature on various power traction systems. Each section
includes the basic principle, state-of-the-art research, and the limitations of those research.
Power traction systems are divided into self-powered traction and contact wire-connected
electric power systems. The last section of this chapter proposes a hypothesis to examine the

link between various power supply systems’ distribution designs.

2.2 Self-powered traction systems
Network Rail’s Traction Decarbonisation Network Strategy advised the use of hydrogen-

powered trains for 6% (900 single track kilometres, STK) of the network that is not yet

electrified, battery-powered trains for 3% (400 STK), and further analysis of 15% (2300 STK)
11
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of the network that is not yet electrified [17]. This section discusses the principles and new

research about self-powered trains.

2.2.1 Diesel power traction systems

o} —

Engine Gear Transmission Wheels

A4

Figure 2 Diesel-mechanical locomotive structure [17]

The early generation of diesel train is an all-diesel traction train. Because this train is
mechanically driven, the components are essentially those shown in Figure 2, but the train’s
performance is restricted. The majority of diesel-mechanical trains are limited to a maximum
speed of 160 kilometres per hour (100 mph). The transmission through gearboxes and the
engine is incapable of meeting high power and torque demands. The engine’s power output is
modified in response to the driver’s power demand. The transmission’s transfer ratio is changed

to provide enough torque to the wheels while maintaining the train’s speed.

12



Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion
Literature review

o
~/ AC-DC
|[ :l — p —’: Rectifier
~ Diesel Generator
Engine
pcac |7, e
Converters /e M
; / %
Electric .
Motor Wheels

Figure 3 Diesel-electric locomotive structure [17]

The majority of current diesel trains are diesel-electric locomotives. As with the older diesel-
mechanical locomotives, the diesel-electric train’s diesel engine burns diesel fuel. The
distinction is that a diesel-mechanical locomotive converts chemical energy to mechanical
energy and then transmits it to the wheel through a transmission. Additionally, the diesel-
electric train converts mechanical energy to electricity. Following that, converters (rectifiers
and inverters) process the energy and deliver higher-rated power, either DC or AC electric
motor, as shown in Figure 3. Electric traction provides a number of benefits over conventional
transmission. The most significant performance improvement is the operating speed, which has
been increased to 200 kilometres per hour (125 mph) from 160 kilometres per hour for diesel-

mechanical trains (100 mph).

In the UK, over 50% of railway routes are not electrified and use a self-powered traction
system to ensure railway operation. A diesel multiple-unit simulator has been built, and it

considers specific curvature resistance and, wind speed and direction, which other modelling

13
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does not include [18]. Diesel-electric locomotive fuel consumption has been researched using
a hybrid powertrain, which adds the battery pack. It shows the hybrid train can save 11% energy
and improve journey time by 0.7% [19]. Technical and economic feasibility studies on
employing regeneration in railway systems have shown its significant value [20]. Further
research indicates that modernisation of diesel-electric locomotives can lead to a decrease in
energy consumption [21]. Additionally, the use of two different optimisation algorithms to
determine the optimal energy savings for a system incorporating a lithium-ion battery and
double-layer capacitor revealed that the optimal solution closely matches the outcomes of a
specific case study [22]. Smart switching controls are employed in diesel and hybrid trains.
The results show that smart switching controls can save up to 6% energy compared to auto-

switching [23].

2.2.2 Hydrogen fuel cell trains
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v
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Figure 4 Hydrogen locomotive structure [17]

Hydrogen is a unique carbon-free energy source being explored for use on trains and across
the economy. Alstom launched the world’s first hydrogen passenger service train in September
2020 on four lines in Lower Austria, Vienna, and Styria. Porterbrook and the University of

14
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Birmingham in the UK developed the HydroFLEX train, which has not yet been put into
passenger service. Hydrogen fuel has the advantage of being zero-emission at the time of use,
as hydrogen reacts with oxygen to create energy, heat, and water [24]. A hydrogen-powered
train is as silent as an electric traction train but unlike electrified trains does not need

considerable trackside infrastructure.

Like a diesel-electric train, a hydrogen train consumes fuel to produce power. Among the
various hydrogen storage methods, the most widely used is 350 bar high-pressure composite
cylinders [25]. The hydrogen fuel cell replaces the diesel engine as the energy supply system
in a hydrogen train. The energy supply system creates electricity directly via the
electrochemical reaction of hydrogen and oxygen within the fuel cell, and the conversion of
fuel energy to electrical energy is more straightforward than with a diesel-electric train, as seen
in Figure 4. Following conversion using converters, the power is sent to an electrical motor in
the same manner as in a diesel-electric train. Compared to a diesel internal combustion engine
traction train, the hydrogen fuel cell train is far quieter due to the lack of visibly moving
components in the traction system, except cooling systems. However, due to hydrogen’s low
energy density, the hydrogen train can only go around 1000 kilometres on a single refuelling;
diesel trains with the same amount of stored energy go eight times as far as hydrogen trains.
Moreover, the peak speed remains modest, between 144 and 160 kilometres per hour (80-100
mph). As a result, hydrogen trains have the potential to replace medium-speed, medium-power,

reasonably long-distance diesel trains completely.
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2.2.3 Battery-powered trains
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Figure 5 Battery train system (overhead wire charging) [17]

In general, the most straightforward method of storing electrical energy onboard is via the use
of battery packs. Battery packs, as energy storage system devices, may receive and transmit
energy by charging and discharging. Two stages must be considered to include batteries in a
railway system: charging and discharging. The charging stage of the battery is where it obtains
energy. Typically, this is through an overhead line, third rail, or other engine/motor, as seen in

Figure 5.

The discharging portion is where the battery’s chemical energy is converted to electricity and
sent to the electrical traction system. The primary benefit of a battery-powered train is that it is
a highly efficient train with a self-contained power supply. Additionally, it can run on the
present continuously electrified track with zero emissions by harvesting power from overhead
lines on the electrified section and dragging the train on the unelectrified segment using the
energy stored in the battery. In comparison to the last two train types, the most significant

disadvantage is the operating range. Batteries have a lower energy density and a range of 60—

16
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80 kilometres when ultimately charged. Additionally, the peak speed is relatively modest, 120—

160 km/h (75-100 mph), comparable to a hydrogen fuel cell train.

For the aims of decarbonisation, a new self-powered supply system driven by greener energy
should be used to replace diesel power. Several researchers have shown the ability of energy
storage technologies, such as batteries and hydrogen fuel cells, to replace diesel power. A
battery-electric multiple-unit simulator was developed [26]. This research introduces a
simulator for battery-electric trains. It's quite important for understanding how these trains
work and for improving them. It's very interesting because it looks at how trains can use
electricity better and be more environmentally friendly. This research provides valuable
insights into battery-electric trains, but it notably overlooks the potential of hydrogen fuel cells,
an alternative energy source in rail transport. This might limit the applicability of the simulator
in environments where hydrogen fuel cells are being considered or implemented. A full review
of energy storage devices, focusing on batteries and fuel cells, was conducted to compare their
characteristics [27]. They looked at different ways to store energy, like batteries and fuel cells.
It's very helpful for figuring out which one is best for different trains. It's really important for
making trains better and choosing the right technology. This review offers a full comparison
but may lack in-depth analysis of rapidly evolving technologies. Some research has
concentrated on the battery pack; for example, a battery pack is employed to store regenerative
energy generated during electrical braking to improve the railway’s total energy efficiency [28-
30]. These studies talk about using battery packs in trains, especially for saving energy when
trains brake. This is a good idea because it saves energy and makes trains use less power. The
focus on battery packs highlights their potential, but there's a lack of discussion on the
challenges of integrating such technology, especially in older railway systems. An optimisation
method for maximising recovered energy through reversible substations and a wayside storage

17
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system was demonstrated, featuring controlled charging and discharging between the train and
a wayside battery pack [31]. They came up with a new way to save more energy in trains, using
special substations and batteries. The way they control the batteries is very smart and helps to
save a lot of energy. However, it does not consider the integration of hydrogen fuel cells, which
are increasingly recognised for their potential in sustainable rail transport. This exclusion could
limit the scope of the technique, particularly in contexts where hydrogen fuel cells might offer
a more viable or efficient alternative to battery-only systems. An energy management strategy
for battery packs was suggested to optimise energy storage system utilisation by adjusting
charging and discharging threshold voltages, specifically for electrified routes [32]. This is
about managing the energy in battery packs on electrified train routes. They change how the
batteries charge and discharge to use the energy better. It's quite useful for making sure the
trains don't waste electricity. The strategy effectively addresses energy management for battery
packs in electrified routes. However, it doesn't fully consider scenarios involving discontinuous
electrification, a common situation in many rail networks. This oversight could limit its
practicality in rail systems where continuous electrification isn't available or feasible, thereby
affecting the strategy's overall adaptability and efficiency in practical applications. Research
about catenary-free electric trains with lithium batteries shows that speed optimisation can
increase the battery train’s running distance on an unelectrified route. However, it also shows
that the battery can rarely be the only power source for trains over 100 tonnes [33]. The
disadvantage of employing a battery pack as an autonomous power supply system is its low-

capacity limitations.
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2.2.4 Hybrid trains
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Figure 6 Hydrogen/diesel-battery hybrid train structure [17]

For the literature on hybrid trains combining battery packs with fuel cells offers a solution to
capacity issues. However, this approach might face challenges in integration and cost
efficiency [25, 34-37]. The research focused on hydrogen production and consumption
efficiency [30] is an important aspect of developing sustainable railway systems. While it
provides essential insights into the efficient use of hydrogen, the study might not fully consider
the evolving nature of hydrogen technologies or their practical implementation challenges in
railway [10]. The study using Al for hydrogen supply chain prediction shows promise, but

practical application challenges remain [9]. The hybrid vehicle simulator marks significant
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progress, though practical applicability might be limited by the assumptions of model [38]. The
feasibility study comparing different energy supply systems provides valuable insights but
lacks consideration of regeneration [39]. The investigation into hydrogen vs. battery
transportation is critical for future decisions but concludes without a definitive preference
because hydrogen fuel cell offers benefits like faster refuelling and higher range whereas
Battery-powered vehicles have advantages in terms of higher energy efficiency but longer
charging times and range limitations [40]. Analysis of hydrogen fuel cell trains for intercity
services shows potential, especially with low-carbon hydrogen, but requires further exploration
in different operational contexts [41]. The implementation of new control techniques for
reducing hydrogen use in hybrid trams is innovative, but its broader impact on system
efficiency needs evaluation [34, 42]. The time-based co-optimisation model offers a cost-
effective approach but its adaptability to variances is yet to be tested [43]. Simulations of the
bi-mode train indicate CO2 emission reduction potential, but the study is limited as it only
considers diesel-electric options and not hydrogen-electric trains [44]. Research on optimising
hydrogen consumption by altering the power output shows a decrease in consumption by 15%,
but does not address potential impacts on journey times, important for operational
efficiency[45]. This research changes the power supply to minimise the energy consumption

without discussing the journey time changes resulting from power changes.

2.2.5 Challenges and research opportunities
Although previous diesel train studies have focused on energy-saving technology or strategies,

the use of diesel trains is a potential problem. For the aims of carbon neutrality, almost all
diesel trains need to be replaced, including replacing pure diesel trains by 2040 and achieving
net-zero before 2050 [17]. However, there are still some research gaps which have not been

considered:
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Previous studies on energy storage have not addressed the possibility of combining it
with electrification, which has a far better energy efficiency; doing so might further
reduce energy costs.

Thus, most of the battery research only considers battery use as a mechanism for
conserving regenerative energy in the absence of an overhead line connection. Not
much hydrogen train research considers the energy cost of hydrogen trains, only
thinking about the energy consumption.

Researchers know that even though hydrogen trains have better energy transmission
efficiency compared to diesel trains, the hydrogen energy cost is still higher than for

diesel trains due to its high energy price in kWh.

2.3 Overhead line railway traction systems

Compared with those self-powered trains, electric trains have many advantages [46]:

Easier maintenance: For train maintenance, the cost of the electric trains is
approximately 30% less than diesel trains and 50% less than diesel bi-mode trains.
More seats: For trains of the same length, electric trains have more space than other
trains, such as diesel, bi-mode, and hydrogen trains, because there is no requirement to
install an energy storage system and fuel tank. The saved space can be used for seat
allocation.

Less journey time: Electric trains can accelerate and brake faster than other trains due
to the higher traction and braking power supply. That means they need less time in the
acceleration and braking stages and spend more time in the full-speed stage.

Better reliability: Long-term passenger rolling stock strategy research indicates that

an electric train’s reliability is 100% more than that of a diesel train.
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The classic electric train is the only train type that does not carry fuel inside the train. Because
there is no power generator mounted on the board, and it often does not need additional energy
storage devices, the mass is typically less than in other systems. However, some battery packs
are mounted in specially built electric trains, as in Figure 7. These battery packs act as a backup
power source, providing electricity to the auxiliary system or traction motor to reduce the load
on the overhead line power. Mainly, these batteries gain electricity from the overhead wires
and during energy regeneration. Usually, most of the energy stored in the battery pack comes
from the electrical braking process. A noticeable disadvantage of electric trains is the very high
cost associated with the extensive length of overhead line equipment. The figure also shows
the component differences between AC and DC trains, including their power supply
infrastructure. An AC train is heavier than an DC train because it carries more equipment on
board, especially power electronics devices to step down the overhead line voltage. However,
the DC overhead wire does not take high-voltage electricity due to more step-down
transformers in the substation. Hence, the relatively low voltage transmission results in

increased losses in the wire.

Figure 7 Electric train structure [17]
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2.3.1 AC power systems
Large-scale electrification initiatives have improved the network’s coverage of 25 kV

electrified routes, adding about 700 kilometres since 2017. Table 2 summarises the total route

kilometres operated electrically since 2011/12 [46, 47].

Table 2 The UK’s railway operation route and electrified route [47]

Route opens | Of which | Track Of which | New
for traffic | electrified | kilometres | electrified | electrification
[km] [km] [track km] | [track km] | projects
[track km]
2013 15,757 5,265 31,075 12,810 10
2014 15,755 5,268 31,092 12,887 65
2015 15,764 5,272 31,120 13,034 177
2016 15,804 5,331 31,194 13,063 7
2017 15,814 5,374 31,220 13,167 0
2018 15,846 5,483 31,038 14,129 291
2019 15,853 6,012 31,091 14,059 883
2020 15,899 6,049 31,218 14,256 252
2021 15,935 6,045 31,250 14,314 182
2022 15,873 6,042 31,209 14,321 2
2023 15,846 6,065 31,203 14,360 62

Table 2 shows data from 2013 to 2023 on total and electrified railway route and track
kilometres. Over these years, there's a steady growth in both total route and electrified track
lengths, indicating ongoing development in railway electrification. Certain years, especially
2018 and 2019, show significant new electrification projects, highlighting focused efforts to
expand the electrified network. some years like 2016, 2017, and 2022 show minimal growth in
new electrification projects. In particular, 2017 stands out with no new projects, indicating a
possible pause or slowdown in electrification efforts, for example, the electrification

cancellation between Cardiff and Swansea.

23



Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion

Literature review

(1) Simple connection

E—

lAJA) AAA

[vvv YYY

Return conductor

Contact wire
25kV AC

. . 7} T
Running rail LA .

Figure 8 Simple connection system diagram

The transmission system is a straightforward catenary feeding arrangement, as seen in Figure
8. It forms a circuit when the train connects with the overhead line and the rail. The current
passes through the train from the pantograph and is then sent back to the substation via the rail.
For simple connection system, the biggest issue in this system is the electricity that escapes
from the rails. Therefore, it's very important to reduce this electricity leakage in railway power
supply systems for keeping safety, efficiency, reliability, and the life of the railway
infrastructure. Moreover, when the train is operating, a large difference in voltage happens

along the rail, which can cause harm to people and others nearby.
(2) Booster transformer (BT) system

Figure 9 illustrates an alternating current supply system that utilises a BT to drive rail current
back to the BT and then to the substation via a feeder wire. Numerous existing transmission
networks continue to be BT-fed. However, owing to the 25 kV 50 Hz power supply, BT feeding

systems continue to have large transmission line power losses.
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Figure 9 BT diagram
(3) Autotransformer (AT) system

The AT feeding system is a newly created system for power traction, and its construction is
shown in Figure 10. Compared to a BT, it provides double the voltage, 50 kV 50 Hz AC power,
and half the transmission line current of a BT or simple feeding system. Additionally, ATs may

partially improve voltage, masking the evident voltage decreases in catenary wires.
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Figure 10 AT diagram
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2.3.2 DC power systems
A DC system’s power supply voltage is usually 750 V, 1500 V, and 2000 V, much less than

that of a 25 kVV AC system. This results in more transmission loss at the same rated power. DC
traction substations are often fitted with transformers and rectifiers to absorb power from local
distribution networks on contemporary trains. Direct current power is often employed in metros,
light trains, and suburban railways. There is insufficient room for the installation of

transformers and other equipment.

2.3.3 Discontinuous electrification
A railway route without full electrification is said to have discrete electrification or

discontinuous electrification. Discrete electrification is when specific line segments are
electrified while others are not. The gaps between electrified parts are usually significant. The
number of gaps between electrified segments is expected to be restricted with discrete
electrification. A train powered only by electricity is unlikely to span gaps between parts of the
electrified network safely. In non-electrified segments, it will not be able to stop and start.
Electrically discontinuous electrification, such as at an earthed portion via an overbridge, is
known as discontinuous electrification. This is particularly likely to happen in areas like old
bridges, tunnels, and other barriers. In contrast to discrete electrification, discontinuous
electrification is more likely to have far more frequent, much shorter interruptions on severely
limited segments of track. A train powered entirely by electricity may cross gaps reliably using
momentum alone, albeit this introduces operational risks or uses limited energy storage, such
as a battery. On non-electrified segments, it is doubtful that the trains will be able to stop and
start again. In this thesis, both discrete electrification and discontinuous electrification are

collectively referred to as discontinuous electrification for simplification.
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2.3.4 Research on electric trains
In the review of electric train power systems, various strategies are discussed for reducing

energy consumption and enhancing efficiency to reach the decarbonisation by 2024 [17]. It
explores methods such as modifying regeneration strategies and optimising driving strategies
for different traction modes, while noting that these may not fully address railway operation
complexities [48-50]. The section highlights advancements in energy management in power
systems and motor traction control , with proposals for stabilising overhead wire voltage using
onboard energy storage systems do not point out the need for further research on their long-
term reliability [51, 52]. They also compared the differential evolution optimisation results with
those obtained using a Genetic Algorithm and said the Genetic Algorithm optimisation result
IS not as good as the differential evolution results [53]. The potential of inverting substations
to improve regenerative braking efficiency is explored, but their practicality and economic
feasibility across railway networks are questioned [8]. The integration of train timetabling with
driving strategies for improved energy efficiency is also discussed [49], saying challenges in
application due to dynamic schedules and passenger demands [54]. The use of Monte Carlo
algorithms for energy consumption assessment and methods to utilise recovered DC energy for
AC loads are considered promising but require testing in various operational scenarios [55-57].
However, most UK railways are intermittently electrified due to historical and economic The
shift towards bi-mode trains in the UK is presented as a practical approach to intermittent
electrification, but concerns are raised about their long-term sustainability due to diesel
dependency [11, 12]. Studies on battery-electric trains in discontinuous electrification routes
show potential for energy savings, yet require further exploration of their impact on network
efficiency and operational flexibility [58]. Finally, the research on charging battery-electric
trains from renewable sources is highlighted as a important step towards sustainable railway

systems. However, the focus on battery performance alone, without considering overall system
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optimisation, might not yield the most efficient solutions. The section advocates for integrated
approaches that consider the entire energy system, including renewable sources, storage, and

train operations, to maximise the benefits of railway electrification [59].

2.3.5 Limitations of electric traction systems and research opportunities
The majority of electrification energy efficiency research is conducted on fully electrified

routes, and the majority of hybrid train research is conducted on current diesel hybrid trains.

Hence, there are more factors that need to be considered out of the ideal situation.

e Most railway routes are discontinuously electrified, and it is impossible to fully electrify
those partly electrified routes in a short time. So, the research based on full
electrification can only be used on newly built electrified railways.

e The research on battery-electric trains is also limited by the battery specifications. If
only employing a battery as the power supply in a long electrification gap, train
performance is limited due to the battery’s capacity.

e It is impossible to apply battery-powered traction in a long-distance heavy train; the
energy stored in the battery will run out faster in this situation. So, extending railway
electrification and battery application at the same time would solve the issues.

e However, in some cases it is hard to electrify the route, so a hydrogen fuel cell may also

be applied in the railway as a multi-mode train instead of a diesel hybrid train.

2.4 Discussion and research design

Most previous studies have not considered the combination and distribution of novel power
supply systems and train operation in hybrid train research. When discussing train conversion,
most researchers think only about the capability of the power system but not the conversion
cost. This thesis aims to demonstrate a financially effective plan for converting diesel engine

trains and route electrification during an operation period. Three different kinds of energy
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supply systems are combined as the new supply system to power trains on discontinuously
electrified routes. This thesis proposes that multi-mode trains may reduce the entire railway
cost during its lifetime under cost optimisation. The idea is validated using a cost model that
estimates the total cost of the route reconstruction and new train upgrades over time. Railway
modernisation includes a variety of alternative energy sources and traction technologies. The
energy distribution and consumption determine the energy transmission flow of each traction
type. Sensitivity analysis directs the optimisation factors to choose the appropriate kind of
railway. Two optimisation techniques are used to choose the most influential parameters for
optimisation. Particle Swarm Optimisation and Genetic Algorithm are compared to highlight

the difference in optimisation progress in this complicated railway cost model.
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Figure 11 The research on cost optimisation

As the Figure 11 shows, the fundamental research is made up of four parts: railway system
modelling, upgrading cost evaluation, sensitivity analysis, and multi-mode train cost

optimisation on a discontinuously electrified route.

The railway system modelling part is primarily about building the integrated railway system
simulator. It has two relevant simulations. The traction and movement simulation presents the

train’s moving performance during the whole journey. The power supply system also affects
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the train’s performance in power-relative parameters. And the energy usage information is

calculated by the power supply system simulation.

The upgrading cost evaluation part receives the train performance and energy consumption
information from the railway system simulation. The energy consumption is converted to the
energy cost. Besides that, the train components are aged depending on the train’s performance,
so the cost evaluation considers the cost of replacing train components. Additionally, as a
railway upgrading plan, the changes from the original system to the new system require train
conversion and route reconstruction. Both costs are subsumed into the initial cost. All those

costs are summed as overall cost, and it is the standard output of evaluation.

Railway upgrading is varied, and different upgrading plans have additional contributions to
sensitivity. Local sensitivity analysis and global sensitivity analysis are employed to analyse
the contribution of various parameters to the evaluation results. Some of the sensitive

parameters are then used as the variables for the optimisation.

Discontinuous electrification and the multi-mode train energy management strategy are
introduced into the variable optimisation in the cost optimisation parts. The parameters from
the sensitivity analysis results become the optimising objects and are the input of evaluation.
The output corresponding to them is the overall cost. Both inputs and outputs are sent to the
optimisation algorithms (Genetic Algorithm and Particle Swarm Optimisation) to minimise the

overall upgrading cost.

2.5 Conclusion

This chapter reviews the current different potential upgrading methods for decarbonisation. It
contains the basic principles of different power upgrading methods and the latest research about

each method. Partly electrified routes have been studied by other researchers. Some of them
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tried to find a replacement for the current diesel train on discontinuously electrified routes and

others want to electrify the route to meet decarbonisation aims.
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3 Power system and traction system modelling

3.1 Introduction
As the hot topic of the digital twin has become more popular in recent years, more researchers

have tended to replace physical prototypes with digital twins. To build a reliable digital twin
system, the important aspect is the creation of model-based solid system simulators. In 1978,
the first transportation simulator was constructed [60]. In the following decades, researchers
focused on increasing the accuracy of simulator performance by perfecting railway modelling.
Moreover, some tried to add more components into the model to simulate complex modern
trains. The Single-Train Simulator (STS) was developed by Dr Stuart Hillmansen at BCRRE
[61]. This thesis develops a Train Performance Simulator (TPS) with energy management
system to figure out train traction and movement as Section 3.4 shown. The movement part is

based on the principle of the STS but dynamic power and energy calculation.

This chapter serves as the thesis’s fundamental chapter. It will show modelling of two distinct
systems, namely the power supply system and the train movement system, and the integrated
simulator will be used throughout the thesis. Section 3.2 discusses the modelling of several
types of onboard power systems, diesel engines, hydrogen fuel cells, and battery packs. Section
3.3 illustrates the modelling of the overhead line electrification power supply system. This
model depicts the system in its entirety, from the substation to the train. This modelling
includes estimations of substation internal resistance, transmission losses, and transmission line
resistance. Section 3.4 discusses train traction and movement modelling based on STS and the

link between train operating performance and energy cost.

3.2 Modelling of self-powered traction systems
Except for an electric train’s overhead line power supply system, all other power systems, such

as diesel engines, hydrogen fuel cells, and battery packs, are placed on board. It costs money
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to create energy and transfer it to a power bus using fuel stored in a tank or other chemical

materials within a battery pack.

3.2.1 Diesel engine systems
Diesel fuel is sent to an internal combustion engine and transferred to mechanical energy. The

efficiency of converting chemical energy to mechanical energy is npieset engine- 1hen the
engine drives the alternator to generate AC electricity by the efficiency of n4;ternator- The
electricity from a utility grid cannot be used directly. All electrical devices on the trains have
their specific input requirement. After convertors adjust their frequency, amplitude, and phase
by the efficiency of n¢onvertor, they send electricity to the final electric motor or other auxiliary

devices. The energy transmission for the diesel-electric train is as follows:

EDiesel system output — Npiesel engine X Naiternator X Nconvertor X EDiesel fuel (1)

3.2.2 Hydrogen fuel cell systems

3.2.2.1  Hydrogen fuel cell train modelling

The critical part of a hydrogen fuel cell system is the fuel cell. High-pressure hydrogen from
the tank is injected into the fuel cell, reacting with oxygen to produce water. The circuit current
appears with the electrons flowing from cathode to anode. The efficiency of fuel cell electricity
production is npyarogen rc- But hydrogen fuel cell efficiency is not permanently fixed: it varies
depending on the fuel cell’s output power. At first the output power increases, the efficiency
increasing simultaneously at the beginning since the output power increases and steadily
decreases if the output power continuously increases. Before being sent to the power bus, the

electricity needs to be progressed by convertors, and the converter efficiency iS Ngc¢ convertor-

EFC system output — 77hydrogen Fc X NFc convertor X EHigh—pressure hydrogen (2)
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where Egc system output 1S the hydrogen fuel cell power system output energy to the power bus,
Nrc convertor 1S the converter efficiency between hydrogen fuel cell and DC link, and

Enigh-pressure hyarogen 1S high-pressure energy consumption.

3.2.2.2  Energy losses in a hydrogen fuel cell train

Figure 12 shows the energy losses during operation of a hydrogen fuel cell train. Some of the
energy is lost in the reaction of hydrogen and oxygen by producing heat. In this study, the fuel
cell's energy output is partially allocated to the auxiliary system, while the majority propels the
train forward. Consequently, except for the energy expended to overcome resistance to motion,
all traction energy is converted into kinetic and potential energy. Notably, electrical braking is
not considered for the hydrogen fuel cell train but battery train in Section 3.2.3; hence, all
traction energy is ultimately dissipated through mechanical braking without energy

regeneration.
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Figure 12 Energy losses in a hydrogen fuel cell train

3.2.3 Battery pack systems
In contrast to diesel and hydrogen systems, battery pack systems may be charged and

discharged while the train is running with the efficiency of ngp charging aNd Ngp discharging:
respectivelyln practical scenarios, it is generally observed that the efficiency of battery
discharging is slightly higher than that of charging, mainly due to the internal generation of
heat [62]. Nevertheless, for the purposes of simplification in this thesis, it is assumed that the
efficiencies of both charging and discharging are equivalent, facilitating easier computation.
When the battery pack is charging, energy from the power bus (Er, charge gp) 1S S€Nt Via
convertors to the battery with the efficiency of ngp convertor- tW0 main battery charging ways

are the overhead line and regeneration. The battery pack gets the following energy:
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ECharging =TMBp charging X NBp convertor X ETo charge BP (3)

If the battery pack is discharged, the stored energy is consumed. The discharging process is
quite similar to that of hydrogen fuel cells. After processing the convertors, the inner material

reaction creates energy and delivers it to the power bank.

EDischarging =TMpp discharging X NBp convertor X ETo consumed (4)

3.2.3.1 Battery model and strategy

This thesis’s battery model’s most significant distinguishing characteristic is its dynamic status
monitoring. Unlike other battery models, this battery type checks the battery state prior to

operation. The battery’s working charge SOC,,orking IS between the range of SOCy,, to

S0Chign as follows:
SOClow < SOCworking < SOChigh (5)

where SOCy,, is the lower limit of the state of charge and SOCy; 4y, is the higher limit. Also,
during the charging stage, the power for charging changes. This happens because of different
reasons like getting older, temperature, and how much charge is there. In this thesis, the power
used for charging only depends on the remaining energy level, and the battery getting older is
considered when thinking about replacing batteries. For now, we don't include temperature
parameters because this needs a big thermodynamic model for the train system. So, the power
used to charge the battery pack is decided only by how much charge it currently has. The battery
pack receives increased charging power while the battery’s capacity is depleted. Once the state
of charge is over SOC,, the charging mode switches to constant voltage charging mode, and
a much lower charging power is applied. Pgp(cc charging) @d Ppp(cy charging) are the
charging power in these two different stages.
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p _ _ {PBP(CC charging)’ S0C < SOCCC» (6)
BP(charging) = PBP(CV charging)’ S0C = SOCCC»

3.2.3.2  Energy losses in a battery pack train

Electrical to Mechanical
Energy Loss

Mechanical to Electrical
Energy Loss

Figure 13 Energy losses in a battery train

Compared with a hydrogen fuel cell train, a battery train has much higher energy efficiency.
Even though the energy in the battery is usually charged by pantograph, which means there are

more paths to lose energy, the overall battery power system energy losses are still low.
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3.3 Modelling of overhead line power systems

In the UK, the railway network encompasses approximately 15,800 route kilometres and
includes over 30,000 structures such as bridges, tunnels, and viaducts, in addition to myriad
auxiliary components like signals and level crossings. The network boasts around 2,500
stations and facilitates more than 1.7 billion passenger journeys and over 16 billion net tonne-
kilometres of freight transportation annually [63, 64]. In terms of traction power, the UK's
railway system is categorised into four primary segments [17]:

« diesel-powered unelectrified lines;

« lines electrified with 25,000 V AC overhead equipment;

« lines with 1500 V DC overhead equipment;

* lines electrified with a 650 /750 V DC third rail.

Presently, over 6,000 route kilometres of the railway are electrified, constituting 42% of the
UK’s total railway infrastructure [65]. The electric train network utilises a distinctive overhead
line power system, wherein substations feed electricity to the trains, with transformers at these
substations stepping down the voltage from the utility grid before it is transmitted to the

overhead lines.

3.3.1 AC overhead line impedance
Calculating the impedance of an AC overhead line or rail is far more complexed than

calculating the resistance of a DC line or rail. There is not only resistance but also reactance
for AC transmission wire [66]. An electromagnetic field is formed and impacts the
neighbouring conductor as a result of the high-voltage charging current flowing in the inductive
transmission line [67]. Additionally, the electromagnetic field has an effect on the skin effect’s
internal current: the majority of current flows through the conductor’s surface due to counter-

electromotive force. When the current density is substantially higher near the surface, the
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conductor’s impedance increases significantly, and it will continue to increase as the current

frequency increases [66, 68]. The following figure shows the equivalent radius R,,:

Figure 14 Cross section of an electrical conductor [66]

The self-inductance is:

L Ho I 2H
= — N —
“Z2n " Reg (7
These two inductances are equivalent:
1
Req =R x e 3" (8)

where u is the conductor magnetic permeability, u, is the magnetic permeability constant, u,
is the relative magnetic permeability, and H is the average height of conductor. Because
overhead lines and rails are not entirely isolated from the earth, an underground circuit includes
a fourth wire (earth wire) in addition to the catenary wire, rail, and feeder wire. The following

image depicts an underground earth wire:
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j:
'Y

Figure 15 Carson’s equivalent model [69]

Conductor 1 is an infinite-length wire at height H over than ground. Surface 2 is flat ground.
Conductor 3 is the image earth wire. Depending on Carson’s equation, the earth wire equivalent

depth can be calculated as:

D 2.085 x 1073 655 0/F
9 [£510-° )

where D, is the equivalent depth, fis the frequency in Hz, § is the earth conductivity in 1/(Ohm

metres), and p is the earth resistivity in Ohm metres. Depending on the Carson equation for

earth equivalent impedance:
— 2 10—4- &
Tp=m"f X (—km) (10)

Forf=50Hz, itisequaltor, = 0.05(%). Considering Carson’s equation and electromagnetic

field theory [69, 70], the self-inductance for the overhead line and image earth wire can be:
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_ Mok uonZI to , 21
8t ' 2m R, 2T Req (11)

Ly

2T Reg (12)

and the mutual inductance M, between two conductors is given by:

l
My, :Elng (13)

while in the overhead line-earth circuit [70]:

Zl = T'l +](1)L1
Zy =1, +jwL, (14)
Zip = JwM;,

total impedance Z:

Z=Zl—2212 +Z2

= (L +12)
(15)
Ho d?
+jw—(In———
jog( Requeqz)
and
d2
D. =
g Rqu (16)
hence
. . Mo Dg
Z=(rt+r)+jo_(n Req1) (17)
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. . f () . . .
where r; is the conductor resistance in — and r, is the earth equivalent resistance r, =

0.05 (%) when 50Hz.

3.3.2 Rail impedance
Overhead line cross sections are always round or nearly circular in shape [71]. This form makes

it simple to compute the total impedance. Even though AC flow at the conductor of an overhead
line can alter the impedance slightly, the overhead line AC resistance can be roughly equated
to DC resistance, which equals resistivity divided by the equivalent radius. However, rail

design is more intricate, and the AC significantly affects the resistance value.

Figure 16 Cross section of a rail [71]

Nevertheless, the rail model can be simplified as a rectangle:

Thickness t =

Widthw=g—t (19)
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where p is the perimeter of the conductor. For European standard rail UIC 60, w =317 mm and
t =24 mm [71]. As in the description above, the rail also has a skin effect, while the skin depth
is:

p
§ = 0.5
[Tff.uolir]

(20)

where py, = 4110~7 H/m, u, is the relative magnetic permeability of the steel rail, f is the
frequency in Hz, and p is the resistivity of the steel rail in Ohm metres. The rectangular
conductor also needs to be concerned about the edge and corner current; a coefficient K
multiplied by R is used to correct the error of the rectangular conductor. Finally, the rail

impedance R, is roughly equal to:

_ RchC
Rqe = m (21)
where
1.2 1.2
Ke =1+ F(Nl7az + zw! (22)
e w et
F(f) — (1 _ e—0.026P) (23)
P = A%5/(1.266) (24)
t
X = 2(1+W) 8/t (25)
21
Rec =[] 26)

where p is the rail resistivity in Ohm metres, | is the track length, and A is the cross-sectional

area of the conductor.
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3.3.3 DC railway resistance
DC railway system impedance does not consider the inductance of the transmission wire or rail,

hence the conductor impedance is also equal to the conductor resistance. A two-substation

model in DC railway is shown as follows [72]:

] Ri 4 R:
WWA— =W
R.‘mh |'| I.'t RE"U
DC Rectifier " DC Rectifier
Substation & . G, -] Substation
- Vil AW )
0 R 1 R 2

Figure 17 DC resistances in a two-substation model [72]

In Figure 17, R, IS an inner resistor of a substation due to the power electronics devices. R;
and R, are the transmission line resistances and R5, R, are the track resistances. All resistance
values are based on the transmission line resistivity and rail resistivity, and they are positively

correlated with the length of the conductor.

3.3.4 Power flow solver and test results

3.3.4.1 Power flow modelling

Unlike a DC system, an AC AT system needs only one side of a single substation to power a
train. Each substation has two sides, and at the end of each side is a neutral point. This is
because every neighbouring side gets power from a different phase of a three-phase source.
Due to this isolated point, each side can be looked at separately, which helps to avoid problems
from a three-phase imbalance caused by a one-phase network. In this part, all the diagrams of
railway circuits are made using Tina-Ti, and the pictures showing results are from MATLAB
scripts.
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The current loop analysis in Figure 18 is for an AT feeding system with four ATs and one
55 kV voltage source divided into two 27.5 kV voltage sources for examination. The purpose
of employing 55 kV rather than 50 kV is to boost the voltage by 10% for further transmission.
Z, and Z, represent the voltage source’s internal impedance, whereas the remaining

impedances (Z5—Z,) represent the transmission line impedance.

Z1 2 £3 3| Z8& 4 Z8 5 Z10 &
[ — H — H — H —
+
BEET N i O : :
-
4
2 76 Z1 zZ1g
g — —1 1 1
(4]

Figure 18 AT feeding system with four-AT structure

Loop current analysis may be used to determine the system’s power flow regardless of the
train’s location. For instance, imagine the train travels between AT, and AT5. The impedance

of the catenary wire and the rails separates into two sections behind and ahead of the train.

Due to the AT’s symmetrical arrangement, all current from rail to feeder wire is added to equal
half the train current (1;), resulting in a current via the voltage source of I,/2 as I;. To
determine the current value across each AT, the train’s loops 2-4-9-7, 3-4-9-8 (clockwise loop)
and 4-5-10-9, 4-6-11-9 (anti-clockwise loops) should be considered for AT, AT,, AT5, and ATy,

respectively. Assume the currents in the loop above are I, 4, I, 5, I, 3, and I 4, all of which pass

through the train.
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Lty +hythsths=1I (27)
and for substation current:
L =1./2 (28)
so, the sum of loop current is:
Lyt L+ L+, =1/2 (29)
The loop current arrangement depends on the sum of each loop transmission impedance:
Rioop ari = Rraitari o train T Reatenary wirearito train~ (30)
The admittance of each loop:
[YloopATL'] = [Rioop aril " (31)

so the current through each loop can be calculated as:

I = [YloopATL']
2,i <l 1

o Z[Yloop ATi] (32)

After determining the current flow through each loop, the voltage distribution in overhead lines

and rails and train voltage (the voltage difference between catenary wire and rail at train V, —

5) can be easily calculated. It depends on the self-impedance and mutual impedance of the

catenary, rail, and feeder wire, the current through the wire as well.

3.3.4.2 Newton—Raphson iteration

Typically, the voltage and current of the train cannot calculated by the circuit equations directly.

These equations are unnecessarily complicated and nonlinear. As a result, most AT system

studies employ the iteration approach to resolve this issue. The Newton—Raphson iteration

method will be employed in this study [73, 74]. Figure 19 shows the Newton-Raphson iteration
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for current and voltage calculation. Firstly, the train current is assumed as 400 A as the high-
speed train current is between 300A to 400A [75]. Then, the algorithm corrects the train current
by comparing the instantaneous constant power to the calculated power after calculating the
approximate voltage value based on the current assumption. Instantaneously, the train may be
seen as a continuous power load. The new train current sort out according to the train load

power and its new voltage value.

[ Overhead line, rail. and AT parameters I

h 4
| Train parameters |
\ 4

| Initial train current assumption ‘

\ 4

l Resistance calculation l

‘ Loop current calculation }4-—

l Train voltage calculation ’

v

I Train current calculation and update |

Output voltage and current on wire and train

Figure 19 The Newton-Raphson iteration method for current and voltage

Here is the example of Newton—Raphson iteration. It is assumed that the train is located
between AT1 and AT2 like Figure 18. The point 4 is where train connecting with overhead
line. According to the equations in Section 3.3.4.1. The voltage difference between overhead

line Point 2 to Point 3 is:

Vou =Vo3+ V3, (33)
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The voltage difference between overhead line Point 2 to Point 3, and between Point 3 to Point

4 are:
Vo3 = (11 + 12,1) XZeXDyg—2I31 X Zep X Dy — (11 - 12,1) X Zcr X D3 (34)

Va4 = (11 + 1, + 12,2) X Ze X (Dy = Dy3) — 2(Ip1 + Ip2) X Zgp X (D — Dp3)  (35)

- (11 —I; — 12,2) X Zeg X (De — Dy 3)

Similarly, the voltage difference between Point 7 to Point 9 is:

V79 =V78+ Vg9 (36)

and separately, the voltage difference between rail Point 7 to Point 8, and between Point 8 to

Point 9 are:
V7,8 = 2]2'1 X ZT X D2,3 - (11 + 12,1) X ZCT X D2,3 + (11 - 12’1) X ZT'f X D2'3 (37)

Vgo = 2(12,1 + 12,2) X Zy X (Dt - D2,3) - (11 + 1, + 12,2) X Zey X (Dt - D2,3) (38)

+ (11 I, — 12,2) X Zyg X (D¢ — Dy 3)

Hence, the voltage difference between overhead line and rail at train location is V,:

Vt - V4_’9 = 275 - (Zl + Zz) X 11 - V2,4_ + V7’9 (39)

where (Z; + Z,) is the system impedance, Z., Z, are the self-impedance of overhead line and
rail. Z s, Z,¢, Z are the mutual impedance between overhead line and feeder wire, rail and
feeder wire, overhead line and rail. D, is the distance between substation to the first

autotransformer, D; is the distance between substation to the train.
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Suppose

fIf) = AP = P, — I{(V})* (40)

According to Newton—Raphson iteration, the next iteration of train current :

. . It
[+ = i - ;((,tl)) (41)
t

where

. . A
f11) = =V - iy (42)
t

Combine Equations in Section 3.3.4.1 and this section, a new iteration I:** of train current can
get. If the new current value meet the convergence condition,

|Re(Il —Il*1)| < ¢

(43)
lIm(If — II*1)| < ¢

The iteration can stop and output current value. Or starting a new iteration.

3.3.4.3  Single-train power system simulator

The simulator for a single-train, single-track power system computes the distribution of
network voltage. The dual rails are modelled in a simplified manner based on track bonding.
Within this simulator, a train commences operation from the substation and travels to an
extended distance. During the journey, parameters such as voltage, current, and the equivalent

system impedance of the train are continuously monitored and recorded.
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Figure 20 Train operating between AT, and AT;

Figure 20 depicts the simulator model circuit operating as the train travels between AT, and
AT;. MATLAB code may calculate the train’s path from the first to the fifth AT. In this case,
it is supposed that the train is a continuous power load of 10 MW (400 A and 25 kV), with a

power factor (PF) of 1 [75]. Five kilometres separates nearby ATS.

train woltage(abs)

train voltage(kV)

2 4 6 8 10 12 14 16 18 20
train location (km)

Figure 21 Train voltage changes against location

Figure 21 demonstrates how the voltage of the train varies while it is moving from the first
transformer to the last one. This curve indicates that the train gets a higher voltage at the point

of the autotransformer. Due to the characteristics of the autotransformer power supply, the
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current conducted to the rail through the train will mostly be equally transmitted back to the
contact line and feeder wire by the autotransformer. This additional current flow causes the
autotransformer's contact line to be at a higher voltage state. This is the reason why modern
railway systems use autotransformers to make the power supply length longer for each arm.
However, due to the increase in energy transmission losses over distance, even at the location
of the autotransformer, it becomes challenging to maintain high voltage values as the distance

increases. This extension has its limits because the voltage still decreases significantly over

long distances.

train current(abs)

train current(l)

364 r r r r r r r r r
0 2 4 6 8 10 12 14 16 18 20
train location (km)

Figure 22 Train current changes against location
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Figure 23 Net resistance in any location

As the train’s voltage decreases as it approaches the substation, its current should increase to
maintain the load’s constant power like Figure 22. Moreover, Figure 23 shows the overall
impedance of system is increasing. The total network current likewise grows in this condition,
and the power losses along the transmission line increase. Combined with Equation (28), the

transmission wire active power losses show as Equation (44):

P = 2Ultrain COS(PF) = 4‘Rwireltrain2 COS(PF) (44)
Figure 24 shows the power factor on feeding wire. When the train travels a greater distance, a
more inductive conductor (overhead line and feeder wire) is added to the circuit, and the whole

load, including the train and transmission line, becomes inductive. Increased reactive power

generation is occurring, and power quality is deteriorating.
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Figure 24 Power factor changes at feeding wire

contact wire wltage
27.45 T T T T T T T T T

27.4

27.35

voltage (kV)

N
N
w

27.25

272 r r r r r
0 2 4 6 8 10 12 14 16 18 20

position (km)

Figure 25 Contact wire voltage when train is at 7 km

Another profile for calculating network voltages may display the voltage distribution at any
location on the network, regardless of where the train is located. Assume the train is at
7 kilometres, as shown above. Because the catenary wire at the train’s point has the lowest
voltage, every other point must send current to the lowest voltage point in order for the train to

continue travelling.
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3.3.4.4  Multi-train single-track power system simulator

In contrast to a single-train power system simulator, a multi-train single-track power system
simulator should examine all trains in the same arm and aggregate their current flows for
analysis. After determining the current loop for each train, the voltage distribution is calculated

and the inaccuracy is corrected.
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Figure 26 Multi-train single-track power system structure

When computing the loop current, these two trains may be seen as two separate trains in order

to calculate the loop current individually.

The alternative method of calculating voltage distribution is to first calculate network voltage
by dividing the route into small segments, accumulating the voltage difference between each
segment based on transmission impedance and current flow calculations, and then determining
which train voltages through the network voltage distribution correct the error. Compared to
the approach used to simulate a single-train power system, this method may take longer to
gather network voltage. Nonetheless, this system is much easier to grasp and modify when

other features or profiles are introduced.
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Figure 27 Multi-train electric power system

This simulator can determine the net voltage distribution and power flow regardless of the
number and location of the trains. Similarly, imagine two trains run in the same arm of a
substation; for the sake of comparison, assume one train is positioned at 7 kilometres, identical
to the location of the train in the single-train power system simulator. At the same time, the

other is located at 11 kilometres.
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Figure 28 Contact wire voltage with two trains

In comparison to Figure 25, the voltage loss across the catenary wire rises while another train
runs in the same arm. At the point of first train, the voltage drops from the substation to the
train is 0.24 kV for one train system whereas the difference for two train system is 0.48 kV,
double the voltage drops compared with single train system. Two-train systems waste almost
twice as much energy as a single-train system at the start point as nearly double the current on
the transmission wire, where the first AT is placed. These two trains are reasonably close

together and share a continuous power demand, resulting in identical current flows.
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3.4 Traction system simulation
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Figure 29 Forces on a traction vehicle

As Figure 29 shows, train movement modelling includes forces of external effect shown as
gradient forces and resistance forces, including headwinds, friction, and other associated

resistance. Train traction movement depends on Newtonian motion equations as in

Equation(45).

m(1+ A)a = Fia — Fyrg — mgsin(a) — Fres (45)

Fos = (A+ Bv + Cv?) (46)

Fira = Nerain X (Pdemand/v) (47)

where m is the mass of the train and a is the train acceleration/deceleration rate. The inertial
effect, also called the rotary allowance, A = 8%, and « is the angle of the slope. The resultant
force consists of the traction force F,.,, braking force F,.,, gravity force mg in the direction of
movement, and resistance according to the Davis equation [56], Equation (46), where A, B,
and C are the Davis equation constant coefficients. A is a constant parameter, B is the parameter
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proportional to the operation velocity, and C is proportional to the square of operation velocity;
v is the operation velocity. The braking force F,,, combines the force of both electrical
braking and mechanical braking. Traction power is supplied by the motor powered by a multi-
mode power system, and the effort is inversely proportional to velocity. ;-4 1S the efficiency

of the train, typically set as 85%.

Traction simulation simulates the movement of trains by traction and the power system over
the whole route. In the first two steps of Figure 30, train and route reconstructions are sent to
the simulator to represent upgrading the original train and route. Train reconstruction considers
converting a diesel train to a multi-mode train using hydrogen fuel cell power and battery power,
and route reconstruction considers extending the electrified track length. In this part of
simulation, it is assumed that the power supply system is a box with a combination of energy
supply method including diesel engine, hydrogen fuel cell, battery, overhead line, and motors.
For the loop to calculate train traction, this simulator is computed based on the distance domain
(discretisation distance space AD). At the beginning of each space, the power system status is
the same as that at the end of the previous area. As Equation (48) shows, train velocity at the
end of the discretisation space V (i) is calculated according to the acceleration/deceleration rate
in Equation (48) and the end velocity of the previous space V(i — 1). Time consumed AT (i)

in any space is calculated by the average velocity in each step i:

V(@) =Vi-1)2+2xaxAD (48)
N 2xAD
O =D 470 “
P(i) = V(l)+(g_1) x m(1+ 1) x w (50)
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E(i) = P(i) X AT (i) (51)

Then, as it shown in Equation (50), the actually power required can be computed by the Speed
profile v(i) and Time AT (i). Besides, the energy required depends on the power required and
the time consumed in this space. The status at the end of step is determined and set as the start
status of the next step i + 1. Once that has been completed for all spaces (whole journey), the
completed performance of the train operation can be shown. This traction simulator is based
on the Single-train simulator at BCRRE.
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Figure 30 Traction simulator flow chart

3.5 Integration of power supply and traction systems
The power supply and traction system are the two independent systems in a railway system.

To combine these two system models as an integrated model, an integrated simulator needs to

be developed. It is necessary to find a connection point between these two models. The primary
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parameters for the power supply system are regrading to the power and energy. At the same
time, although the traction system considers the mass, speed, acceleration rate, and force, as
shown in Equation (45), the power demand used to maintain the force is the parameter based
on power. Hence, the integrated simulator is presented in Figure 31:
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Figure 31 Integrated simulator

This integrated simulator has two more power supply system related blocks compared with the
traction simulator in Figure 30 Traction simulator flow chart. Figure 30. These two block have
been inserted to the beginning and end of traction computation loop. The one insert to the

beginning of the loop is Multi-mode energy management, which includes a energy
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management system and power supply availability check system. Figure 32 shows before
starting the distributing energy, the simulator would check the availability of each power
supply system first, and send the status to energy management system to arrange the power

supply system usage.

Multi-mode ¢
energy
managem et

Power supply
availability
check system

l

Energy
management
system

Figure 32 Multi-mode energy management

The function of another block is to update the real power and energy requirements to each of
power supply system. Those information will be defined by specific power management
strategy and the overall power and energy requirement. For single powered system, the strategy
will be defaulting set as all energy from one power supply. For multi-mode train, the strategy
will be explained and shows how the train allocated energy requirement. Power supply systems
usage will be recorded, and the updated status will be sent to the next step to achieve dynamic

power management.
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3.6 Conclusion
This chapter is focused on developing the Train Performance Simulator (TPS), an essential tool

for modelling diverse railway power systems. It elaborates on the TPS's ability to accurately
represent various systems, such as diesel engines and hydrogen fuel cells. The simulator's
detailed modelling of real-world railway scenarios makes it a valuable asset for analysing and
enhancing railway efficiency, particularly in the context of reducing carbon emissions in
railway transportation. The integrated simulator with two energy supply related blocks solves
the problem of allocating multi-mode energy supply and dynamic updating energy supply
system. this simulator has been used for the journal paper “Development of a smart hybrid
drive system with advanced logistics for railway applications” published in International

Journal of Hydrogen Energy [76].
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4  Evaluation of diesel train power pack replacement and
operation cost

4.1 Introduction
In the UK, the railway sector is instrumental in achieving zero carbon emissions. Facing a key

juncture, the sector must update its infrastructure to significantly reduce CO2 emissions. This
involves a critical choice between replacing diesel trains with hydrogen-powered ones or
investing in new electric lines. This chapter undertakes a full study in this regard, set against
the backdrop of global environmental concerns and the increasing demand for sustainable
energy in transportation. This section examines the shift from diesel to more environmentally
friendly train power systems, conducting a thorough comparison of their operational costs and
environmental impacts. The analysis extends beyond mere cost comparisons, incorporating
financial aspects of substituting diesel with alternative energy sources for trains. This inquiry
is indispensable for the railway industry as it seeks to navigate the complexities of adopting
greener technologies. The chapter further explores the broader implications of this transition,
addressing some potential opportunities that come with railway decarbonisation. Highlighting
the necessity of strategic planning and investment in green technologies, this chapter makes a
significant contribution to the discourse on sustainable transportation. It provides critical
insights and data, aiding in the evolution of more efficient, cost-effective, and environmental-
friendly rail systems. This extensive analysis plays a key role in directing the future of railway

transportation, ensuring its alignment with worldwide sustainability targets.

Section 4.1 of this chapter summarises the current railway economic analysis and explains why
it is not used in this thesis. Section 4.2 breaks down the total cost of railway modernisation into

many smaller components. Section 4.3 examines a case study of the Midland Main Line from
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London to Sheffield. The assessment findings were analysed to demonstrate the likely reasons

for the disparate performance of these various schemes.

4.2 Overall cost calculation

Modernising the railway system to reduce carbon emissions will require significant initial
funding and ongoing costs for new trains and their upkeep. Below are the key costs evaluated

in this study:

« Initial infrastructure costs — These include a variety of capital and renewal expenses over

time, which account for the cost of installing overhead electric lines.

« Fuel costs for trains — These vary depending on how much fuel different types of trains use

and the distance they travel according to the passenger timetable.

 Replacement costs — There are higher costs for maintaining overhead line infrastructure
and different costs for maintaining trains, depending on how far each type of train travels

according to the passenger timetable.

As detailed in section 4.1, there are three main types of total costs: those for infrastructure,
energy use, and replacement. As the initial cost shown in Section 4.2.1. The costs for
converting trains also differ based on the method (changing a diesel train to a battery train, an
overhead electric line train, or a hydrogen fuel cell train). Like Section 4.2.2 represented, the
energy cost could be any type of energy source, so there is a description containing different
energy consumptions and their final cost. Moreover, the equipment needed for different
upgrade methods has a limited life and will need ongoing maintenance or replacement when it
is no longer in good condition. The cost of such repairs or replacements must also be considered.
Section 4.2.3 shows different equipment replacement calculation and their specific information

details should be with case study in following chapters.
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In summary, the total cost C;,:,; Can be separated into three different parts: initial cost C;,,;,

energy cost C,, and replacement cost C,..,, as shown in Equation (52).

Ctotat = Cini + Ce + Crep (52)

4.2.1 Initial cost
The initial cost is the total cost of the train before operation. All railway upgrade plans must

include replacing older vehicles with new ones. As a result, the original cost of all three kinds
of trains consists of the cost of train conversion. Purely battery or purely hydrogen trains do
not require the overhead line infrastructure in the route rebuilding cost because there is no
electrification considered. On the other hand, an electric train requires electrification
infrastructure to deliver power through the overhead line. Thus, the electric train’s initial cost
includes not only train conversion cost C,,,,, but also route rebuilding cost C,,yte rep- The
initial costs associated with each of the three upgrade methods are calculated as given in
Equation (53):
Ceonv Battery train

Cini = Ceonv Hydrogen trian (53)
Ceonv + Croute rep Electrical train

4.2.1.1 Train conversion cost

Ceonv @ shown in Equation (54) includes the essential fixed rebuilding cost Cr;y.q Which
includes the cost of the motor, circuit, converter, and other components, and the cost of the
battery pack and its associated components Cgp, as well as fuel cell cost Cr. and hydrogen tank

cost Cy,, ¢ The number of converted trains is counted as Niyqins-

Cconv = Ntrains X (Cfixed + CBP + CFC + CHy_t) (54)
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4.2.1.2  Route rebuilding cost

The cost of route rebuilding was assessed in this evaluation by classifying the unelectrified rail
network into two groups, each with its cost rate for electrifying a single-track kilometre (STK).
The route’s complexity was determined using the following criteria: the route’s length and civil
engineering complexity (i.e. considering the number and nature of bridges and tunnels on the
route). At this time, normal route electrification costs have been projected, ranging from £1
million to £2.5 million per STK [7]. Equation (55) illustrates two aspects of C,.oyte ren- EXCEpPL
for tunnels, the normal route cost C,,,,-mq; cOMprises electrification infrastructure and the cost
of renovating the route from the ends of the electrified portion to the terminal station. Tunnel
electrification costs are calculated individually as C,,ne; Since they are much greater than for

ordinary routes owing to the challenges associated with upgrading tunnels or bridges [7].

(55)

Croute reb = Cnormal + Ctunnel

4.2.2 Energy costs
The energy costs of diesel and multi-mode trains are evaluated independently in Equations

(56) and (57). For diesel trains, the energy cost C,, ., only includes diesel consumption
multiplied by the diesel fuel price Prp, , the engine Pgygine, and the engine efficiency ng,gine,
whereas for multi-mode trains, the cost includes both hydrogen Eyy ¢ and electricity Ege ¢
energy consumption multiplied by their respective prices Pry and Prg. In this study, the power
demand is determined by the movement status like 3.4 showed. Assuming that the energy price
Pr changes yearly and that the price change slope a is the same as it has been in prior decades
[77-81], the fuel price in the j-th year is represented by Equation (58). The original price of

energy g is defined as Pr(0). If all trains operate as planned and use Ny, fuel each year,
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the total cost Cg of energy g (diesel, hydrogen, or electricity) for the next 40 years is provided

by Equation (59) [82].

Penoinedt
Cediesel — PT‘D Xf Engine (56)
nEngine
Cemulti—mode = PrH X EHY_C + PrE X EEle_C (57)
Prg(j) = Prp(0) x (1 +j X a) (58)
40
Cg = Napnu X Z Prs(j) (59)
=1

4.2.3 Replacement cost
Usually, all equipment has an estimated life cycle. On reaching the end of its lifespan, it should

be replaced. In this thesis, the battery pack Cgp rp, fuel cell system Crc ,.p, and traction system
equipment Cpo¢or rep are considered, and their costs are summed as C,.,, in Equation (60). The
battery pack needs to be replaced due to its degradation. Every time it charges or discharges,
the degradation effect of the materials reduces the battery capacity [83]. If the maximum
capacity decreases to approximately 75%, it would be considered degraded and replacing by
another battery [84]. In this thesis, the standard for degrading of battery is the depth of
discharge. The sum of all state of charge changes due to energy discharging is counted as the
total depth of discharge [85]. The replacement of the battery pack is determined according to
the times of its lifespan, depth of discharge DODy;f.span, and total depth of discharge as in
Equation (61). However, the replacement period for the fuel cell and the motor is assumed as
a fixed period of years, yearsc perioa aNd yearmotor perioa 1N Equations (62) and (63),

respectively. They would be replaced when reaching their own lifespan limit. Except for the
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replacement cost, the first-time system installation cost is included in year 1, and all equipment
has an estimated life cycle. On reaching the end of its lifespan, it should be replaced. In this
thesis, the battery pack Cgp rp, fuel cell system Crc ,.p, and overhead line equipment Co g rep
are considered and their costs are summed as C,.,, in Equation (60). The replacement period of
the battery pack is determined according to the times of its operating depth of discharge because
it directly affects the number of charge-discharge cycles a battery can undergo before its
capacity significantly degrades, and the cost is shown as in Equation (61) [85]. However, the
replacement period for the fuel cell, overhead line equipment, and motor is assumed as a fixed

long time in Equations (62) and (63). The first-time system installation cost is included in C,;-

Crep = Cpprep T Crcrep + Crmotor rep (60)
Cpprep = Cpp X (% -1 (61)
Crcrep = Cre X (Jﬂ—t;(:::fmi -1) (62)

Crmotor rep = Crixea X (y p a}:j:jt::ﬂm —-1) (63)

4.3 Cost evaluation and analysis case study
4.3.1 Modelling data

4.3.1.1 Route selection

This cost—benefit study examines the route connecting London and Sheffield through Derby.
This route is served by the Midland Main Line, a major railway line in the UK. The plan
includes 16 significant stops and pauses totalling 256 kilometres [86, 87]. On the Midland Main

Line, there are currently some electrification projects in progress [88], but only about 31% of
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the tracks from London St. Pancras to Bedford are completely electrified; additionally,
electrification of the route from Bedford to Kettering, which accounts for approximately 13.5%

of the entire route, began in December 2018.
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Table 3 Locations of Midland Main Line stations [86]

Station Location [km]
London St. Pancras 0.00
Luton Airport Parkway 46.78
Luton 48.38
Bedford 79.46
Wellingborough 104.22
Kettering 115.22
Market Harborough 132.68
Leicester 158.54
Loughborough 178.58
East Midlands Parkway 189.20
Long Eaton 192.56
Derby 205.00
Belper 217.10
Chesterfield 233.60
Dronfield 241.60
Sheffield 256.00
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Table 4 Location and length of tunnels [86]

Tunnel Location Length
[km] [m]
Bromham Viaducts (River Ouse) 81.44 140
Clapham Viaducts (River Ouse) 83.16 120
Oakley Viaducts 85.38 120
Milton Ernest Viaducts 86.74 160
Radwell Viaducts 87.93 130
Sharnbrook Viaducts 89.92 180
Sharnbrook Tunnel (slow line only) 94.40 1701
Irchester Viaducts (River Nene) 102.00 140
Wellingborough Viaducts (River Ise) | 103.42 120
Knighton Viaduct 155.8 80
Knighton Tunnel 156.84 95
Hermitage Brook Flood Openings 178.36 60
Flood openings 180.36 40
Redhill Tunnels 190.12 160
Trent Viaduct 190.34 220
River Derwent Viaduct 204.86 60
Nottingham Road Viaduct 205.60 60
Burley Viaduct (River Derwent) 210.68 80
Milford Tunnel 214.14 782
Swainsley Viaduct 215.54 80
Broadholme Viaducts 217.82 140
Toadmoor Tunnel 220.94 118
Wingfield Tunnel 223.34 239
Clay Cross Tunnel 234.02 1631
Alfreton Tunnel 216.22 770
Unstone Viaduct 239.78 120
Bradway Tunnel 244.18 1853
East Bank Tunnel 252.82 73
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Figure 33 Line altitude, stations, and speed limit from St. Pancras to Sheffield

4.3.1.2 Vehicle model

Table 5 Class 222 (four cars) parameters

Parameter Value Reference
Traction power 560 kW/car [89]
Weight 214 tonnes Assumed
Train efficiency 85% [90]
Engine weight 1.9 tonnes/car | [91]
Diesel tank (empty) 0.1 tonnes/car | [91]
Diesel 1500 litres/car | [91]
Auxiliary equipment 3 tonnes Assumed

The Class 222, a diesel multiple-unit high-speed train, serves as the benchmark model for this
research. Table 5 shows some parameters of a four-car Class 222. Each vehicle on this train is

equipped with a 560 kW engine (2240 kW in total for four cars) [89]. Assume the Class 222
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train weighs is similar as the other Class 220 family trains, which weigh 214 t. The train’s
efficiency is 85% when all components and gear energy losses are included [90]. Each Class
222 vehicle is equipped with a QSK19 diesel engine weighing 1.9 t, a 1500 litre diesel tank
weighing 1.26 t, and auxiliary items totalling around 3 t [91]. It can travel roughly 2170
kilometres after refuelling [92]. Based on the simulation results for the initial diesel Class 222,
the journey from London St. Pancras to Sheffield, spanning a distance of 256 km, necessitates
approximately 2243.5 kWh of traction energy. This energy requirement is equivalent to 7478.2
kwh of fuel when considering the efficiency of the diesel engine. Moreover, for a similar

operation performance, the traction energy consumption for 2170 km operation is
approximately % X 2243.5 kWh = 19017.2 kW h. Considering the efficiency of the diesel

engine and the energy density of diesel fuel, it can be calculated that 6000 litres of fuel,
containing 60 MWh of energy, can be converted into 18 MWh of traction energy [93]. That is
highly similar to the calculation results. Because all new conversion trains will be electric,
diesel engines and tanks should be removed. Electrical motors should be equipped with a
pantograph for operation on the electrified route. Furthermore, when contemplating the
adoption of a self-powered traction system, such as hydrogen fuel cells or battery packs, it
becomes necessary to account for the relative weight changes of various components including

the hydrogen fuel cell, hydrogen tank, battery pack, and other related elements.

4.3.1.3  Battery characteristics

Table 6 Simulation battery pack characteristics

Parameter Value

Working SOC range | lowest | 0.1
highest 1
Discharging rate 5C
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Charging rate CcC 2C
Cv |01C

The battery utilised in this thesis is a LiFeO, battery; as Table 6 shows, the battery operates
within its specified state of charge (SOC) range from 0.1 to 1. The SOC range mean that the
energy remain in the battery should only between 10% to 100% of its capacity. The discharge
rate in the table is the maximum discharging power, and its capacity is proportional to that
power. When the SOC is less than 0.93, the constant current (CC) charging mode is activated
throughout the charging process. When the SOC exceeds the threshold, the charging mode is

changed to constant voltage (CV) charging which is slower [94, 95].

4.3.1.4  Train conversion design

Table 7 Train conversion characteristics

Parameter Value Reference
Overhead line energy efficiency 87% [13]
Hydrogen fuel cell efficiency Varied [96]
Diesel engine efficiency 30% [93]
Battery charging/discharging efficiency | 94% [97]
Diesel engine system 6.78 tonnes/car | [91]
Electrical motor system 4 tonnes/train | Assumed
Battery pack system 20 kg/kw [98]

Fuel cell system 2.5 kg/kw HydroFlex
Hydrogen tank (350 Pa) 0.66 kg/kwh [40]

The simulated period is based on the typical train lifetime of 40 years; 12 Class 222 diesel
trains are estimated to have been converted, with each train consisting of four cars. The

overhead line is the most efficient supply system (87%), while diesel engines are the least
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efficient at 30%. To simplify the modelling computing, most of the efficiency are set as fixed.
However, the hydrogen fuel cell has a really high range of efficiency during operating.
Simultaneously, it is assumed that the efficiency of hydrogen fuel cells is not set at its most
extreme level. The efficiency of hydrogen conversion to electricity varies according to the
output power of the hydrogen generator. According to the hydrogen fuel cell efficiency study,
the efficiency continues to improve, reaching roughly 52% at 20 kW output power [96].
Furthermore, it decreases roughly linearly as output power increases, reaching 45% at 100 kW
[96]. Figure 34 illustrates the efficiency curve in crude form.
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Figure 34 Hydrogen fuel cell efficiency vs fuel cell output power [96]

When discussing train conversion design, it is believed that the train’s weight will vary. When
comparing diesel trains to electric trains, the weight difference is constant, but the weight of
the power system varies according to its planned capacity or power [25, 36]. The data on system

power—weight ratios come from the University of Birmingham’s HydroFLEX 1.1 study. Each
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battery pack employed in HydroFLEX contains 84 kWh of energy, and it can supply 125 kW

of power. HydroFLEX is the UK’s first hydrogen-fuelled train, tested on the mainline in 2019.

4.3.1.5 Data for cost calculation

Table 8 Price of different parameters

Parameter Price Reference
Fixed cost £0k/car [23]
Battery system £217/kWh [99]

Fuel cell system £1200/kW [23]
Hydrogen tank 8B/kWh [23]
Normal route electrification | £1.8 M/ptk [7]
Tunnel electrification £7.5 M/ptk [7]

Diesel fuel £.13/kWh [78, 100]
Hydrogen fuel £).3/kWh [101, 102]
Electricity £.1/kWh [77, 100]

Table 8 details the costs of train conversion, route reconstruction, and fuel. As with train weight,
the cost of train conversion varies based on the design of the power system. The route’s repair
cost is included in its length, and each line has two tracks [7]. The replacement period varies
according to the type of equipment. The battery pack has a life of 3000 full-depth charges [85].
The lifespan of hydrogen fuel cells for railway applications is expected to be long, typically
designed to match the operational lifecycle of the train as 40 years. Besides, it is assumed that

the hydrogen fuel tank as same frequency as hydrogen fuel cell.

4.3.2 Cost evaluation results
In this case study, three prospective enhancement methods are explored: electrification,

hydrogen fuel cells, and battery packs. As per the energy capacity analysis detailed in Section

4.3.1.2, it is deduced that the train must carry a minimum of 19 MWh of energy onboard to
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maintain its performance post-conversion from diesel. Consequently, equipping the entire train
solely with battery power, as outlined in Table 6 and Table 7, would necessitate the installation
of battery packs weighing approximately 1900 tonnes for a four-carriage train. This weight
substantially exceeds the total mass of a standard four-carriage train, which is around 220
tonnes. Typically, each coach of the train is supported by four axles, with an axle load capacity
of approximately 25 tonnes. This implies that the axles of the train can sustain a maximum load

of 400 tonnes, far less than the required battery weight.

In this case, the pure battery train is not an acceptable upgrading choice as the hydrogen train
and electric train can be designed without too much change in weight. These two upgrading
methods will be evaluated and analysed in this case study. Only pure hydrogen fuel cell train

and pure electric train are analysed in this case study.

Total Cost
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Figure 35 Total upgrading cost

The cost of both hydrogen and electric upgrades is depicted in Figure 35. Clearly, the cost of

electrification 1s far higher than the cost of hydrogen trains. The cost of converting a railway
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to hydrogen energy is minimal since it only considers the train conversion, including removing
diesel engines and installing a new electrical motor powered by a hydrogen fuel cell energy
system. However, converting an electric train does not just include the cost of the train
conversion; it also provides for the cost of route reconstruction. Already, the starting cost is
higher than the entire cost of a hydrogen train. Additionally, electrified trains do use energy.
Although the energy cost is far less than the cost of hydrogen fuel cell trains, it still accounts
for a fraction of the entire cost. The electric upgrading does not contain any hydrogen fuel cell
and hydrogen tank replacement cost in this situation, so the replacement cost is 0.00 in this

figure.
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Figure 36 Share of upgrading cost

The cost distributions for both upgrading strategies are shown in Figure 36. Both hydrogen fuel
cell trains and electric trains have exceptionally cheap replacement costs that may be
disregarded. A significant portion of the cost is utilised as the starting cost for electric trains.
The length of the electrification project and the STK unit pricing are critical factors in
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determining the cost of upgrading electric trains since they significantly impact the cost
evaluation of electric trains. In contrast to the original cost, which accounts for 88.23% of the
total cost of an electric train, the energy cost accounts for just 11.77%. However, the cost-
sharing for hydrogen trains is quite different. Almost all the expense of a hydrogen fuel cell is
in the energy component. Energy costs are high due to both energy use and energy prices. The
hydrogen replacement cost is quite low compared to the energy cost. The absence of a specified

replacement cost implies that the proportion of replacement cost in electric upgrading is also

Zer10.
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Figure 37 Energy consumption

The energy consumption of specific parts of trains is seen in Figure 37. The left bar indicates
the amount of energy used by the traction system. It represents the mechanical energy required
to pull the train along the route. Traction energy consumption is approximately the same for

both upgrade techniques. The difference between these two strategies is merely 3.5%. However,
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hydrogen fuel consumption is about double that of electricity. This figure is

proportional to the cost of energy.
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Figure 38 Three-train running diagram

directly

Figure 38 illustrates the different trains’ running diagrams. Electric trains are the quickest,

taking 132 minutes and 47 seconds to complete the route. The hydrogen train performs

comparably to the benchmark train. Both trains take about 136 minutes and 30 second, with

the hydrogen train taking 6 seconds longer.

4.4 Conclusion

This chapter discusses a method for determining the cost—benefit ratio of railroad power system

modifications. It is determined by the cost of a single new improvement to the railway system.

The total cost comprises the initial investment, the cost of electricity, and the cost of railway

component maintenance. The initial cost is made up of train conversion and route rehabilitation

costs. Thus, when considering an electric train, one must bear in mind that the initial cost would
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be relatively high due to the high cost of route reconstruction. Energy costs are decided mainly
by the quantity of energy utilised during the period of the project’s 40-year operation. Different

applications of energy sources would result in significant cost disparities.

Moreover, railway maintenance is mainly concerned with the battery pack, hydrogen fuel cell,
and associated tank maintenance and replacement. The Midland Main Line upgrade is analysed
in this case study. For this 256-kilometre rail line, only the first 80 kilometres have been
electrified; the remaining 176 kilometres require extensive electrification owing to its length
and interconnection with tunnels and bridges. The cost of route reconstruction is more than the
entire lifespan cost of a hydrogen fuel cell train. Although 31% of the route has been electrified
in this case study, it is evident that upgrading to hydrogen fuel cell trains is a better fit for the
electric train. However, after analysing the cost-sharing, it is shown that nearly all of the
hydrogen cost is spent on energy consumption. Thus, if future energy prices shift significantly,
the appraisal of the proposal to upgrade to hydrogen fuel cell trains would be significantly
altered. Chapter 5 will apply a sensitivity analysis to determine the parameters’ relevance in
the railway cost evaluation function. In Chapter 6, a multi-mode train is developed, and its

design is optimised using optimisation techniques that take energy price variations into account.
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5 Determination of Railway System Parameter Importance
Based on Sensitivity Analysis

5.1 Introduction

The modern railway system in the UK enables a significant transformation of the electricity
grid. The previous diesel traction technique is highly environmentally unfriendly, while the
government has advocated many alternatives for improving the railway power system. Bi-
mode diesel-electric trains, hydrogen fuel cells, and electrification are the most feasible options
for decarbonisation. The selection between such strategies is made in a variety of ways.
Numerous variables are uncertain due to industrial, installation, and operating concerns, among

others. These risks add to the level of uncertainty around the ultimate cost.

Consequently, it is advised that when evaluating the total cost of railway decarbonisation
improvements, the statistical characteristics of the overall cost with uncertain parameters are
considered. In general, various uncertain factors affect the overall cost of upgrading and
running a railway differently. That is the focus of the research, which also includes a cost
sensitivity analysis. This thesis includes a sensitivity analysis utilising both local and global
sensitivity analytic methods. Sensitivity analyses assess the effect of input factors on a model’s
output using a range of different definitions and methodologies. Local sensitivity analysis is
used to determine the effect of each parameter’s nominal value on the model’s output at the
local level. The direct derivative or finite difference method is often utilised to determine
parameter indices. Global sensitivity analysis examines the impact of changing the model’s

input parameters on the model’s output and dependents.

This chapter compares two methods of upgrading: hydrogen fuel cell upgrades and train
electrification upgrades, using the cost evaluation method demonstrated in Chapter 4. The

parameter influences vary according to the upgrading situation. Sensitivity analysis is used to
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determine the impact of other uncertain parameters. In this study, local sensitivity analysis
looks at twelve factors: Station distance, Service frequency, Train efficiency, Regeneration
efficiency, Weight, Davis A, Davis B, Davis C, Maximum power, Maximum speed, Energy
price, and Electrification price. It's obvious that trains travelling longer distances and heavier
trains need more energy, but the rate of this increase might be different. Some reports have said
that hydrogen trains might be better than electric trains for services that don't run very often
[15]. Sensitivity analysis is important for understanding how important these things are. The
efficiency of the train and the Davis coefficients are about how much energy is lost, while how
well energy is regenerated is about getting back traction energy. The impact of the train's
maximum power and speed is always a key thing for how well a train performs. The prices of
energy and electrification directly affect the cost of running and the initial cost. Since these
prices change a lot, looking at them can help people making decisions know which way to go
for upgrading, even if prices keep. The five parameters examined by global sensitivity analysis
are chosen from above 12 parameters by their results. It is intended to train the conversion cost
model by determining which parameters respond more precisely to significant changes in the

output cost.

Unlike optimisation studies, this study focuses on finding more essential parameters that can
be optimised and figures out the relations between those parameters. The highlights of this

chapter are:

e A wide range of local sensitivity analyses to determine the importance of 12
parameters in the railway upgrading total cost model.
e Analysis of which parameter changes influence the competitiveness of both

upgrading methods.
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e The high-order Sobol global sensitivity index represents the five parameters’ cross

effect for the final cost.

In this chapter, Section 5.1 illustrates the changes in railway energy supply methods and the
reason for employing sensitivity analysis. Section 5.2 explains two different practical
upgrading methods, and some relative parameters which would be used to check the sensitivity
are picked out. Section 5.3 reviews different railway system types that can influence the design
of upgrading methods. Those specifications which change the upgrading cost are pointed out.
Section 5.4 deeply discusses the two different sensitivity analyses and their principle. The
method follows necessary mathematic proof in sensitivity analysis, and the Monte Carlo
method is used for computing integration. Section 5.5 presents a case study for sensitivity
analysis of upgrading parameters based on the Midland Main Line, and also analysis the
Edinburgh Trams to present a comparison. The comparison results may show the difference
and similarity of different upgrading method in different scenarios. Finally, Section Error!
Reference source not found. shows the findings, which establish a reference point for further
investigating the relationship between overall cost uncertainty and the optimisation variables

chosen for railway system modernisation.

5.2 Different types of railway traction

5.2.1 Electrification
Electrification is optimal for upgrading old railway lines in an intensively used railway.

Compared with a diesel engine, an electrical motor has fewer carbon emissions which means
it is better for the environment. Moreover, changing the traction method from diesel engine to
electrical motor significantly increases energy efficiency and makes operation quieter. After

removing the diesel tanks and engines from the vehicle, an electric train is lighter even once
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the motor is installed, which decreases train body inertia so that train speed can be accelerated
fast. All the above can markedly reduce energy consumption. Therefore, there are many energy
cost savings from long-term financial considerations. However, the cost of building
electrification infrastructure is extremely high. Furthermore, according to the RSSB analysis,
electric traction power is the only low-carbon non-diesel alternative available that can offer

services at speeds greater than 100 mph [17].

5.2.2 Hydrogen fuel cells
If it is not possible to rebuild a particular line to electrify it due to unaffordable initial

infrastructure costs, another choice is to obtain a new self-power traction method powered by
greener fuel to take the place of a diesel engine. Hydrogen fuel cells consume hydrogen from
the hydrogen tank and produce electricity for electrical motors to move vehicles forward. Like
electric trains powered by overhead lines, hydrogen fuel cell trains also make less noise and
are more efficient than diesel trains. However, the current hydrogen storage technique limits
the application of hydrogen fuel cell trains. Even in the more recently introduced 700-bar
hydrogen tank, the hydrogen energy density is still low. If only the widely used 350-bar tank
were applied, the amount of hydrogen stored could not support hydrogen train operation for a
long trip with high power output. Once more hydrogen is needed in a single journey, more
space should be made for the hydrogen tank, and fewer passengers can be carried. To balance
the capacity of hydrogen tanks and passengers, a hydrogen fuel cell train applies a motor with
less power. Its low power means the train cannot accelerate to a high speed. The speed of the

UK’’s first hydrogen fuel cell train, HydroFLEX, cannot be over 150 km/h.
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5.3 Tram and mainline train specifications

5.3.1 Mainline rail systems
As the very basic train, the mainline train is the most common train on railways. It is mainly

used on the main railway between two cities. It is a heavy vehicle with high traction power
demand. For example, the British Rail Class 43 (HST), 500 ton 8-car train usually needs
2600 kW traction power demand. Mainline railways typically have at least a double track for
the capacity requirement in most countries. When considering railway upgrading by
electrification, multiple tracks mean multiple times the cost of infrastructure building. However,
for hydrogen fuel cell upgrading, the amount of parallel track does not impact the railway cost.
A typical mainline rail system’s maximum operating speed is not as high as 200 km/h for most

mainline railways.

5.3.2 Tram systems
A tram system, also called light rail, is a form of public urban street transportation. A tram is

usually lighter and shorter than a mainline vehicle, so that the resistance of the tram is relatively
low and the power demand is lower than that of a mainline vehicle. Nowadays, there are some
trams powered by electrified systems. However, the existing tram power supply system’s vary,
some being powered by gas or liquid fuel like diesel or petrol. Compared with other urban

vehicles, a tram has more efficient energy usage.

5.4 Sensitivity analysis
In this study, sensitivity analysis emerges as a important tool for identifying key factors

influencing output variability, pinpointing parameters that can be altered or eliminated, and
understanding the interactions between parameters. This method significantly aids in the
simplification of complex models, preserving essential system dynamics and interactions while

enabling more rapid generation of results. Key applications include a study on the critical speed
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of railway bogies [103], and an analysis of the principal risks associated with Belt and Road
railway projects [104]. Local sensitivity analysis was utilised to assess the energy consumption
of electric locomotives, although these studies lacked physical constraints in their modelling
[105, 106]. Research into traction and pantograph catenary systems also revealed that local
sensitivity analysis might not fully capture the overall sensitivity and interplay among
parameters [107]. Moreover, a global sensitivity analysis of energy loss in stationary energy
storage systems identified several sensitive factors amenable to optimisation [108]. Thus,
conducting sensitivity analysis on the parameters of railway upgrading cost models is

imperative for the accurate prediction and optimisation of railway costs.

5.4.1 Local sensitivity analysis
The most widely used local sensitivity analysis is the so-called OAT (one factor at a time)

which is mainly used in financial problem-solving and prediction [109]. This method examines
the output response by changing one of the parameters in a specific range. The approach of
local sensitivity analysis saves time. It primarily uses the derivative method to do its research.
The absolute and difference methods are both included in the derivative calculation. They are
widely used because they are highly accurate. However, obtaining the derivative function
might be difficult if the original procedure is too complicated. Regardless of the function
specifics, the difference method is determined based on output and input changes. As a result,
it can save time by eliminating the calculation of partially differential functions. Increasing or
decreasing a parameter will considerably change the objective function if a parameter is
sensitive. Where applicable, insensitive parameters and subsystems are adjusted or eliminated,

and more clearly understandable formulations are substituted.
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54.1.1 Absolute method
The absolute sensitivity function of y related to x; is as follows:

dy
y 2
Sxi - axl xo (64)

where x, stands for the ‘local point’, which means all variables set as 0 or predefined at typical
operating values. The partial differential of the function should apply to y only concerning x;.
The resulting unit of the absolute method is the function unit divided by the variable unit. For
different variable sensitivity analysis comparisons, if the unite of variables are different, they

cannot simply be ranked by their sensitivity values.

5.4.1.2 Relative method

Analysing the contributions of the input parameters to the output response in the same
framework is challenging since distinct parameters often have different dimensions and scales.
As a result, relative local sensitivity is defined as the change in the output response due to a
difference in the input parameters. The relative method is more valuable for comparing the

effects of the parameters. The close function is defined as follows:

Sy=a_y xﬁ

. 65
oo0x xy YO (65)

The relative method is more appropriate than the absolute method for analysing the sensitivity
of parameters with different units. Compared with the absolute method, the unit of sensitivity

becomes 1 (per unit) after being multiplied by x, over y,.
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5.4.1.3 Difference equations

Local sensitivity analysis can also be represented by using difference equations. The sensitivity

of a quantity x; concerning quantity y using difference is defined by:

52 =222 100% (66)

V1

where y; is the value of y at specific parameters x,; y, is the value of y on changing x; by 1%
(either increase or decrease) and keeping the other parameters the same. However, the
sensitivity value should compare parameters in the same direction because parameters are
sometimes more sensitive in one direction. A difference equation is a simple method for
sensitivity analysis compared with the relative method. It does not involve any derivative.
Moreover, it can effectively solve complex functions for which it is challenging to obtain the
derivative. This thesis uses a different method for the local sensitivity analysis due to its

complex cost function.,

5.4.2 Global sensitivity analysis
Global sensitivity analysis focuses on the variance of model output Y and, more precisely, on

how the input variability influences the output variance and gives a quantitative overview of
the influence. Sobol sensitivity analysis is a variance-based method of sensitivity analysis [110].
A simple variable change is required if the input variables are not defined in this interval.
Suppose the cost function in Chapter 4 is given by Equation (67). In the considered framework,
it is thus possible to show that ¢ can be decomposed into elementary functions, which can also
be called ANOVA representation in Equation (68) [111, 112]. For further analysis, the global

sensitivity analysis is conducted with the distribution type and regions of all known parameters.

90



Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion

Determination of Railway System Parameter Importance Based on Sensitivity
Analysis

Y =f(x) (67)

V=Fot ) i)+ D fyGua) +et fiplrx) (69

1<i<j<D
X = (%1,%X3, ., Xp) (69)

where f(x) is the integrable cost function, x is a D-dimensional variable which is given by
(69), Fy is a constant which is the overall average function value, and f; ¢ should satisfy the

following condition:

f oot (e Xy o, dx, =0 (70)

5.4.2.1 Total sensitivity index

The total sensitivity index means the entire output response by one parameter x;. It includes
the effect of the parameter itself responding (S;), and all other mixed effects which combine

with different parameters.

S9€i0tal = Sxi + Z Sxill + z Silﬂz +oet Sxil1---ld—1 (71)

llix,: ll,lzixi,ll<lz

where Szt is total sensitivity index, Sy, is the first-order sensitivity index or primary effect

of x;, and Sit, ..1;_, Means the j — th order sensitivity index.
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&8

Figure 39 Total sensitivity index distribution for a three-variable function

For example, assuming there is a function with three different uncertain parameters and those
three parameters influence the output when changed. The distribution of the sensitivity indices
of the three variables is shown in Figure 39. It includes all first-order (S, S, S3), second-order
(512,513, S23), and third-order sensitivity indices (S;,3). All sensitivity indices are summed as
shown in Equation (72). Moreover, in Equation (73), those higher-order sensitivity indices,

which include any parameter, belong to that parameter’s total sensitivity index.

Sl + SZ + 53 + 512 + 513 + 523 + 5123 =1 (72)

S;?tal =81+ 512 + 513 + 5123
S}S(Z)tal =8, 4+ 812 + 523 + 5123 (73)

Syt = 83+ S13 + S5 + S123
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Before the calculation, there are two definitions of the average value and variance value of
function Y. Assuming x~p(x) where p(x) is the joint distribution of x with [ p(x)dx = 1,

then the overall average value of the cost function can be defined as:

B0 = [ x pa)yax (74)

Hence, its unconditional variance value is given by:

Var(y) = f ((f(x) —E(M)’ x p(x)) dx

- [ (7 x p)ax + B2(1)

(75)
-2 [0 x £ x p)dx

= E(Y?) + E2(Y) — 2E%(Y)
= E(Y?) — E2(Y)

This means the unconditional variance can be simplified as an average value calculation.

Furthermore, there is a law of total variance [112]:

Var(Y) = Ey, (Varx~i(Y|xi)) + Var, (Ex~i(Y|xi)) (76)
where Var(Y) is called unconditional variance, while Var,_(Y|x;) is called the conditional
variance of x;, which is the variance of Y under the condition of x; = x;". E,, (VarxNi(lei))

is called the residual and the term (Var, (Exwi(lei))) is known as the first-order effect of x;

on function Y. The sensitivity index of parameter x is given by:
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B Var(E(le = xi))
o Var(Y)

(77)

To compute the total sensitivity index, a formula is defined as:

Var.,, (Exi (Y|X~i))
Var(Y)

SJEiOtal =1—
(78)

Var.y, (Exi(lel,xz, ey Xi—1, Xig1) ...,xd))

=1- Var(Y)

where Var.,, (Exi(lel,xz, ey Xi—1, Xig1) ...,xd)) is the variance of the average value of Y

under the condition of all other variables (x;, ;—1;+1..4) fixed except x;. According to the

law of total variance, Equations (76) and (78) can be altered to:

E_y, (Varxi(lel, Xy eeey Xie1y Xjg1y wees xd))
Var(Y)

(79)

total _
Stotal =

5.4.2.2  First-order sensitivity index

The first-order sensitivity index represents the main effect of the parameter without any
interaction with other parameters. It is also called the importance measure, sensitivity index, or
correlation ratio. It can be shown as:

Vary, (Ex (Y1x))
Var(Y)

A smaller conditional variance value of x; means a more significant influence of parameter x;.
However, a single conditional variance value highly depends on the position of x;*. Choosing
a different x;* would significantly affect the importance of x;. To avoid randomness, the

average value of the overall x;* conditional variance is used to present the sensitivity. The
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average of x; conditional variance is written as E,, (Var,_,(Y|x;)) and this value is always
smaller or equal to unconditional variance Var(Y). The molecular Equation (80) can be
simplified according to the law of total variance in Equation (76). Hence, the first-order

sensitivity index can also be written as:

(81)

Var(Y) — Ey, (VarxNi(lei))
Si =
Var(Y)

5.4.2.3 Higher-order sensitivity index

Higher-order sensitivity terms describe the interaction effects of the input parameters on the
output variance. Assume a set of m variables y = (xkl, ...ka), 1<k < <knp<D,andz
to be the set of remaining D — m variables, then x = (y, z). Computation of the higher-order

sensitivity index is based on the following representation:

_ Var, (E,(Y1y))

Y Var(Y) (682)

where Vary(EZ(Yly)) can be calculated by:

Var, = f(f(x) X f(y,z"))dxdz' — F¢ (83)

5.4.2.4 Monte Carlo method

It is impossible to figure out all possible points in global sensitivity analysis and get the
sensitivity indices for a complex function. The Monte Carlo method, also called the Monte
Carlo algorithm, is a way to estimate function results. It detects a set of M samples to assess
the overall sensitivity instead of calculating it depending on all possible points. The accurate

rate is relevant to the sample size M. Once the number M of samples is high enough, the results
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calculated according to those samples can be estimated as the overall sensitivity indices. To
reduce the impact of randomness and get higher accurate result, the range of each variable has

been separated into 5 same-length part. Hence, there would be 5¢ pools for all the samples.
Then all the samples are divided equally among each pool. Each pool can get g samples. By

using the Monte Carlo method and comparison with the Sobol sensitivity analysis calculation,

the overall average value of function Y is given by Equation (84):

M
1
E(Y) = MZ Y, (84)
i=1

From Equation (75), the overall unconditional variance of function Y is:

Var(y) = %Z V2 - (%Z v):  (85)

The first-order conditional variance computing formula can also be converted as shown in

Equation (86).
1 M
Var, (B (V1)) = > (F) x fOoxl)) = F¢ (86)
j=1

Similar to the first-order sensitivity index and according to Equation (83), the higher-order

conditional variance of parameter set y = (xkl, ...ka), is:

1
Vary =

|

D (1) x £037)) - R (87)
j=1

Combining Equations (77), (86), and (87), the first-order and higher-order global sensitivity

index can be figured out. Furthermore, the total sensitivity index of parameter set y is:
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VaT tot
tot — y (88)
Sy Var
where the total conditional variance of y is:
1 M
Var, "t = Var - ) (f(5) x f( %))~ F8)  (89)
j=1

It is extremely hard to compute a large set of parameters by global sensitivity analysis

simultaneously because of the time complexity. The Monte Carlo sample calculation time is:
Neotat = N(np"° + 0, + -+,  +141n,)  (90)

where Ny,q is the overall computing time, N is the number of samples, n,, is the number of

parameters, and ho is the highest order of the sensitivity index. Typically, ho is the same as
n,,. However, the higher the sensitivity index order, the less all those parameters affect the final

cost. It is not necessary to compute all orders of indices.

5.5 Case study
5.5.1 Train model and line data

55.1.1 Tram data

The benchmark tram line in this thesis is based on the Edinburgh Trams line. As this line was
built as an electrified route, for the railway upgrading cost research, assuming that it is a diesel
tram operating on the line before and analyses the tram upgrading by two methods. This train’s
body mass is 56.85 tonnes, and its A, B, and C Dauvis resistances are 1.085, 0.003, and 0.011,
respectively. Its maximum traction power is 904 kW. There are 13 intermediate stations located
on the Edinburgh Tram Line on this 13.8 km route. On average, the distance between two

stations is 1 km. The maximum train operation speed is limited to 70 km/h on this line, which

97



Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion

Determination of Railway System Parameter Importance Based on Sensitivity
Analysis

means the distance between stations is short. This speed limit is below the maximum speed of
a hydrogen train, so hydrogen fuel cell trains are also well-fitted for the tram route [48].
Generally, the tram does not have much cruising time because it will enter the braking stage
before the train reaches maximum speed. The daily tram operation is approximately 10 minutes

between two functions which are around 105 daily cycles as shown in Table 9.

Table 9 Nominal values of tram system parameters

Parameter Quantity | Units

Station distance 1 km

Service frequency 105 Per day

Train efficiency 0.85

Regeneration 0.15

efficiency

Weight 56.85 tonnes

Davis (A) 1.085 N

Davis (B) 0.003 N x>
m

Davis (C) 0.011 N x (i)z

m
Maximum power 904 kW
Maximum speed 70 km/h

5.5.1.2 Mainline train data

The benchmark diesel mainline train on the Midland Main Line is a Class 222 diesel multiple-
unit high-speed train. The train has a high traction power output of 2.24 MW. This powerful
engine propels the 214-tonne heavy train forward at a fast rate of speed. The Midland Main
Line connects London St. Pancras to Sheffield. There are 16 major stations and stops
throughout the route’s 265 kilometres [86, 87]. The tested route distance between two adjacent

stations is 20 km, approximately the same as on the Midland Main Line. The maximum speed
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in the mainline system is always higher than the tram line on Midland Main Line, which is
assuming as 176 km/h. This speed limit is about 10% above the hydrogen fuel cell train’s
current maximum speed. Therefore, the default line speed limit is 150 km/h. The operation
time gap of the mainline railway is longer than that of the tram: about four operations per hour
which is not so intensive. In total, it is assumed that there are 68 operations each day, as shown

in Table 10.

Table 10 Nominal values of mainline system parameters

Parameter Quantity Units

Station distance 20 km

Service frequency 68 Per day

Train efficiency 0.85

Regeneration 0.15

efficiency

Weight 214 tonnes

Davis (A) 3.454 N

Davis (B) 0.077 N s
m

Davis (C) 0.004 N x (i)z

m
Maximum power 2.24 MW
Maximum speed 176 km/h

5.5.1.3  Energy price and route rebuilding price

Regarding the energy price and route rebuilding price, all the financial data used for sensitivity

analysis are the same as described in Chapter 4.3.

5.5.2 Local sensitivity analysis
The OAT method is applied to generate all local sensitivity analysis results for the tram system

and mainline railway which is shown in Section 5.5.2.1 and Section 5.5.2.2 respectively. Thus,
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parameters with different units in any railway system are also valid. In this analysis, the results

show the sensitivity of 12 parameters:

e Station distance

e Service frequency

e Train efficiency

e Regeneration efficiency

e Weight

e Davis (A)
e Davis (B)
e Davis (C)

e Maximum power

e Maximum speed

e Energy price

e Electrification price

To better compare the sensitivity level between different parameters, all sensitivity indices
shown in the figure are absolute values. In contrast, the positives and negatives will be pointed
out in the discussion. Based on the evaluation model in Chapter 4, the equations in Section

5.4.1 has been applied to show the following statistical results.
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5.5.2.1  Tram system sensitivity analysis

Electic Tram Parameter Sensitivity
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Figure 40 Local sensitivity of electric tram parameters
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Figure 41 Local sensitivity of hydrogen fuel cell tram parameters

The results of the local sensitivity analysis of tram parameters are shown in Figure 40 and
Figure 41. Almost all the sensitivities tend to reduce from 80% to 120% in the parameter range.
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In the electric tram figure, ignoring those parameters that show a sharp change in sensitivity,
the two extremely sensitive parameters are the line length and electrification price, with
average sensitivity of 70% and 60%, respectively. Both parameters are positively correlated
with the final cost. If either of these two parameters increase by 1%, the final cost would rise
by 6.5% as well. There are three parameters with sensitivity located around 40%: train
efficiency, energy price, and tram weight. This level of sensitivity is classified as very sensitive.
When those very sensitive parameters change, it only has two-thirds of the impact on the final
cost for 40 years of operation compared with changing the extremely sensitive parameters.
None of the parameters are classified as sensitive (sensitivity around 20%) for the electric tram,
and the rest of the parameters are not sensitive. All of them can have a very limited influence

on the final cost.

The top-level sensitivity of the hydrogen fuel cell tram is quite different from that of the electric
tram. The importance of line length is much lower, showing only 20% sensitivity. Due to no
route rebuilding being required, electrification price (the second most important parameter for
the electric tram) shows 0% sensitivity. The very sensitive parameters are the same as for an
electric tram but with an extra parameter of train maximum power. Except for the above
parameters and top speed, the other parameters, including Davis coefficients and regeneration

efficiency, are still not sensitive.

The most interesting sensitivity curve above is the maximum speed curve. Before a threshold
speed, 108% for an electric tram and 100% for a hydrogen fuel cell tram, the sensitivity of top
speed stays at the highly sensitive level. Once the speed exceeds that threshold, the sensitivity

suddenly drops to 0%. The tram moving curve at threshold speed is shown in Figure 42.
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Figure 42 Hydrogen fuel cell tram operation curve at a threshold speed

Figure 42 is the hydrogen fuel cell tram operation curve. This curve is generated by the
MATLAB simulation developed in Chapter 3. The tram is almost at its maximum speed in the
line. According to the train resistance figure in Figure 43, the theoretical maximum speed is
around 150 km/h. However, considering the braking distance, the tram cannot accelerate to the
theoretical maximum speed before braking. After that, even the operation maximum speed can
be set higher than the maximum threshold speed. The moving curve would no longer change
and have no influence on the final cost. Once the length of upgraded line is longer and the train

can increase to a higher speed, the maximum speed can continuously influence the final price.
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Figure 43 Theoretical maximum speed of the hydrogen fuel cell train

Many studies have mentioned that regeneration can reduce the overall energy consumption
with a driving strategy. However, the sensitivity of both tram upgrading methods shows that
changes in regeneration efficiency have almost no effect (less than 0.1%) on the final cost.
From the power point of view, the limit of current onboard regeneration is not the regeneration
efficiency. The regenerator output power is much higher than the battery charging power.
Hence, increasing regeneration efficiency cannot help the onboard energy storage system store
more energy. After doing extra sensitivity analysis for battery charging power, it has 1.3%

sensitivity, higher than that of regeneration efficiency.

Table 11 Tram average local sensitivity index ratios

Parameter Electric Hydrogen | Ratio
tram tram
Line length 70.47% 20.23% 3.484
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Service frequency 43.25% 58.99% 0.733
Tran efficiency 42.65% 50.50% 0.844
Regeneration 0.00% 0.04% 0.000
efficiency

Weight 30.11% 35.50% 0.848
Davis A 1.29% 1.69% 0.766
Davis B 0.16% 0.19% 0.818
Davis C 4.78% 6.31% 0.757
Maximum power 2.02% 39.20% 0.052
Maximum speed 48.91% 42.05% 1.163
Energy price 43.25% 57.79% 0.748
Electrification price 58.69% 0.00% N/A

In the default parameter setting, the simulation evaluated that total cost over lifespan for the
electric tram and hydrogen fuel cell tram is calculated at £.2 million and £.2 million,
respectively. Looking at the average local sensitivity, if the sensitivity ratio of a parameter in
the two upgrading methods is more than 1, then the electric tram becomes less sensitive. From
Table 11, it's clear that the Line length has the highest sensitivity ratio when comparing the
electric tram to the hydrogen tram. The sensitivity index for the electric tram is about 3.5 times
that of the hydrogen tram. This is mainly because, for electric upgrades on the tram route, both
the initial cost and energy cost are important. Extending the line length increases both the
electrification cost and the energy cost simultaneously. However, for hydrogen upgrades, the
additional part of the extended route has a low acceleration rate. This means it needs less energy
to speed up the tram, so the increase in energy cost is not as noticeable as with electric
upgrading. In a similar way, the difference in the sensitivity index of maximum power is due
to the different rates of energy cost change. Increasing the maximum power allows the

hydrogen tram to have a longer high-speed acceleration stage, but this doesn't affect the electric
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tram as much because most of its acceleration is already at a high rate. Extra maximum power

doesn't significantly alter the operation curve.

5.5.2.2 Mainline railway

Electic Train Parameter Sensitivity
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Figure 44 Sensitivity indices of electric mainline train parameters

According to Figure 44, the two parameters most impacting the electric mainline train are line
length and electrification price, which are similar to what is observed for the electric tram in
Table 11. However, in comparison to the electric tram, the significance of these two parameters
is greater for the electric mainline train: the impact of line length is 15% higher, and the impact
of electrification price is 10% higher. This difference indicates that, unlike other railway types
and upgrading methods, the effect of line length on the electric mainline train is nearly
equivalent to its overall cost. In the second tier, parameters like maximum speed, train
efficiency, energy price, and service frequency are less sensitive, yet they still fall into the very

sensitive category.
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Moreover, train efficiency gets less important if it rises to a high degree and touches the
sensitive parameter class line. The influence of train weight also decreases, becoming an
insensitive parameter with the Davis coefficient. However, the sensitivity index of Davis C
coefficient increases to around 9%. The mainline has a higher operation speed, increasing the

importance of the Davis C coefficient.
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Figure 45 Sensitivity indices of hydrogen fuel cell mainline train parameters

For the hydrogen fuel cell mainline train, compared with the hydrogen fuel cell tram, it is
obvious that all sensitivity indices are more or less increased except for weight and regeneration
efficiency. As analysed in the tram part, the regeneration efficiency is almost in front of that
needed, and extra efficiency cannot provide more benefit. The energy proportion used to
overcome the train’s inertia is reduced, and more energy needed for maintaining the speed

might be why the importance of the weight parameter decreases.
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Figure 46 Hydrogen fuel cell mainline train operation curve at a speed limit of 150 km/h

Furthermore, the impact of maximum speed on the mainline train differs from its effect on the
tram. The sensitivity gradually decreases from 40% to 33.7%, but it never drops to 0%. As
shown in Figure 46, there is additional capacity for acceleration and braking, which means that
any increase in maximum speed can continuously influence the final cost. In the context of
local sensitivity analysis for mainline trains, the default cost for electrification upgrading is
estimated at £103 million, compared to £75.4 million for hydrogen fuel cell upgrading. In Table
12, the average local sensitivity index ratios for the mainline train show a marked contrast to
those for the tram. The most significant ratio is still line length, but it has decreased from 3.484

to 1.423 compared with the tram line length sensitivity index ratio in Table 11. This implies
that the importance of line length is more closely aligned between the electric and hydrogen
fuel cell mainline trains. From a sensitivity perspective, the electric mainline train shows a 20%

higher sensitivity compared to the hydrogen fuel cell mainline train. In mainline railway, the
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distance between station to station would be really long. The huge price of electrification shares
most of the price. Compared with electric mainline train, the hydrogen mainline train is not
that sensitive on Line length. It would increase the energy consumption but most of the extra
length is for cruising which require less energy than acceleration. Service frequency is similar
to train efficiency and energy price, because these three are the most direct way to increase the
energy consumption. And of hydrogen mainline train cost share is the energy cost. Maximum
speed is a super highly sensitive parameter for mainline hydrogen train. The reason is still about
energy. During high-speed operation, the resistance increase rate is v2, hence the energy cost

would shapely increase.

Table 12 Mainline train average local sensitivity index ratios

Parameter Electric Hydrogen Ratio
mainline train | mainline train

Line length 90.98% 63.93% 1.423
Service frequency 28.95% 86.95% 0.333
Trian efficiency 29.01% 74.55% 0.389
Regeneration 0.00% 0.06% 0.000
efficiency

Weight 9.03% 20.09% 0.449
Davis A 4.29% 12.02% 0.357
Davis B 3.79% 10.67% 0.355
Davis C 8.61% 24.33% 0.354
Maximum power 2.23% 16.94% 0.132
Maximum speed 37.26% 92.29% 0.404
Energy price 28.95% 86.44% 0.335
Electrification price 70.95% 0.00% N/A
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5.5.3 Global sensitivity analysis
For this global sensitivity analysis on the tram and mainline trains to be analysed, five

parameters are chosen: line length, train efficiency, Davis C, weight, and energy price.
Furthermore, the highest order is two due to the significant computation. In this study, to get a
more accurate global sensitivity index, the sample quantity for each parameter is 100 k. Hence

500 k samples are analysed in total [13].

5.5.3.1 Total sensitivity index

Total global sensitivity index
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Figure 47 Total global sensitivity index of both trains

As shown in Figure 47, the interesting content is that even though the railway lines are different,
the global sensitivity index is similar when using the same upgrading method. This means that
the sensitivity level of the parameter mainly depends on the upgrading method, not the railway
type. Also, from a parameter point of view, tram line length is less important than mainline
route length. As shown in Figure 47, for different types of railway performance, once the route

length of these two types of railway increases at the same time with the same rate, the tram
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performs more acceleration operations while the mainline train is cruising on the extra route.
Acceleration consumes more energy than cruising for the same operating distance. Hence, the
importance of tram line length is more sensitive than for the mainline train. The sensitivity of
train efficiency and energy price hold almost the same proportions, and the energy price

sensitivity is slightly higher. Both parameters are related to the operating energy cost, and the

energy price factor relationship is more straightforward than train efficiency.

Moreover, the other two parameters are not sensitive among the five analysed parameters,
especially the Davis C coefficient. The Davis C coefficient is a resistance parameter, and it
makes no apparent contribution to the final overall cost compared with other parameters due
to its dependents. The global sensitivity index can be almost ignored. Hence, compared to other

parameters that directly affect the results, Davis C coefficient is not an efficient parameter

influencing the final cost.

5.5.3.2  First-order and higher-order sensitivity indices
Table 13 First-order global sensitivity indices
Parameter Electric Hydrogen Electric Hydrogen
Tram Mainline
Line length 53.92% 6.32% 52.65% 5.94%
Tran efficiency | 16.24% 32.57% 15.36% 29.88%
Davis C 0.91% 0.34% 0.74% 0.26%
Weight 6.35% 12.42% 7.01% 13.11%
Energy price 17.87% 43.07% 19.65% 41.20%

The first-order global sensitivity indices in Table 13 show the parameters’ independent effects.

The first-order global and total sensitivity indices have similar results except for Davis C
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coefficient. Therefore, in railway system cost modelling, those four parameters got higher
independent influence for the final output. However, the higher-order sensitivity indices in
Table 14 list the dependents between two parameters. The dependents of any two-parameter
group are relatively low in value. However, after summarising and comparing the higher-order
and first-order sensitivity analysis results, it can be seen that the Davis C parameter’s higher-
order sensitivity index is more significant than its first-order sensitivity index. This also proves

that Davis C coefficient depends more on the cross effect with other parameters.

Table 14 Second-order global sensitivity indices

Parameters Electric | Hydrogen | Electric Hydrogen
Tram Mainline train
Line length Train efficiency | 1.48% 1.32% 2.23% 1.39%
Line length Davis C 1.15% 3.67% 2.03% 0.97%
Line length Weight 1.58% 4.57% 1.99% 1.21%
Line length Energy price 1.53% 2.92% 3.02% 1.10%
Tran efficiency | Davis C 1.25% 3.32% 1.98% 1.04%
Tran efficiency | Weight 1.28% 3.59% 1.25% 1.99%
Tran efficiency | Energy price 1.23% 3.64% 2.89% 1.47%
Davis C Weight 1.13% 3.39% 2.18% 0.94%
Davis C Energy price 1.16% 3.42% 2.41% 0.87%
Weight Energy price 1.58% 3.62% 2.66% 1.34%

Most mainline train parameters have a higher cross effect with others compared with tram
parameters, especially for the electric mainline train. Except for the cross effect of line length
and train efficiency, all other second-order global sensitivity indices are near or above 3%.
More parameters need to be optimised simultaneously to get better optimal results when

considering hydrogen tram optimisation.
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5.6 Conclusion
This thesis looks at how much it costs to modernise railways using two different methods. It

sets up a cost model for 40 years and checks the sensitivity of costs using both local and global
analysis. The study explains the basic ideas and rules of these two types of sensitivity analysis,
which helps to understand how different inputs affect the final results. Many graphs and tables

are used to show the differences in sensitivity.

In the local sensitivity analysis, a method called the difference equation, part of the OAT
approaches, is used. This method is quick and gives a clear local sensitivity index. The results
show that the cost of electric trams is more affected by things like the length of the tram line,
its maximum speed, and how much it costs to make it electric. On the other hand, hydrogen
trams are more affected by their maximum speed, how efficient they are, and the cost of energy.
Electric mainline trains are similarly affected by their length and electrification cost, but not as
much by speed. However, hydrogen fuel cell trains have similar sensitivities to hydrogen trams.
There's an interesting pattern in the local sensitivity of trams. After a certain point, the effect
of speed quickly goes down. This study finds that the length of the line limits how fast the train

can go, which might explain why this isn't seen in mainline trains.

The global sensitivity analysis, conducted using the Monte Carlo method, is a important part
of the thesis. This analysis reveals how significantly the Davis C coefficient and other factors
influence the costs in railway modernisation projects. These insights are important for
understanding the complex interactions of different elements in railway systems. This detailed
analysis provides essential guidance for future research and strategies aimed at improving
railway efficiency and sustainability, marking a significant contribution to the field of railway
decarbonisation. Many of the factors looked at in this chapter will be used to improve things

even more in the following chapter.
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6 Cost optimisation of multi-mode train on discontinuously
electrified route

6.1 Introduction

The energy price for both diesel and electrified railways has been increasing annually [113].
Railways generate a large amount of greenhouse gas due to their high energy consumption.
The UK government has claimed that all diesel-only trains will be removed by 2040 [15, 114].
Electrification is a way to decrease energy consumption. Seventy per cent of the European
railway network is electrified, and about 80% of trains run on an electrified route [113].
However, although only 42% of railway routes are electrified in the UK [115], a number of
electrification projects have been cancelled, such as the Cardiff to Swansea route, the
Oxenholme to Windermere branch, and the Kettering to Nottingham and Sheffield route as part
of the Midland Main Line due to financial problems [6]. While hybridisation and the
employment of multiple-mode trains are not the ideal long-term answer, they provide an
excellent chance to cut emissions and progressively achieve the advantages of electrification.
They should be explored in conjunction with the electrification project, even if they are not the
most cost-effective long-term answer. As current multi-mode vehicles demonstrate, the optimal
design allows for the phase-out or total replacement of diesel generator sets or engines.
Operational cost savings can be realised by discontinuous or discrete electrification. As
discussed in Section Error! Reference source not found., the problems inherent in delivering
such a solution are context-specific and must be integrated into the business case for each
project following the completion of more thorough development work. The highlights of this

chapter are as follows:

e A multi-mode train powered by pantograph, hydrogen, and battery simulator is developed.

e Its state and train performance control the dynamic battery pack model.
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e A specific energy management strategy optimises multi-energy usage.

e The cost model includes initial financial costs and further operation costs.

e Adaptive particle swarm optimisation is used to find the optimal cost solution.

The structure of this chapter is organised as follows: Section 6.1 explains the current situation
of changes to railway energy supply methods. Section 6.2 reviews the train’s variable supply
system. Section 6.3 describes the definition of different railway electrification types. Section
6.4 describes the advantages of multi-mode trains. Section 6.5 shows the multi-mode train
energy management strategy employed and demonstrates how it works in different scenarios.
Section 6.6 allocates the optimisation algorithms used in this chapter and shows how they differ
from the original algorithm. Section 6.7 presents a case study of the rebuilding plan for the
route from London St. Pancras to Leicester and train conversion. An existing diesel train is
compared with converted trains in different electrification scenarios. Estimated energy price

changes are considered to forecast the effect of rising energy prices on the simulation results.

This chapter is an expanded version of the studies that resulted in a journal paper, ‘Cost
optimization of multi-mode train conversion for discontinuously electrified routes’ published
in the International Journal of Electrical Power & Energy [116]. The author of this thesis is
the first author of the journal paper and made a major contribution to the paper. This chapter is

reproduced by permission of Elsevier.

6.2 Trains with various power supplies

6.2.1 Bi-mode trains
Bi-mode trains may run on either an electrified or non-electrified network, utilising either a

diesel engine or a battery to provide traction power. They use a variety of various energy

sources, such as operating ‘under the wire’ or diesel, but not both simultaneously.
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6.2.2 Hybrid trains
Hybrid trains are self-sufficient and do not require grid electricity. They power the trainset with

a combination of stored and rechargeable energy sources, which provide benefits that neither
source can provide alone. They may employ a single or a mix of energy sources. Although a
hybrid train can use energy storage devices, including capacitors, flywheels, hydraulic

accumulators, hydrogen, or LPG, the most common hybrid design is diesel-electric.

6.2.3 Tri-mode or multi-mode trains
The advantages of bi-mode and hybrid trains are combined in a tri-mode/multi-mode trainset.

However, like with bi-mode and hybrid trains, the additional components increase technical
difficulties and increase the train’s weight. These factors will also affect the

train’s performance [117].

6.3 Discontinuously electrified routes

Continuous electrification refers to those segments of a line where the electrified network is
continuous. Electric trains may operate, stop, and restart along their path using just electric
power. A railway segment is electrified using an overhead line or third rail equipment in a
discontinuously electrified route. Simultaneously, an entirely unelectrified route is entirely
devoid of any power source. This thesis refers explicitly to the electrified segment as the route’s
overhead line equipment was installed. According to the study Long Term Passenger Rolling
Stock Strategy for the Rail Industry, the electrification rate of the UK railways is 42% , or 8106
STM out of 19,291 STM (12,969 STK out of 30,865 STK). Additionally, electrified trains

account for 80% of rides per kilometre [118].

As an electric train on an electrified line, the train may obtain energy from the contact wire to
power the traction system. Once the train operates on a route without an overhead wire, no
current can be delivered to the motor from the electrification system. On an unelectrified route,
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another traction system that can utilise the train’s stored energy is necessary. A self-powered
traction system is a name for this type of traction system. This category includes classic steam
trains, fossil-fuel-powered diesel trains, and contemporary trains powered by batteries or fuel

cells.

As a result of the electrification gap, a self-powered traction system is required in situations of
discontinuous electricity. The fleets usually are just self-powered trains if the operation route
involves discontinuous electricity. In this case, the trains solely utilise stored energy on
electrified and non-electrified lines without overhead line equipment. At the same time, some

electric trains are running between stations along the electrified track.

6.4 Advantages of multi-mode train structure

A multi-mode train is a typical case of how electrification may be used. It contains at least two
power supply systems that work in parallel. One is the fundamental electrical train, which uses
the overhead line power supply system. Diesel engines, fuel cells, and battery systems are
among the others. These systems can work with the pantograph system on an electrified route,

and on an unelectrified route they can be the primary power source.

Most rail lines are partly electrified in the UK. On discontinuously electrified routes, the power
supply is divided into two parts: overhead line power to the motor as the main or only supply
system on the electrified part, and a self-powered traction system such as hydrogen fuel cells
and battery pack, to supply power to the motor together, on the non-electrified part. Making
the best use of electrification is an effective way to save energy costs, and a self-powered
traction system is also necessary when no overhead line is accessible. A train traction system
powered by a multi-mode power system is applied in this situation. A hydrogen fuel cell (HFC)
train can operate on the track regardless of the discontinuous electrification. Similar to diesel

trains, HFC trains consume fuel to propel them. The onboard HFC can produce electricity by
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consuming hydrogen. The electricity can be sent to the motor and converted to kinetic energy.
Traction power is supplied by the motor powered by a multi-mode power system in Equation

(92), and the effort is inversely proportional to velocity in Equation (93).
Ftra = Ntrain X (Paemana/v) (91)
Paemana = Ppan + Prc + Pap_discn (92)
Fora = Ppra/v (93)
where 1,4, 1S the efficiency of the train set (typically 85%), and Ppqy,, Prc, and Pgp giscn are
the output power of the pantograph, HFC, and battery pack, respectively. The sum of the power

supply system is equal to the power demand of the traction motor P;.p,qnq- The braking force

Fy,,-, depends on the braking power and the operating speed.

Pantograph (D

Fuel cell @ Battery 3

wo 30 AL ITT
v

Rail (7

Figure 48 Energy flow
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Seven kinds of energy flow inside the trains are shown in Figure 48. Energy from the
pantograph (1), fuel cell (2), and battery pack (3) connect to the power bus (4). Electrical
energy in the power bus (4) is converted into mechanical energy (5) by the motor and sent to
the wheels through the gearbox to push the train forward. When the train is braking, kinetic
energy (6) and potential energy (7) are regenerated to electricity and sent back to the power
bus (4). Any electricity in the power bus which is not consumed can charge the battery pack
®.

In Equation (94) and (95), the energy consumption from each source integrates the power
supplied by different systems. In this thesis, the battery pack energy consumption AEgp will be

charged through a transmission line. When considering the use of battery pack energy, the

difference in the energy remaining in the battery pack in kWh is given by Equation (96).

fPPandt + AEgp /Npp

Eglec = (94)
Npan
Ppcdt
Hy.c = I Pec (95)
Nrc
AEgp = (SOCsin — SOCin;) X Capagp (96)

where Eyy, ¢ and Ege ¢ represent hydrogen and electrical energy consumption, respectively;
Nre and np,, are the energy efficiency of the HFC and pantograph, respectively, before
injection to trains; ngp is the battery pack efficiency; and Capagp is the battery pack capacity.
SO0Csin and SOCyy; are the battery’s state of charge when the train arrives at the terminal station

and departs from the start station, respectively. The energy losses diagram is shown in Figure

49. All losses described in Chapter 3 are summarised in this diagram. After considering the
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losses and auxiliary system usage, the rest of the kinetic and potential energy can be returned

to the battery pack by regeneration as the battery train performs.

Electrical to Mechanical
Energy Loss

Mechanical to Electrical Energy Loss

Figure 49 Multi-mode train energy losses

6.5 Multi-mode train power supply strategy
The energy management system controls the use of the multi-mode energy source. This thesis

identifies four driving scenarios according to differences in train operation and route
electrification. A default management strategy is set to cover these driving scenarios, as shown

in Figure 50.
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Figure 50 Flow chart for the energy management system

6.5.1 Traction on an electrified route
On an electrified route, the overhead line can supply all the power needed by the motor and

battery pack. Because of the extremely high-power supply, the battery pack is always charged

at its maximum charging power on electrified routes.

6.5.2 Traction on a non-electrified route with low power demand
Less traction power is demanded if the train operates in a low-speed acceleration stage or a low

traction-force stage like cruising or going downhill. The fuel cell can charge the battery pack
if motor power demand Pyepmang 1S below the fuel cell maximum power Ppc 3 4x @S Shown in

Equation (97).

PBP_ch = Pr¢c max — Paemana (97)

where Pgp .5, is the charging power of the battery pack.

6.5.3 Traction on a non-electrified route with high power demand
When the train operates in high power demand situations such as high speed or high traction

force, if the installed fuel cell does not have such a high output power, it no longer meets the
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power demand. The maximum power Pg. pax 1S Sent to the power bus, and the battery pack is
discharged to compensate for the power demand as given by Equation (98). The battery pack
stops discharging when the SOC is below the low operation limit. AEgp in Equation (96) is the
change in battery pack energy. It should also be equal to the sum of the battery pack discharging
power Pgp g4iscn, Minus the sum of battery pack charging power Pgp 5, after considering the

battery pack efficiency.

P BP_disch = Piemana — Prc max (98)
P ioon At
AEpp = IW% —Npp X j Pgp_cn dat (99)
BP

Overall, on a non-electrified route, the HFC is the primary power supply system, whereas the

battery pack only compensates for peak power demand.

6.5.4 Braking stage
At the braking stage, regenerative braking and non-regenerative braking work simultaneously.

When the train operates electrical braking, the generator regenerates high power to charge the
battery through the power bus. The rest of the power that cannot be transferred to the power
saving in the battery pack is consumed by non-regenerative braking, such as disc braking.
Regenerative power from the generator has the highest charging priority. If the regenerative
power is not as high as the battery’s maximum charging power, the overhead line electricity
charges the battery to compensate for the charging power. However, if the train brakes in the
non-electrified part, the fuel cell charges the battery by taking the overhead line. In this thesis,
it is assumed that the combination braking power Py, is always set as its maximum value, as
Equation (100) shows. Uncertain braking power may result in different movement curve, train

usually gets better movement performance with maximum braking power [119]. For each kind
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of train, the braking power, braking force, and deceleration have their cap value (maximum

value), respectively.

Pyrq = regen + Pnon—regen (100)
Pbra = Pbramax
Fprq < Fbramax (101)

Aprq < abramax

6.6 Optimisation algorithms

6.6.1 Algorithm selection
When considering the optimistaion algorithm selection, there are hundreds of algorithms can

be applied to solve optimistaion problems. As two well-known algorithms, Genetic Algorithms
is created earlier, but Particle Swarm Optimisation becomes more attactive for continuous
optimistaion [120]. However, for those problem like course scheduling, GA can find the result
faster, although the PSO can find a better fitness result with longer optimisation time [121].
The PSO gets higher accurancy and speed during analysing pavement management activities
[122]. However, there are some railway research applied GA to solve railway scheduling
problems and get good performance [123, 124]. PSO is noted for its simplicity and efficiency,
with fewer parameters to adjust, making it easier to implement. It's particularly effective for
continuous problem spaces. GA, on the other hand, is highlighted for its robustness and
effectiveness in a wide range of problem types, including discrete, combinatorial problems.
GA's crossover and mutation operations are effective for exploring diverse solution spaces,
making it versatile for different optimisation challenges [120]. Brute force method is a

exhaustive search and it can grarantee the best result but time costy [119]. In the case study of
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this thesis, PSO, GA, and Brute force method would be analysis and try to applied to solve the

cost optimisation problem.

6.6.2 Optimisation variables

0.6.2.1  Definition of variables

The optimal variables in this thesis are battery pack power Pgp, HFC power Prc, new
electrified regular route length Ly, and new electrified tunnel length L. In these four
variables, Pgp and Pg. present the train’s conversion. They represent the new train’s power
distribution in battery packs and HFCs. Lyg and Ly are related to route rebuilding which has
a considerable cost impact due to its high infrastructure fees. Besides that, a more extended
electrified section means the train can get more highly efficient, high-power overhead wire
electricity. That can influence the train’s operation performance with the different design of

the other two variable factors. Hence, the energy cost is finally different.

Regarding the route rebuilding variables, it is supposed that Part 1 is the existing electrified
route, whereas Parts 2 to 8 are not electrified, as Figure 51 shows. When a train operates on an
existing or newly electrified route, it can gain energy from the overhead line. Because
electrification projects typically extend from the currently electrified route, new electrification
starts from the currently electrified part to the terminal. In this optimisation, the length of the
yellow part is to be optimised. These parts are electrified, including the regular route of Parts

2, 4, and 7 and the tunnels of Parts 3 and 5. Part 6 (tunnel) and Part 8 (regular route) remain

unelectrified.
Discontimous N_/ ~
clectrification | 1 [ 2 [ 3] 4 [ 5 [T 7 I

Normal electrification I
extension length

Tunnel electrification
extension length [315]
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Figure 51 Electrification variables

0.6.2.2  Fitness function

Fixed data:
-Route

Fixed data:
-Operation lifetime

-Energy price

Simulator results:
-Battery usage
Multi-mode Train Simulator -Conversions Fitness function I—DC Fitness value )
-Joumey time
-Energy consumption

Figure 52 Calculation of fitness value

The evaluation method combines a multi-mode train simulator and a fitness function block.
Figure 52 shows the inputs and outputs of the evaluation. The multi-mode train simulator is
shown 1in detail in Section 6.4. Equation (102) gives the fitness function, including the total
cost and the journey time factor (TF). The total cost is the money spent on conversion,
rebuilding, and future operating costs in the units of GBP. Besides that, TF shows the profit or
penalty due to journey time difference in Equation (103) with the same units of GBP. The aims
of this redesign research are optimisation the overall cost and keep the journal time less than

maximum time limit Tyq, e If the journey time 7; exceeds the maximum time limit, a time

penalty is applied. However, the time profit is varied according to the optimisation requirement.

If the optimisation recommends reducing journey time, o r;; 1s negative and set as a greater
absolute value. For those optimisations which require no obvious journey time changes, x4 5

can set as 0 or positive.

f(Pgp, Pec, Lyg, Lrg) = TF + Ceorm (102)

TF = {Kprofit X (T] - Ttarget) if T] < Ttarget (103)

Kpenalty X (T] - Ttarget) if T] > Ttarget
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where Tiqrgee 1S the target journey time, k..o 5;; IS the time profit coefficient for earliness, and
Kpenairy 1S the time penalty coefficient for tardiness. If the final State of Charge (SOC) of the
battery pack is lower than the initial level, it will require more time to recharge the battery pack
back to its initial energy level, the same level as when the train started. That extra time is also
considered as journey time except for operation time T,,,.

AE
Ty = Tpp + —0

104
P P BP_ch ( )

6.6.2.3  Constraints and adjustment

As the optimising variables, the four variables (Pgp, Prc, Lyg, L7g) have their constraints. The
minimum value of each variable is set as 0, whereas the maximum constraint of the battery
pack is 1000 kW and that of the HFC is 2240 kW; the regular route and tunnel rebuilding

lengths are set as the length of the simulated unelectrified route. If the updated plan variables

exceed the constraints, the value of the variable X[ ; will be set as the edge (maximum or

minimum) value and the variables’ change rate V", is the opposite, to avoiding exceeding the

constraint again.

7 =7 (109

6.6.2.4  Stop condition

The typical stop condition for the optimisation algorithm is to set the maximum number of
generations. The optimisation stops once the generation reaches the maximum iteration.
However, researchers usually set extremely high maximum iterations because of the
unpredicted heuristic approaches. Hence, the widely used stop condition is set as a convergence

coefficient. It starts counting when the temporary optimal meets the convergence rate condition
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as a flag. Once the convergence flag reaches the maximum convergence generation, the
program executes the optimisation result and stops. Determining the optimal plan found
condition depends on changes of the best fitness value. If the best fitness value changes, the

rate CRyimess OVeEr several iterations is less than the convergence coefficient, and the

optimisation program can be stopped.

CRfitness — fnew best — fold best (106)

fold best

6.6.3 Particle swarm optimisation
Particle Swarm Optimisation (PSO) is an optimisation algorithm developed to simulate bird

movement [125]. Adaptations include an adaptive PSO with multiple methods and a kernel
support vector machine based PSO to enhance convergence speed and exploration capabilities
[126, 127]. This research utilises a simple adaptive PSO to determine the optimal result. Figure

53 shows the optimisation flow chart.

Step 1: A set of railway rebuilding plans with variables initialised by random values and

related modelling data are input to the optimisation program.

Step 2: Those railway rebuilding plans are simulated based on a railway route and evaluated

by the fitness function.

Step 3: The results are ranked according to their fitness value, and the overall best plan and

individual best plan are recorded.

Step 4: If the overall best plan meets the stop condition, it will be sent to Step 6. Otherwise,

all plans are sent forward to Step 5.
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Step 5: All plans need to be updated according to the PSO’s updating method. Besides that,
new plans out of the variables’ range need to be adjusted and then sent back to Step 2 with

those plans located inside the range.

Step 6: Output the best plan.

' Tt Tnitial ™ ~
wvarizhl=s

Step 5
* f

Adjust excead

data vy constraint
warizhles

/ Fark individuals,
| Step 3 | uvpdateindividual best
and provp best A

| Na Update
Step 4 — | chanre mtes
J and varizbls=
( Step & i |
\ £p AN A

Figure 53 Flow chart of the optimisation

6.6.3.1 Initialisation

For any heuristic algorithm, initialisation is the first and essential step in the optimisation
operation. It more or less influences the convergence of the results. In the case of manual set
initialisation, if almost all the initialised variables are located near the local optimal point, the
final optimal results will be converged at the local optimal point when the algorithm’s

exploration capacity is not high enough. Alternatively, when all the initialised variables are

128



Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion

Cost optimisation of multi-mode train on discontinuously electrified route

concentrated at points away from the global optimal point, the optimisation algorithm needs
more time to find the optimal point. To avoid these situations, a bigger and sufficiently

dispersed initial population are applied in the PSO of this thesis.

0.6.3.2  Variables update

The basic variable optimisation principle is demonstrated in Figure 54. Updating the variables’

change rate in each iteration, as shown in Equations (107) and (108), depends on the last change

_—

rate inertia wV(S)" ), cognitive component ¢; X 1y X (X{I‘)est — X_{"), and social component

Co X1y X (X, = — )T{{) which are related by the difference to the individual best point and

best

group best point, respectively.

Individual best

Figure 54 Individual update

Vi = @V + 1 xr x (X — XT)

(107)
+ Cy X Iy X ‘leest - IY_{{)
Xt =X +Vmx1 (108)
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6.6.4 Genetic algorithms
Holland found and introduced Genetic Algorithms (GA) in the 1970s [128]. This computer

approach solves the optimisation problem by determining the global maximum or least digital
twin results. The five steps of the Simple GA method are initialising the populations,
computing the fitness value of each population, selecting required populations, crossover,
mutation, and then repeating the selection, crossover, and mutation in order to find the optimal
results [129]. Apart from the phases outlined above, when optimal local outcomes are readily
trapped in particular instances, an additional migration step can be added to the progress.

Naturally, genes are classified into two types: dominant and recessive genes.

The Simple GA mimics a natural gene in that the chromosomal arrays are binary coded by 1
and 0, respectively, indicating dominant and recessive genes. A single variable can be defined
by a long piece of the chromosomal array coded by binary. Apart from the dominant and
recessive genes, there are several other critical criteria to consider, such as chromosomal length,
population size, and others. A variable’s precision is determined by its chromosomal length.
The accuracy of the variable is doubled for each additional chromosomal region. All the
individuals in each generation are called the population. The bigger the population, the greater
the likelihood of achieving the worldwide ideal answer, but it takes longer to run a whole

generation [130].

6.6.4.1 Initialisation

As with PSO initialisation, all initials are assigned random values. While the changed GA
differs from the Simple GA, all random values in the altered GA are decimal float values that
comprise both an integer and a fraction. For better performance and less storage memory, real

number coding will take the place of binary coding in this thesis.
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6.6.4.2  Fitness function changes

Based on the characteristics of a GA that it can only find the maximum fitness value, the fitness
function in Section 6.6.2.2 is not well-fitted for GA optimisation. The fitness function needs to
be altered as Equation (109) in this situation. At the same time, the convergence rate also needs

to upgrade to a new value, as shown in Equation (110).

1
! P )P IL ’L = 109
f'(Psp, Pec, Lng, Lre) f (Pgp, Prc, Lyg, LrE) ue
CRfitness
CR'f; “1—CR...
fitness = 77 CRfitness (o)

6.6.4.3 Variables update

P1 P4

P3

P12

Figure 55 Roulette wheel selection

As seen in Figure 55, the roulette wheel selection approach is used in this thesis. There is a
flaw in the fundamental wheel selection strategy: probability selection may prevent the fittest

chromosome from being picked. Thus, by replacing a random 5% of the total population with
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elites in each generation, the best appropriate individuals dubbed the elite can have a greater
probability of attending crossover operation. it is devised a method for grading selection
intensity [131]. This selection approach can increase the likelihood of poor individuals joining
crossover during premature optimisation, to avoid being trapped in the optimal local solution.
The selection procedure involves choosing which chromosomes to reproduce, and the

possibility of each potential plan is different depending on their fitness value, as shown in

Equation (111).

PRAC), (111)
i = N fr
21 f(x)
10001ooo|11 1|0|0011o101
j i Crossover >
1|l1|o|1|1|1|o|l1|0]1 Lli|le|L|f)o|B|o|1]|a
Figure 56 Single-point crossover
14 142 (75|35 |41 (46|99 |13 |33 45\ 14 | 4275482267 |99 | 13|33 |45
AN Kcrosso\'er:O w 3
D
Crossover >
7 L
76 |84 34|53 | 1476|3353 (66 74] 76|84 (34|40 |33|55[33|53|66|74

Figure 57 Double-point crossover for real number coding

132




Decarbonisation Cost Optimisation for Diesel Railway Traction System Conversion

Cost optimisation of multi-mode train on discontinuously electrified route

Following selection, the next step is process crossover. Different from the single-point binary
crossover shown in Figure 56, the crossover approach employed in this thesis is known as
double-point real-number crossover (Figure 57). Double-point crossover swaps those
components between two distinct random points, unlike single-point crossover. Each
individual has P.,,ssover Changes to operate crossover. GA chooses two random different
indices, and the chromosome between these two indices will be altered. The changes in this
thesis are also different from those in other research. Assuming there is a random crossover
coefficient K,,,ssover at the range of 0 to 1 for every crossover, the variables undertaking

crossover will be changed to the new value following the rule below:

V((i?.)l) = Kerossover X V((L':L.)l) + (1 = Kerossover) X V((izl.)l)
(112)
1 1 1
V((irJlrJ;)) = (1 = Kcrossover) X V((ir:;)) + Kerossover X V((iTi))

Mutation points

1]ololo|l1]of1]0]1 1' Mutation /}»‘1|0|0|1|1|o|0|0|1|1|

Figure 58 Mutation

In the process illustrated by Figure 58. mutation acts as a search operator for discovering new
genes by flipping specific chromosomal bits from 0 to 1 or vice versa. This mechanism
introduces new variable values into the optimisation process, helping to prevent the solution
from getting stuck in a local optimum. For example, if the fourth and seventh genes of a
chromosome undergo mutation, the chromosome might change to a sequence like 1001100011.

However, as this thesis employs real number coding instead of binary coding, mutation cannot
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be simply applied to switching between 1s and 0s. Therefore, a novel approach to mutation is
introduced in this thesis. Here, the gene element (variable) erases its original data, and a new
variable value is randomly selected from within the predetermined minimum and maximum
values. This innovative method addresses the limitation that real numbers cannot use the
traditional mutation operation, thereby eliminating the risk of an exploratory deficit due to the

absence of mutation operations. An example of the new mutation is shown in Figure 59.

Mutation points

14 142 | 754 35 41 | 46199 K13 | 33 | 45 Mutation ) 14 (4275|4541 (46|81 |13 |33 (45

Vmin 45 81 Vﬂ"a'\

Figure 59 Individual without crossover mutation

It is occasionally challenging to investigate genes just by mutation. Nonetheless, migration
may be used to optimise GA. In comparison to mutation, migration brings more random genes
into the optimisation process. Completely fresh individuals take the place of the poor
performers. This is also an opportunity to import a large number of genes that have never been
seen before. However, this approach is likely to significantly reduce the fitness function due to
unpredictability, similar to mutation. In this thesis, migration takes place in parallel with other
operation. This operation would create some new individuals and replace some bad
performance individuals with those new individuals. The GA flow chart is shown in Figure 60.
For better convergence, there is no migration at the early stage of optimisation, but when the
convergence flag is more significant than a set value.
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6.6.5 Brute force
Additionally, the Brute Force approach is referred to as an exhaustive search method. It is a

simple approach that expresses and assesses all available options [119]. It is a precise method
for optimising a limited number of viable choices but is unsuitable for large-scale optimisation

problems.

6.7 Discontinuously electrified route case study

6.7.1 Route selection
The selected simulation route is from London St. Pancras to Leicester (158.54 km), part of the

Midland Main Line, with six intermediate stations, as shown in Table 15. The black line shows
line speed restrictions. The first half of the route, with a total length of 79.46 km from London

St. Pancras station to Bedford station, is electrified. Besides that, there are 11 tunnels located
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on the rest of the route, which is not electrified [86, 87]. A two-direction operation is considered
to obtain more accurate optimisation results; from the start station, trains operate to the terminal

station and then run back.

Eleven tunnels on the unelectrified route are difficult and costly to electrify. Except for
Sharnbrook Tunnel (1.7 km), most tunnels are less than 200 m long. In comparison to the
Severn Tunnel (7 km), which has a high priority for electrification on the Great Western Main
Line, Sharnbrook Tunnel is a relatively short tunnel. However, due to its unique placement on
the crest of a hill, train speed is significantly reduced while travelling through the tunnel. The
Kprofic TOr this route is zero since the study’s objective is to determine the ideal plan with the
fewest possible modifications to the travel duration. At the same time, Kpenqiry IS Set at £10

per minute of delay [132, 133].
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Table 15 Station locations [86]

Station Location [km]
London St. Pancras station 0.00
Luton Airport Parkway 46.78
Luton 48.38
Bedford 79.46
Wellingborough 104.22
Kettering 115.22
Market Harborough 132.68
Leicester 158.54

Table 16 Tunnel location, length, and speed limit [86]

Tunnel Location | Length | Speed
[km] [m] limit
[km/h]
Bromham Viaducts (River Ouse) 81.44 140 176
Clapham Viaducts (River Ouse) 83.16 120 176
Oakley Viaducts 85.38 120 176
Milton Ernest Viaducts 86.74 160 176
Radwell Viaducts 87.93 130 176
Sharnbrook Viaducts 89.92 180 176
Sharnbrook Tunnel (Slow line only) 94.40 1701 80
Irchester Viaducts (River Nene) 102.00 140 176
Wellingborough Viaducts (River Ise) 103.42 120 128
Knighton Viaduct 155.8 80 128
Knighton Tunnel 156.84 95 128
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Figure 61 Line altitude, stations, and speed limit from St. Pancras to Leicester [86]

6.7.2 Comparing operating performance
Table 17 Single-mode train route design plans, energy consumption, and cost

Train Weight | Diesel Pgp Pgc Lyg Lk Journey | Traction Fuel Energy
and [tonnes] | engine [kW] | [kW] [km] [km] time [s] | energy energy cost
route power use cost [ | saving
plan [kW] [kWh]

Bench- 214 2240 0 0 0 0 9340.3 2190.6 1116.8 0
mark
diesel
train

Hydrogen | 215.38 0 0 2240 0 0 9346.3 2196.1 1682.4 -50.6%
train

Full 190.88 0 0 0 7611 | 0O 9135.2 2134.6 288.65 74.15%
electrifica
tion
(except
tunnels)

Full 190.88 0 0 0 76.11 2.97 9116.2 2137.4 289.03 74.12%
electrifica
tion
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Figure 62 Diesel and HFC train velocity curve from St. Pancras to Leicester

Details for single-mode trains in each run are shown in Table 17. It offers the different
parameters related to those optimised variables and the performance of single-mode trains,
including diesel, HFC, and electric trains on full electrification with and without tunnel
electrification. The performance is almost the same for diesel and HFC trains but there are still
some differences. This shows that the HFC train has a journey time 6 s (0.06%) longer than
that of the diesel train. Furthermore, the difference in traction energy is 0.25%, less than the
0.64% which is the weight difference. More traction energy is consumed by a hydrogen train,
even though better transfer efficiency contributes to 48.67% less fuel energy consumption than
for a diesel train. Although the price of hydrogen per kWh is 2.3 times that of diesel, the
hydrogen train energy cost for each run is only 50.6% higher than for the diesel train. From
Figure 62, it is observed that at any given location, the speed of the diesel train exceeds that of
the hydrogen train. This is attributed to the diesel train's ability to alter its speed more rapidly,

whether accelerating or decelerating, under the same maximum power supply. During the
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acceleration phase, the hydrogen train reaches its power limit earlier than the diesel train.

Consequently, its acceleration diminishes as it lacks support for higher power.

The average velocity for both electrification scenarios is higher than for the benchmark diesel
train. This is mainly because the electric train is lighter than the others and has greater
acceleration power. The energy costs for these two scenarios are nearly the same, saving around
74% compared with the benchmark diesel train. Table 17 also shows that more traction energy
is consumed by a hydrogen train than any electric train. Broadly speaking, this is due to a
hydrogen train being heavier than other trains, so it needs more energy to propel it forward. In
detail, this thesis considers three operation stages during the journey: acceleration, cruising,
and braking. The traction energy consumed by the diesel and electric trains is obviously less
than for the fuel cell train. Those lighter trains speed up to maximum velocity earlier and enter
the cruising stage, demanding less power. The one is less traction forced needed but longer
operation, another is more traction force needed but short operation. However, it is hard to
compare the energy consumption during the entire cruising stage by qualitative analysis. On
the one hand, the HFC train has a shorter cruising time than the diesel train. On the other hand,
as said above, the power demand for the fuel cell train in the cruising stage is higher than for

the others.
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Figure 63 Velocity of electric trains on the fully electrified route (with or without tunnel

electrification) between Bedford and Wellingborough
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Figure 64 Overhead line power of electric trains on the electrified route between Bedford

and Wellingborough
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The speed differences between the two electrification scenarios are due to energy support in
tunnels. There are nine tunnels located between Bedford and Wellingborough. The train should
be in traction mode in the first seven tunnels and braking mode in the other two tunnels before
Wellingborough. Velocity drops in unelectrified tunnels as can be seen in Figure 63. However,
the drops are not significant. The most significant reduction inside a tunnel is in the Sharnbrook
Tunnel, the seventh tunnel, where speed decreases by 6 km/h, from 80 to 74 km/h. Those tiny
drops in speed make the journey time in the non-electrified tunnel scenario slightly longer than
for the electrified tunnel scenario, by less than 19 s as shown in Table 17. Although the electric
train without tunnel electrification are 19 seconds slower than the full electrification electric
train, it is still 24 seconds faster than the benchmark train. Due to speed drops in tunnels, after
leaving the unelectrified tunnel and connecting with an overhead line, the train gains maximum
power instead of balanced cruising power as shown in Figure 64 and then speeds up to the

balance speed as shown in Figure 63.

6.7.3 Optimal train and algorithm comparison

6.7.3.1  Comparison of optimisation processes

As the variables and constraints described in Section 6.6.2 show, the optimisation’s accuracy
requirement is high. The battery and HFC precision are set as 1 Watt, and for the route
rebuilding length for both regular routes and tunnels, the precision is set as 1 metre. According
to the maximum and minimum constraints and the precisions above, there are around 860
million possible solutions in this optimisation. It cost around 2 seconds to compute one return
journey from London St. Pancras to Leicester. Hence, it takes over 54 years to complete the
entire plan with the Brute Force algorithm and it is definitely impossible for an optimisation
study. In this case, only PSO and GA are employed in this study. The optimisation progress is

shown in Figure 65:
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Figure 65 Optimisation progress

The figure above illustrates that both the Genetic Algorithm (GA) and Particle Swarm
Optimisation (PSO) strategies can converge on the fitness function, yielding similar results. In
this optimisation, GA converges faster than PSO. However, PSO stopped at 155 iterations,
which is quicker than GA's 215 iterations, even when the same stopping conditions were
applied. Moreover, there is a slight difference in the optimisation results of the two algorithms,
with a variance of only 0.00166% based on the PSO result. By GA, the resulting fitness value
is 360,925,000, while by PSO, it is 360,919,000. This indicates that the local optimum solution
presents challenges for GA optimisation. The next section will describe the optimum plan

generated by the PSO algorithm.

6.7.3.2  Analysis of optimisation results

Figure 66 shows the velocity curve of the optimal train for a two-direction run. According to

the result optimised by adaptive PSO, the optimal train has an 800 kW battery pack installed
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onboard without any HFC. Besides that, the electrification of the normal route is extended for
another 53.35 km before Market Harborough without any extra electrification for the tunnels.
At the beginning of the electrified route, the battery pack starts charging from the overhead line
from an SOC of 20%, the initial SOC. It releases energy in the non-electrified tunnels to keep
the traction system in operation as shown in Figure 67. The route is still unelectrified between
Market Harborough and Leicester. There is a self-traction system on the train so that the train
can run back using the fuel cell and battery pack. The final journey time is 9340 s, the same as
for the diesel train. The train operation is not getting slower because the delay penalty is too

high, and the energy cost saving cannot cover the time penalty.
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Figure 66 Velocity of the optimal train in up and down directions
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Figure 67 Optimal train battery pack SOC

Due to the absence of a fuel cell, the optimal train relies solely on electricity from the overhead
line and its battery. Observing Figure 67 and Figure 68, it's clear that the battery pack
consistently charges during the electrified route, but never charged over 0.93 state of charge.
Almost all the SOC status are between 20% to 80%, keeping the battery on fast constant current
charging stage. Within the tunnel between Bedford and Market Harborough, the train's traction
system draws energy from the battery pack, leading to a decrease in SOC. However, upon
exiting the tunnel, the battery begins to charge again. As the train approaches the terminal
station, traveling on an unelectrified route, the SOC of the battery pack declines more rapidly
due to the long distance powered solely by the battery. Nevertheless, the train engages electrical
braking before arriving at the station. In Figure 68, it is evident that while operating between
150 km and 158 km, the battery remains in a charging state for most of the time. Subsequently,
it resumes charging from the overhead line once it returns to the electrified route. At the

completion of the entire route, the battery pack is charged to a high level.
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Figure 68 Optimal train battery pack and pantograph power

Table 18 Optimisation results

Train/route Initial Lifetime Replacement | Time Fitness | Cost

plan cost energy cost [AM] penalty | value saving
[Ev] cost [£M] [EM] [av]

Benchmark 0 554.37 0 0 554.37 0

diesel train

Hydrogen train | 9.36 835.15 5.99 2.00 852.50 —53.78%

Full 275.92 143.29 0 0 419.20 24.38%

electrification

(except

tunnels)

Full 365.02 143.48 0 0 508.49 8.28%

electrification

Optimal train 194.02 160.47 1.87 4.56 360.92 34.90%

Table 18 shows the cost detail and fitness value for all scenarios. The HFC train has the lowest
initial cost in the list of converted trains as there are no route rebuilding fees; The HFC train
has a high energy cost because of the high price of hydrogen and the energy consumption,
although it uses less fuel energy than a diesel train. Moreover, the extra weight of the HFC
train produces its time penalty even with the same power output. Because of the lighter train

bodyweight, the two full electrification scenarios take less time and are faster than the diesel
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trains. Although the train performance is almost the same, there is a considerable cost
difference between the two electrification scenarios. From a cost point of view, train conversion
cost and energy cost are nearly the same. However, investment in tunnel electrification is too
expensive: 65.71% of the total cost of the route with no tunnel electrification is for
electrification infrastructure; that percentage for full electrification, including tunnels, is even
higher at 71.69%. The extra cost of tunnel electrification, extending the normal double-track
route for another 25 km, is around £9 million. The route for the optimal train is still
discontinuously electrified. Hence the initial cost is smaller than for full electrification. Also,
its energy cost is not much higher than for the full electrification scenarios, so the total cost
and fitness value are extremely low on the list. Hence, these three plans with electrification
have a much higher initial cost, but the energy cost is relatively low, so the total cost is less

than for the hydrogen train.
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Figure 69 Total cost without energy price change in 40 years
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Figure 69 shows the cost accumulation of the different scenarios over the entire 40 years.
Calculating costs using current energy prices, the optimal train is the most economical after
20 years of operation. Diesel fuel is currently much cheaper than hydrogen, so the annual
operation cost, including energy and maintenance costs, for a diesel train is less than for an

HFC train. The initial investment cost for electrification is also too high, though the subsequent

energy cost is much lower than for a fuel train.
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Figure 70 Total cost with energy price changes in 40 years

Table 19 Final cost after energy price changes

Train Final cost [£M]
Benchmark diesel train 792.19
Hydrogen train 1176.2
Full electrification (except tunnels) | 522.59
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Full electrification 612.02
Optimal train 472.14

From 1996 to 2020, diesel prices in the UK increased from £).58 per litre to £1.25 per litre,
whereas electricity prices have risen about 6% per year since 2000 [77-79]. According to a
prediction study, hydrogen prices have only increased by 2.2% annually since 2015[81]. To
unify the start year of each kind of energy price change rate, the energy base price is chosen as
2020. In this situation, diesel, electricity, and hydrogen price change rates are 2.2%, 3.7%, and
2%, respectively. After considering the fuel price change, the cost accumulation is shown in
Figure 70, and the estimated final cost of each scenario is listed in Table 19. Even though
hydrogen has the lowest energy rise during the following years, its absolute fitness value is
exceptionally high, 19% higher than the benchmark diesel train. The main reason is that the
base hydrogen fuel price limits the HFC train economically. According to the price prediction,
hydrogen fuel is £).54 per kWh, whereas diesel fuel is £.24 per kWh after 40 years. Although
electricity has a higher price increase rate, the two scenarios with extended electrification did
not profit less than before the energy price changes due to low energy consumption. At the
same time, the optimal train which redesigned according to the optimisation result is still the

best among those trains—40.4% less cost than the diesel train.

6.7.4 Optimisation combined with energy price changes
In the previous optimisation strategy, published in the journal paper ‘Cost optimization of

multi-mode train conversion for discontinuously electrified routes’, the optimising fitness
function is separated from the energy changes. The author has added the energy price changes
into the fitness function as the final cost function in this section. Furthermore, it has been

optimised by the PSO method. Figure 71 shows the progress of optimisation, and the new result
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shows that the previous optimal solution is still optimal after considering the energy price

changes in the fitness function.
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Figure 71 PSO final cost optimisation after price changes

6.7.5 Future probability of HFC trains
The foremost hindrance to the widespread use of Hydrogen Fuel Cell (HFC) trains lies in the

lofty cost of hydrogen fuel. To render HFC trains a feasible component in an optimal multi-
mode transport framework, it is imperative to curtail hydrogen fuel prices to about 74.07% of
their existing value. Achieving a 29% reduction in these costs might yield advantages
surpassing those offered by electrification, thus spotlighting the important need for diminishing

the expenses associated with hydrogen fuel for the adoption of HFC trains.

6.8 Conclusion
This chapter explores the cost-effective optimisation of multi-mode trains on routes with

intermittent electrification. It investigates various strategies for power supply under different
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operational conditions. This section utilises advanced optimisation methods, including Particle
Swarm Optimisation and Genetic Algorithms, to identify the most economical approaches. A
case study is included to demonstrate these techniques in a practical context, providing a
comparative analysis of different optimisation strategies and their outcomes. This case study
of the transformation of Class 222 trains and route reconstruction from London St. Pancras to
Leicester has been conducted. The comparison between different energy powered train
evaluation can validate that the ideal train conversion and route reconstruction plan
cost 34.9% less than the ecologically damaging diesel train with a stable energy price. After
accounting for changes in energy prices, electric trains are more competitive in low-energy
scenarios, while fuel trains will experience a significant rise in energy expenses. The optimal
train achieves a cost saving of 40.4%. Because tunnel electrification is prohibitively expensive
compared to that of conventional track, there is now no need to electrify small tunnels. If the
introductory price of hydrogen can be reduced considerably, the HFC train can be competitive
with other ways of upgrading. Other variables such as differences in traffic demand and
headway, and traffic management will be addressed as optimisation variables in future studies.
This chapter underscores the uniqueness of the research by applying these complex algorithms
to a tangible railway scenario, contributing novel insights into cost-effective strategies for

railway decarbonisation.
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7  Conclusion, contributions and future work

7.1 Conclusions
This paper has made a journey through many different areas of railway system decarbonisation,

which is a very important topic in engineering nowadays. Each chapter has built upon the last,
contributing valuable insights into sustainable railway transportation. From developing new
simulation tools to conducting economic analyses, these chapters collectively offer a full
understanding of the challenges and possibilities in modern railway systems. The summaries
that follow provide overview of chapters, highlighting the significant findings and

advancements made.

Chapter 3 introduces a significant advancement with the development of the Train Performance
Simulator (TPS). This tool, key for simulating various railway power systems like diesel
engines, hydrogen fuel cells, and battery packs, enhances understanding of their operational
dynamics. The TPS's detailed simulations provide important insights into the efficiency and
environmental impact of these power systems. Its ability to accurately model different power
sources marks a obvious leap in railway system analysis, offering a robust platform for future

sustainable railway transport research.

Chapter 4 shows the economic aspects of upgrading railway power systems. The chapter
outlines the total costs and the methodologies for their determination, linking the research to
practical financial scenarios. A case study on cost assessment and energy cost analysis provides
tangible examples of the economic implications of green power technologies in railways. This
economic evaluation is essential in understanding the financial viability of adopting sustainable

railway technologies, balancing economic considerations with environmental benefits.

Chapter 5 presents an in-depth sensitivity analysis using local (LSA) and global (GSA)

methods. The analysis is vital in identifying key parameters that significantly affect railway
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power system performance and efficiency. A case study comparing sensitivity levels between
overhead line and hydrogen fuel cell trains pinpoints critical parameters for future optimisation.
This rigorous sensitivity analysis is a major contribution to railway system optimisation,
identifying essential parameters that influence system performance and guiding future

enhancements in railway power system design.

Chapter 6 focusing on the optimisation of multi-mode railway trains, this chapter discusses the
impact of different energy consumption modes on system efficiency and cost-effectiveness.
The multi-mode train energy management system approach analysed here is key to
understanding the complexities of optimising systems that incorporate various power
technologies. This approach to optimisation demonstrates a deep understanding of the
interactions between different power supply methods, guiding future efforts towards more cost-

effective and efficient railway systems.

In summary, this thesis makes a meaningful contribution to the field of engineering,
particularly in sustainable railway systems. The research across these chapters not only deepens
theoretical understanding but also presents practical approaches and tools that can be applied
in railway scenarios. The work in this thesis paves a path for future innovations in railway
decarbonisation, setting a foundation for ongoing research and development. As we look
forward, the findings and methodologies outlined in this work will prove invaluable for future

engineering efforts aimed at making railway transportation more sustainable and efficient.

7.2 Main contributions and innovations

This thesis introduces several significant contributions and innovations in the field of
sustainable railway transportation, specifically in the context of decarbonisation. Chapter 3
presents a major advancement with the development of the TPS, a tool that innovatively

integrates multiple power systems for railway modelling. This chapter's contribution is the key
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in enhancing the simulation of complex modern trains and their various power systems,

including diesel engines, hydrogen fuel cells, and battery packs.

Chapter 4 contributes by establishing a detailed framework for assessing the economic impact
of railway power system upgrades, integrating theoretical models with practical scenarios
through a case study. This approach effectively bridges the gap between theoretical economic
analysis and tangible applications, providing a nuanced understanding of the economic

implications of greener railway systems.

In Chapter 5, the focus shifts to a detailed sensitivity analysis of railway parameters. The
chapter contributes by using local and global sensitivity analysis methods to identify key
factors influencing railway power system performance. The innovation here lies in the
comparative case studies that apply these methods, offering deep insights into the relative
impacts of different power technologies and aiding in the identification of critical parameters

for system optimisation.

Chapter 6 addresses the optimisation of multi-mode railway trains, significantly contributing
to cost-effective modernisation strategies. The chapter is obvious for its innovative application
of adaptive particle swarm optimisation techniques in a practical case study. This approach
demonstrates the effectiveness of optimisation techniques in railway systems and provides

valuable insights into potential energy savings and efficiency gains.

Collectively, these chapters advance the field of railway engineering by providing new tools,
methods, and insights that enhance the understanding, analysis, and optimisation of railway
power systems. The thesis represents a significant contribution to the pursuit of sustainable and

efficient railway transportation.
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7.3 Recommendations

There are five recommendations according to the overall research:

Development of Multi-Mode Train Simulator: Advance railway technology by
developing a multi-mode train simulator for accurate calculations of energy
consumption and effective management of power systems in various operational
scenarios.

Incorporation of Economic Analysis: Integrate thorough economic analyses,
focusing on long-term expenses including replacement of diesel parts, installation of
new power systems, and maintenance, to comprehend the financial implications of
transitioning to green power in trains.

Utilisation of Advanced Optimisation Methods: Use advanced optimisation
techniques like the Genetic Algorithm and Particle Swarm Optimisation for optimal
electrification lengths and power system capacities, reducing costs and enhancing eco-
friendliness in railway systems.

Adoption of Various Green Power Technologies: Adopt a range of green power
technologies, such as electrification, hydrogen fuel cells, and batteries, to achieve
obvious cost reductions and environmental benefits, as illustrated in the case study from
London St. Pancras to Leicester.

Future Potential of Hydrogen-Powered Trains: Acknowledge the future role of
hydrogen-powered trains in decarbonisation strategies, considering their cost-

effectiveness may improve with the declining price of hydrogen.

7.4 Limitations

Simulation Model Realism Limits: The TPS, though a significant development in the study,

may not perfectly mirror the full complexity of actual train operations. Practical railway
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environments involve numerous unpredictable factors like varying weather conditions, track
irregularities, and unexpected operational challenges. These elements can be difficult to
replicate accurately in a simulation, leading to potential gaps between simulated outcomes and
real-world performance. Also, some of the assumed data are not fit well the practical train
retraction. This limitation is important as it may affect the direct applicability of the simulation

results to actual railway systems.

Economic Analysis Boundaries: The economic analysis provided in the thesis, while
comprehensive, is constrained by its scope and the assumptions made. Economic predictions
are inherently uncertain and can be influenced by a range of external factors not fully captured
in the study. These factors include fluctuating market conditions, changes in government
policies affecting the railway sector, and unforeseen advancements in railway technology that
could alter cost structures. Thus, while the economic analysis offers valuable insights, its long-

term applicability might be limited by these changing external conditions.

Sensitivity Analysis Scope: The sensitivity analysis conducted is an essential part of
understanding the dynamics of railway power systems. However, this analysis might be limited
by the selection of parameters and the range of conditions tested. In the real world, railway
systems are influenced by a vast array of factors, including highly dynamic operational
conditions and evolving technological landscapes. As such, the sensitivity analysis might not
account for all possible variables or future developments in railway technology, which could

impact the robustness of the conclusions drawn.

Generalisability of Research Findings: The research, particularly the case studies like the
one focusing on the route from London St. Pancras to Leicester, might have limited
applicability in different geographical or operational contexts. Railway systems vary greatly

across regions due to differences in infrastructure, regulatory environments, and user demands.
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Therefore, the findings and recommendations of the thesis, while highly relevant to the studied
contexts, might not be directly transferable to other railway systems with different
characteristics or in different countries. Plus, when analysing senstivity index of tram, the only
method to analysis train upgrading is to suppose the electric tram was diesel-powered. However,

it is not as good as analysing a initial diesel tram.

Rapid Technological Evolution: The railway industry is experiencing rapid technological
advancements, particularly in the areas of power systems and sustainable energy sources.
While the thesis provides a snapshot of the current state of technologies like battery efficiency
and hydrogen fuel cells, these technologies are evolving at a fast pace. This rapid development
could potentially make some of the study's findings less relevant over time, as newer, more
efficient technologies emerge. Staying abreast of these technological changes is important for

ensuring the long-term relevance of the research.

Data and Methodological Constraints: The research may also face limitations related to the
data used and the chosen methodological approaches. The availability and accuracy of data are
important for sound analysis, and any limitations in data quality can impact the study's
conclusions. Furthermore, the methodologies employed, including the assumptions and models
used, might have their constraints, which could affect the reliability and validity of the research

outcomes.

7.5 Suggestions for future work

To solve or break those limitations in previous section, there are some suggestions for future

work:

Improving Simulation Realism: Future work could look at making the TPS more like real

life. This means adding more varied weather, different track conditions, and unexpected
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situations into the simulation. The goal is to make the simulation results closer to what happens

on real trains.

More Flexible Economic Models: Later studies might develop economic models that better
handle changes over time, like shifts in the market, new government policies, and advances in
technology. Using models that can predict future economic trends would make the economic

analysis stronger and more adaptable.

Broader Sensitivity Analysis: It would be good to include more factors in the sensitivity
analysis. Future research could explore more variables and different kinds of operational
scenarios, especially with new technologies coming in. This would make the sensitivity

analysis more thorough and useful.

Wider Range of Case Studies: To make the findings more widely applicable, future studies
could use case studies from different places and with different types of railway systems. This

would help understand how the findings work in various situations and under different rules.

Keeping Up with Technology Changes: Ongoing research should keep an eye on the latest
in railway power technologies, like batteries and hydrogen fuel cells. Future work could focus

on how new and emerging technologies work in real train settings.

Better Data and Methods: Future work should try to get better and more detailed data.
Improving how data is collected and looking at more sources can make the research results
more accurate and reliable. Also, refining how the research is done, like trying different ways

of modelling, could give more detailed and reliable insights.

Working Across Different Fields: Collaborating with experts in other areas like

environmental science, economics, and policymaking could add a lot to future research. This
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kind of teamwork can give a more complete view of the challenges in making train systems

more sustainable.

7.6 Further Research Topics

According to the research in this thesis, there are some topics can be furture reseached:

Enhancing Electrical Energy Storage for Railway Systems: This research would explore
improvements in electrical energy storage technologies for railway applications. It would focus
on developing advanced battery systems with higher energy densities, better charging
capabilities, and longer life spans. The aim is to create storage solutions that are more efficient

and durable, tailored to meet the high demands of railway transportation.

Energy Harvesting Technologies in Railway Systems: Investigating the potential of energy
harvesting technologies in railways. This topic would focus on the development and integration
of systems that can capture and utilise energy from various sources, such as solar panels or
kinetic energy from braking systems. The goal is to reduce reliance on external power sources

and enhance the overall energy efficiency of railway operations.

Smart Grid Integration in Railway Power Systems: This research would examine how
railway systems can be integrated into smart grid networks. It would look into ways for
railways to not only draw power from the grid but also contribute back, especially through
regenerative braking systems. The study would also consider how railway operations can be

optimised for effective load balancing and demand response in the context of a smart grid.

Advanced Battery Management Systems for Hybrid Railway Vehicles: Focusing on the
development of sophisticated battery management systems for hybrid trains. This research aims

to design Battery Management Systems that optimally control battery charging and discharging,
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enhancing the life and efficiency of batteries in hybrid railway vehicles, and ensuring their

effective integration with other power sources.
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