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Abstract

The transportation industry contributes substantially to global CO2 emissions. It relies heavily on fossil fuels, necessitating a shift towards sustainable energy sources. Hydrogen fuel is an interesting alternative energy, presenting a promising solution. Notably, buses, though not the primary contributors to emissions, play an essential role in public transport. Their transition to eco-friendly fuel sources can have wide-reaching environmental impacts.
This research utilises MATLAB to investigate and compare three configurations of hydrogen-powered buses: Hydrogen Internal Combustion Engine (HICE) buses, Fuel Cell (FC) buses, and Fuel Cell Electric (FCE) buses. This research aims to observe and assess their operational behaviours and fuel consumption across the determined simulated situations: long haul, regional, and urban driving simulations.
Keywords: Hydrogen Internal Combustion Engine (HICE) buses, Fuel Cell (FC) buses, and Fuel Cell Electric (FCE) buses.
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	Description
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m 
mi 
v
a 
g
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JM 
gr 
rw 
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Caero
Af 
 
ICE
H2-ICE 
CGH2
UDC
PFI
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HICEVs 
FCVS
FCHEVs
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HDV
LDV
VECTO
EMS

	Traction force
Rolling friction force
Air friction force
Gravity force
Mass of the vehicle
Mass from the rotating inertia force
Velocity
Acceleration
Gravity acceleration
Gradient road 
Wheel inertia
Engine inertia
Gear ratio
wheel radius
Rolling resistance coefficient
Aerodynamic drag coefficient
Wind-facing area
Air density
Internal combustion engine
Hydrogen internal combustion engine
Compressed Gas Hydrogen
Unidirectional DC-DC converter
Port fuel injection
Direct injection
Hydrogen internal-combustion engine vehicles
Fuel cell vehicles
Fuel cell electric vehicles
Electric vehicles 
Heavy-duty vehicle 
Light-duty vehicle 
Vehicle energy consumption calculation tool
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[bookmark: _Toc149640882]Problem Definition
There has been a notable shift towards sustainable energy in the transport sector, with its attempt to adopt growing because transportation mostly depends on fossil fuels, up to 95% [1].
The high consumption raises concerns about future energy security. According to the BP Statistical Review of World Energy Report in 2021, at the current rate of production, crude oil reserves are anticipated to last for just about 50 more years [2].  Despite the global push for sustainability, practical data reveals a contrasting trend: worldwide oil consumption has surged from 3,928 million tonnes to 5,300 million tonnes from 2008 to 2021 [3]. This situation emphasises the need for the transport sector to switch to more sustainable power.
In addition, global transportation ranks fifth for emitters of CO2, with 6.9 gigatonnes of carbon dioxide (GtCO2) emissions in 2020. This is a statement that the transport sector is experiencing a growing impact on fuel usage and greenhouse gas emissions, which is of significant concern [4]. It also leads to an increase underscores the urgency of international agreements like the Paris Agreement, targeting a restriction on global temperature increase to 1.5°C before the end of the 21st century [3, 5].
[image: A screenshot of a graph

Description automatically generated]Like the European Union (EU), In 2019, the EU recorded emission volumes exceeding 744.5 million metric tonnes of carbon dioxide (CO2) [6]. The energy sector led the way within the emission profile, accounting for 27.8%. The transport sector closely followed this at 22.3% and the industry sector at 20.7%. Upon further examination of the emissions within the transport sector, it has been determined that road transport was the leading contributor, accounting for 78.9% of the total emissions. Passenger vehicles were the most significant emitters in this category, accounting for 87.2%, while buses at 5.6%, as is displayed in Figure 1. 


[bookmark: _Ref148746229][bookmark: _Toc149640809]Figure 1. The share of EU greenhouse gas emission in 2019 by sector [6].
Although the bus is not ranked first, its importance is highlighted by its substantial weight, which includes passengers and cargo and its propensity for longer journeys. As a result, it also considerably affects oil consumption and emissions [4]. The bus is considered an essential option of public transportation that plays a vital role in supporting the overall well-being of humans, as evidenced by the European Union's reliance on buses. In the EU, buses are the primary mode of public transportation, serving both cities and the countryside. With 684,285 buses, the transport system of the EU underscores the importance of buses in ensuring mobility and connectivity [7]. While buses offer an eco-friendly alternative to cars—potentially replacing the emissions of automobiles with a singular bus —it is notable that 99% of operational buses continue to rely on conventional fuel sources [7]. This fact underscores the need to advocate for bus usage as a green transportation solution, especially in densely populated urban areas where congestion and air pollution are significant concerns. 
Based on the information mentioned above, it can be observed that alternative fuel is currently undergoing a phase of energy transition [8, 1, 5]. One of the sustainable energy sources is Hydrogen fuel, which has garnered significant attention, leading to efforts to promote its growth in terms of production [1]. Hydrogen production can be generated by renewable energy sources, primarily through water electrolysis, known as green hydrogen [9]. Moreover, hydrogen fuel is clean burning, producing less harmful emissions and pollutants than conventional fuel emitting carbon molecules [10]. In the context of vehicles, the bus has an advantage regarding its physical dimensions. The bus has a higher capacity than a Light-Duty Vehicle (LDV) in supporting hydrogen systems, such as fuel cells, energy storage, and hydrogen storage systems [11]. The benefit of hydrogen-fueled vehicles is also shorter refuelling time than battery electric vehicles [12].
Therefore, hydrogen technologies in automobiles have been developed to apply hydrogen as an alternative fuel. There are three main options for hydrogen-powered vehicles: hydrogen internal combustion engine (HICE) vehicles, fuel cell (FC) vehicles, and fuel cell electric (FCE) vehicles, which present unique challenges and characteristics regarding fuel consumption and efficiency [13]. 
Numerous studies have investigated the development of hydrogen use in buses. Hydrogen is an attractive option as the transportation sector seeks sustainable alternatives to traditional fuels. It is the potential to reduce fossil fuel consumption and carbon emissions, as well as its compatibility with the operational requirements of buses, capture the interest of researchers and industry professionals [11, 12, 8, 1, 3, 5]. This study is aware of the significance of this technology. It intends to research and investigate the three configurations of hydrogen-powered buses to analyse their operation and fuel consumption under various driving test cycles: long haul, regional, and urban conditions. To assist in analysing the data from these tests, this study will specifically use a tool developed by MATLAB.
[bookmark: _Toc149640883]Aim 
This research uses the MATLAB tool to observe the behaviour of operational and fuel consumption in three hydrogen configurations among the three driving profiles. The three configurations of hydrogen-powered vehicles are the hydrogen internal combustion engine (HICE) bus, the fuel cell (FC) bus, and the fuel cell electric (FCE) bus. The three driving profiles are long-haul, regional, and urban profiles, and a comparative analysis will be created among them. 
[bookmark: _Toc149640884]Outline of Methodology 
To achieve the aim, the outline of the methodology is arranged in detail in the bullets:
· Research problem, question, and design: The study starts with the research problem and question. It seeks reliable and related documents, including the knowledge background, to gather quantitative data to plan the research design.
· Foundational knowledge field: To gain a comprehensive understanding of hydrogen technology in automobiles, the author fundamental aspects of conventional vehicles. This included studying essential components and the forces required for vehicle propulsion.
· MATLAB tool development: After that, the study developed the tool in MATLAB. The analysis will be separated into model and road variables, driving cycle variables and specialised section variables. These segments collaboratively function to produce the outcomes.
· MATLAB tool validation: To ensure the precision of the MATLAB tool, its outputs will be compared with referenced study from traditional-fueled heavy-duty vehicles. The percentage difference between the results from the MATLAB tool and the reference data will be computed to measure the accuracy of the tool.
· MATLAB tool application: When the result from the MATLAB tool is acceptable. The tool will be enhanced to incorporate three main configurations: the hydrogen internal combustion engine (HICE) bus, the fuel cell (FC) bus, and the fuel cell electric (FCE) bus, to analyse their operation and fuel consumption.
· Result and discussion: It presents the outputs obtained from MATLAB and discusses these outcomes, then does the comparative analysis.
· Summary and Future work: This section summarises the results, emphasising key insights on hydrogen-fueled vehicle simulations and suggesting future work.
[bookmark: _Toc149640885]Structure of the Dissertation
The content in this study consists of five chapters, detailed in the following;
	-

	Chapter 1: Introduction – This chapter introduces the general information about the statement for the reader to comprehend the topic and issue under discussion. It also delineates the aims of this study.

	-
	Chapter 2: Literature Review -This chapter involves researching and studying various past and present works related to this study, in which essential points are analysed, organised, and interconnected to clarify further and emphasise the topic.

	-
	Chapter 3: Methodology – This chapter will mention the method of this study, focusing on three main stages: the MATLAB tool development, the MATLAB tool validation, and the MATLAB simulation.

	-
	Chapter 4: Result- This chapter delineates the findings and outcomes derived from the methodologies employed in Chapter 3.

	-
	Chapter 5: Discussion - This chapter will bring results from Chapter 4 to a comparative analysis of three model buses: the hydrogen internal combustion engine (HICE) bus, the fuel cell (FC) bus, and the fuel cell electric (FCE) bus and three driving simulations: long-haul, regional, and urban simulations.

	-
	Chapter 6: Conclusion -This chapter addresses the findings of this study, presenting them concisely.
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[bookmark: _Toc149640887]Hydrogen
This section will mention about the general information for hydrogen, such as typical characteristics, then will describe hydrogen as the alternative fuel for vehicles.
[bookmark: _Ref148634320][bookmark: _Toc149640888]Hydrogen Characteristics
Hydrogen is the lightest element, denoted as H2, with a low atomic weight of 2.016 g/mol  [14]. Besides, hydrogen has a lower density than air at 0.0898 g/l, whereas the density of air is 1.19 g/l. Its molecular size also gives it a high diffusion rate of 0.61 cm2/s. Consequently, hydrogen gas exhibits a lighter weight than air [14]. 
	Properties
	Hydrogen

	Name, Atomic Number 
	H,1

	Density at STD
	0.0898 g/l 

	Molecular weight 
	2.016 g/mol 

	Energy per weight (MJ/kg)
	120 MJ/kg 

	Energy per volume (MJ/l)
	0.0107  

	Diffusion (cm2/s)
	0.61 

	Flammability rang in the air  
	4-75 vol % 

	Energy-related to ignition(mJ)
	0.017 

	Flame velocity (m/s)
	3.06 


Regarding energy content, hydrogen contributes a high gravimetric energy density of 120 MJ/kg. However, hydrogen presents notable storage difficulties due to its low volumetric energy density at 0.0107 MJ/l, under standard temperature and pressure (STD) conditions [15]. 
[bookmark: _Ref146022012][bookmark: _Toc149640849]Table 1. Hydrogen properties at STD [3] [9] [14] [15] [16].
Furthermore, hydrogen illustrates a broad range of flammability in the presence of air, spanning from 4% to 75% in terms of volume. This substance tends to create combustible combinations under different circumstances [3]. Hydrogen also behaves with a low ignition energy of 0.017 mJ with flame velocity at 3.06 m/s, indicating that the combustion of a hydrogen-air blend sensitive to ignition [15]. Then, it necessitates special care, especially when it is in gas. Table 1 shows the hydrogen properties at 25°C at 1 atm.
[bookmark: _Toc149640889]Hydrogen-fueled Mobile Application
Hydrogen, a primary component of nature, is widely acknowledged for its potential as an environmentally friendly alternative to traditional fossil fuels. It can be extracted from various compounds, such as water, which is abundantly available. One promising method for producing hydrogen from water involves the use of renewable energy sources, such as solar and wind power [9]. While fossil fuel combustion releases carbon compounds that contribute significantly to environmental concerns, hydrogen combustion does not emit carbon-based molecules due to its unique chemical composition [15]. As a result, hydrogen offers a cleaner energy solution in comparison to fossil fuels.
One advantage of hydrogen is its high gravimetric energy density, especially when compared to gasoline. Hydrogen has more than three times more specific energy than gasoline [17].  This provides more energy than other fuels. However, its advantage diminishes when considering volumetric energy density due to its lower volumetric energy content. For instance, gasoline has an energy density of 34.2 MJ/l, while hydrogen has 0.0107 MJ/l [15]. This indicates that a significant gap in volume requires a larger quantity of gaseous hydrogen to store the same energy content as other fuels. A comprehensive comparison of hydrogen with gasoline and diesel is shown in Table 2; this comparative analysis at 25°C and 1 atm pressure.
	Property
	Hydrogen
	Gasoline
	Diesel

	Molar mass (g/mol)
	2.015 
	110 
	170 

	Density (kg/m3) 
	0.08 
	692 
	830 

	Quenching the gap (cm) 
	0.06 
	0.2 
	-

	Mass diffusivity in the air (cm2/s)
	0.61 
	0.05 
	-

	Energy per weight (MJ/kg)
	120 
	46.4 
	45.4 

	Energy per liter (MJ/l)
	0.0107 
	34.2 
	34.6 

	Minimise ignition energy (mJ)
	0.017 
	0.24 
	20 

	Flammability limits in the air (vol%) 
	4.1–75 
	1.5–7.6 
	0.6-5.5 

	Carbohydrate mass content (%)
	0 
	84 
	86 


[bookmark: _Ref146022041][bookmark: _Toc149640850]Table 2. The Hydrogen and other traditional fuels [3] [9] [15] [16] [18].
Hydrogen Storage 
As mentioned above, the hydrogen characteristic leads to the challenge of storing hydrogen due to its unique characteristics. The most suitable for hydrogen storage is Compressed Gas Hydrogen (CGH2) [19]. 
Compressed Gas Hydrogen (CGH2) is the current standard for storing hydrogen onboard vehicles [20]. It is typically designed to operate and hold at nominal working pressures of 35 to 70 MPa. There are various types of hydrogen containers: Type I, Type II, Type III, and Type IV. The material determines the classification of each type utilises and its operating pressure [21]. Type I is constructed entirely from metal, while Type II consists of a metal core surrounded by fibre with a polymer layer. Due to their weight and relatively low hydrogen storage capacity concerning their mass, they are impractical for automotive applications [21]. In contrast, Type III is composite cylinders with a metal liner, and Type IV is composite cylinders with no metal-based liners. These configurations enable Type III and IV cylinders to withstand the elevated pressures required for hydrogen storage while maintaining a comparatively lower mass [21]. Consequently, Type III and Type IV are commonly applied owing to their strong mechanical properties and low-weight characteristics, which make them more suitable for vehicular use  [22, 23].  The image of each type is demonstrated in 
Figure 2.
[bookmark: _Ref146022146][bookmark: _Ref146289453][bookmark: _Toc149640810][image: Polymers 15 02258 g001]
Figure 2. Type I, II, III, and IV cylinders for Hydrogen storage [23].
[bookmark: _Toc149640890]Vehicle Fundamentals  
This section describes a comprehensive overview of the fundamental knowledge of an automobile, including the principal components and calculations related to driving power, considering various forces.
[bookmark: _Toc149640891]Vehicle Movement Force
[bookmark: _Ref146022268][bookmark: _Toc142750959][bookmark: _Toc142921918][bookmark: _Toc142479633][bookmark: _Toc142490975][bookmark: _Toc142491033][image: A black background with a white circle

Description automatically generated]According to Newton's second law, the force acting on an object is directly proportional to its acceleration and mass [24]. Similarly, in the context of a vehicle, propulsion power is essential for movement across distances related to the mass and acceleration. While in motion, a vehicle encounters three additional challenge forces: rolling drag force, aerodynamic force, and gravitational force, which is linked to the centre of gravity [25, 24, 26], as shown in , collectively determine the driving force of the vehicle, commonly referred to as the traction force. Figure 3, collectively determine the driving force of the vehicle, commonly referred to as the traction force.
[bookmark: _Toc149640811]Figure 3. The forces component for the moving vehicle [25]. 
Traction Force
The traction force indicates how much propulsion power propels the vehicle, which respects the overall kinetic energy that offsets the opposing party due to airflow friction, tire friction, and acceleration due to gravity. 
However, when a vehicle is in motion, the wheels experience a phenomenon known as rotational inertia. This is the tendency for wheels to resist changes in their rotational motion. This resistance must be considered in order to match the kinetic energy of the vehicle. The equation is in Equation 2.1 [25, 24]. 
	
	2.1


Where, 
Ft is the traction force in the Newton unit.
Fr is the rolling friction force in Newton unit.
Faero is the air friction force in Newton unit.
Fg is the gravity force in m/s2.
m is the mass of the vehicle in kilograms.
mi is the mass from the rotating inertia force in kilograms.
a is the acceleration in m/s2.
The mi, mass of the inertia force, can be written in Equation 2.2.
	
	2.2


Where,
Jwheel is the wheel inertia in kg.m2.
JM is the engine inertia in kg.m2.
gr is the gear ratio.
rw is the wheel radius in meters. 
Rolling Drag Force
The rolling drag force is commonly known as the rolling resistance force. This force is essential in automotive power and refers to the friction of the wheel vehicle with the road surface. All these factors influence this force directly, contributing to its coefficient of resistance, as in Equation 2.3 [25, 24].
	
	2.3


Where, 
Fr is the rolling drag force in the Newton unit.
Cr is the coefficient due to rolling resistance.
m is the mass of the vehicle in kilograms.
g is the gravitational force in m/s2.
 is the slope of the road in percentage.
Aerodynamic Drag Force 
The movement of air is the main factor affecting the driving force. Therefore, examining the wind friction through the moving vehicle is necessary. It is recognised as an aerodynamic force. This force is opposed to the wind flow when the vehicle moves forward. This force also varies according to the shape and size of the vehicle, including the speed of motion. It can find out the value as following Equation 2.4 [25, 24].
	
	2.4


Where,
Faero is the aerodynamic drag force in the Newton unit.
Af is the wind-facing area of the vehicle in the meter units.
Caero is the aerodynamic drag coefficient.
 is the air density in kg/m2 unit.
v is the velocity of the vehicle in m/s2 unit.
Gravitational Force
The variation in the gradient road (incline or decline) affects the force. Thus, it requires an analysis of the angle of the sloping road, including the weight of the vehicle and gravity. It also cites the centre of gravity (CG) of the vehicle body according to the stability and balance when movement happens. It is shown in Equation 2.5 [25, 24].
	
	2.5


Where,
Fg is the force due to gravity in the Newton unit.
m is the mass of the vehicle in kilograms.
g is the gravitational force in m/s2.
 is the slope of the road in percentage.
[bookmark: _Toc149640892]Propulsion Power Vehicle
The power to drive the automobile is ably calculated from the tractive force from Equation 2.1, with the distance varying over time as follows in Equation 2.6 [25, 24].
	
	2.6


Where,
Pt is the propulsion power in the watt unit.
Ft is the tractive force in the Newton unit.
The equation mentioned above represents the necessary power for the vehicle movement. However, it requires to consider the auxiliary power (), for example, heating and air condition power, ventilation power, and lighting power [8]. Taking these into consideration, the final power (P) is given in Equation 2.7.
	
	2.7


[bookmark: _Toc149640893]The Fuel Consumption
Given the required energy and the energy density of fuel used in the vehicle, the fuel usage during the journey was determined using Equation 2.8. Energy is the final propulsion power (P) throughout the whole over-cycle period in the Joule unit. Energy density can be in weight or volume depending on the desired unit of measure [25, 24]. For example, diesel fuel consumption would be 34.6 MJ/l due to diesel being commonly measured in volume while considering its consumption in terms of weight, giving it an energy density of 120 MJ/kg.
	
	2.8


[bookmark: _Toc149640894]Driving Simulations
A driving simulation is a profile that depicts a velocity over a duration, considering variations in road gradient. It evaluates fuel efficiency, emissions, and other relevant performance parameters. While there is a difference in driving profile patterns, each choice is contingent upon the type of vehicle and its operating environment.  There are three driving simulations, namely, the long haul, regional delivery, and urban delivery profiles. These profiles are available from the VECTO (Vehicle Energy Consumption calculation Tool) programme provided by the European Commission. Each profile represents different driving conditions and vehicle speed, as outlined by VECTO version 3.2.1.1054:
[bookmark: _Toc149640895]Long-haul Simulation
[image: ]The long-haul simulation reflects the conditions of a motorway environment, characterised by long distances of 100 kilometres, infrequent stops averaging 67 seconds, and an overall average speed of 80.55 km/h for the entire journey. There are velocity, acceleration, and gradient roads over the periods, as shown in Figure 4(a), (b), and (c).
(a)
Cont.
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[image: ](c)[bookmark: _Ref148718241][bookmark: _Toc149640812]Figure 4. The Long-Haul Simulation, where (a) velocity in km/h, (b) acceleration in m/s2, and (c) gradient road in % [28].

There is summarised information of this driving simulation in Table 3.
	Parameter
	Value

	Duration (s)
	4,515.45

	Distance (km)
	100

	Maximum velocity (km/h)
	86.5

	Minimum velocity (km/h)
	1.27

	Average velocity (km/h)
	80.55

	Stop time (s)
	67

	Number of braking events
	539


[bookmark: _Ref149491038][bookmark: _Toc149640851][bookmark: _Ref146233269]Table 3. The Long-Haul Simulation [27].
[bookmark: _Toc149640896]Regional Simulation 
[image: ]The Regional Delivery driving cycle models the vehicle in the suburb, featuring distances of 100 kilometres, with stops lasting 746 seconds, and an overall average speed of 65.02 km/h, as shown in Figure 5(a), (b), and (c).
(a)
[image: ](b)
Cont.
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Description automatically generated](c)[bookmark: _Ref148719236][bookmark: _Toc149640813]Figure 5. The Regional Simulation, where (a) velocity in km/h, (b) acceleration in m/s2, and (c) gradient road in % [28].



There is summarised information of this driving simulation in Table 4.
	[bookmark: _Ref146233440]Parameter
	Value

	Duration (s)
	5,922.58

	Distance (km)
	100

	Maximum velocity (km/h)
	87.5

	Minimum velocity (km/h)
	1.27

	Average velocity (km/h)
	65.02

	Stop time (s)
	746

	Number of braking events
	1,419


[bookmark: _Ref148719492][bookmark: _Toc149640852]Table 4. The Regional Delivery Features [27]









[bookmark: _Toc149640897]Urban Simulation
The urban simulation resembles the operation of vehicles within metropolitan area, necessitating frequent operation at lower mean speeds of 30.22 km/h, interrupted by extended durations of stoppage. There are velocity, acceleration, and gradient roads over the periods, as shown in  Figure 6(a), (b), and (c).
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[bookmark: _Ref146534245][image: ](c)
[bookmark: _Toc149640814]Figure 6. The Urban Simulation, where (a) velocity in km/h, (b) acceleration in m/s2, and (c) gradient road in % [29].
There is summarised information of this driving simulation in Table 5.
	Parameter
	Value

	Duration (s)
	13,731.27

	Distance (km)
	100

	Maximum velocity (km/h)
	85.26

	Minimum velocity (km/h)
	1.27

	Average velocity (km/h)
	30.22

	Stop time (s)
	1,674.5

	Number of braking events
	6,344


[bookmark: _Ref146233589][bookmark: _Toc149640853]Table 5.  The Urban Delivery Features [27].
[bookmark: _Toc149640898]Hydrogen Internal-Combustion Engine Vehicles (HICEVs)
HICEVs stand for hydrogen internal combustion engine vehicles, meaning hydrogen is the primary fuel utilised by HICEVs, as opposed to conventional vehicles that use internal combustion engines (ICE) powered by fossil fuels. HICEVs operate based on the same thermodynamic principles as ICEVs. However, they exhibit characteristics different from conventionally designed engines. Therefore, this content will begin with an overview of ICE and then delve into the hydrogen Internal Combustion Engine (H2-ICE). The figuration of the HICEVs consists of a hydrogen internal combustion engine (HICE), clutch, and transmission, which is displayed in Figure 7.
[bookmark: _Ref146234283][bookmark: _Toc142750964][bookmark: _Toc142921923].
[image: ]
[bookmark: _Ref149491533][bookmark: _Toc149640815]Figure 7. The HICEVs structure [13].
[bookmark: _Toc149640899]The Internal Combustion Engine (ICE) Review
To clarify the concept of H2-ICE, it is imperative to commence with a foundational understanding of conventional internal combustion engines.
The Engine Function
The mechanical operation engine can be generally divided into four-stroke and two-stroke movements. The four-stroke has intake, compression, combustion, and exhaust processes. Firstly, the piston descends as the inlet valve allows the air-fuel mixture to enter the cylinder, which is the intake stroke (1st stroke). After that the compression stroke (2nd stroke) compresses this mixture with both the intake and exhaust valves closed. Then the spark plug ignites the mixture- known as the combustion stroke (3rd stroke). The result of combustion force is caused by the piston lowering again. This power transfers to the crankshaft and then drives the wheels. Finally, in the exhaust stroke (4th stroke), the piston expels the burned gas out through the outlet valve. Conversely, the two-stroke engine gathers the intake and compression phases into one and the combustion and exhaust phases into another [24]. 
[bookmark: _Toc149640900]Hydrogen Internal Combustion Engine (H2-ICE)
The hydrogen engine is adjusted to be more suitable and prevent the risk of abnormal combustion processes such as (1) preignition- the combustion situation starts before the spark plug fires, (2) backfires- the situation when a spark happens in the intake manifold instead of the cylinder, and (3) knocking- the situation when combustion is too early, opposing the momentum of the engine [28, 29, 18]. Accordingly, H2-ICE requires an inspection into three parts: the combustion section, the delivered fuel system, and the thermal spot [28, 16].
Combustion Section
 The combustion stroke is related to spark plug types. The spark plug is an electric device to ignite the air and fuel in the combustor.  The sparking plug material affects the hydrogen fuel, so the platinum in spark plug electrodes should be avoided because it has the potential to act as a catalyst for hydrogen oxidation, which may increase the possibility of combustion abnormalities. Additionally, there are hot and cold spark plugs, which refer to the operating temperature range of the spark plug. The recommended spark plug is a cold attribute spark plug due to the specific characteristics of hydrogen, such as lower ignition energy and a more comprehensive range of flammability. Using a cold spark plug reduces the risk of pre-ignition by minimising the formation of carbon deposits [28, 29, 16, 18]. 
The Delivered Fuel System
Hydrogen engines can consider two designs of the delivery system: Direct Injection (DI) and Port Fuel Injection (PFI). The DI process directly introduces hydrogen into the cylinder throughout the compression stroke, avoiding undesired combustion conditions. PFI is the injection method that feeds fuel into the intake manifold. This method causes the ratio of hydrogen to air (A/F ratio) to decrease from the ideal stoichiometric ratio, which is related to the higher ignition energy [18]. This characteristic is an advantage because it can mitigate the risk of autoignition. However, it may backfire instead; thus, PFI necessitates a good injection timing program [28] to protect the time inadequate for hydrogen when approaching the combustion chamber [16].
Thermal spot
 The thermal point can cause uncommon burning in the combustor due to uneven combustion. Enhanced and uniform mixing of air and fuel in the combustion chamber helps mitigate this issue. Utilising multi-valve configurations is also one of the techniques to reduce this risk  [28, 16].
Each power in the HICEVs component can be calculated from the ‘backward’ through the powertrain by using the previous power to consider its power. Likewise, the power from the hydrogen engine can be found in Equation 2.9.
	
	2.9


Where,
 is the engine power in watt unit.
 is the output power from the previous load (clutch) in watt unit.
ηe is the efficiency of the hydrogen engine.
[bookmark: _Toc149640901]Clutch
The clutch is an essential component that is installed between the engine and the transmission system. Its function is to connect and disconnect the power transmission from the engine to the gearbox, allowing the driver to change gears at different speeds, thus the clutch power is in Equation 2.10.
	
	2.10


Where,
 is the clutch power in watt unit.
 is the output power from the previous load (Transmission load) in watt unit.
is the efficiency of the clutch.
[bookmark: _Toc149640902] Transmission load 
The primary role of the transmission is to convert the power generated by the engine into kinetic energy and then transfer it to the wheels. The gear is central to this transmission system, which adjusts the amount of power and speed to match the requirements of the vehicle. It can find the needed power for transmission as Equation 2.11.
	
	2.11


Where,
 is the transmission power in watt unit.
 is the final propulsion power in watt unit that can be found in Equation 2.7.
ηtrans is the efficiency of the transmission.
[bookmark: _Toc149640903]Fuel Cell Vehicles (FCVs)
Besides the H2-ICE, hydrogen can also convert from chemical form to electrical form using a fuel cell, which is known as an electrochemical process. 
[bookmark: _Toc142479636][image: ]FCVs drive with electric power instead of mechanical power, composed of a fuel cell stack, a DC-DC converter, an AC inverter, and an electric motor. The fuel cells are the place to produce the electricity from hydrogen fuel, which is then delivered to a DC-DC converter, an AC inverter, and an electric motor, respectively, as demonstrated in Figure 8. 
[bookmark: _Ref146290073][bookmark: _Toc142750967][bookmark: _Toc142921926][bookmark: _Toc149640816][bookmark: _Toc142490982][bookmark: _Toc142491040]Figure 8. The FCVs Structure [13]. 
[bookmark: _Toc149640904]PEM Fuel Cell
Through the utilisation of an electrochemical reaction, a fuel cell produces direct current (DC) electrical energy. The average single fuel cell offers a low voltage output within the 0.4 to 0.9V and a high current ranging from 0.5 to 1 A/cm2. To increase the power output, multiple fuel cells are combined into a fuel cell stack [30]. Each fuel cell within stack consists of three main sections: a cathode, an anode, and an electrolyte. The electrolyte serves as a catalyst membrane positioned between the anode and the cathode [31, 32].
Different fuel cell types are based on the electrolyte, including solid membrane, liquid phase, and ceramic materials [31]. The one fuel cell type is widely known is the PEM fuel cell. It stands for proton exchange membrane. This membrane is a solid phase made from platinum [32].
Firstly, the working process of a PEM fuel cell starts with hydrogen (H2) entering the anode. Then, it undergoes splitting into two protons and two electrons. Then, these electrons move along an external circuit, facilitating the flow of electric current [31, 32].

The anode reaction:
	
	2.12


Secondly, the electrolyte membrane allows only H+ ions to pass towards the cathode. At the same time, the oxidising agent or oxygen (O2) enters the cathode side. It leads to oxygen molecules split up into oxygen atoms. These oxygen atoms combine with H+ ions and electrons to form water molecules [31, 32]. 
The cathode reaction:
	
	2.13


Thirdly, according to the chemical reaction, the by-product of the whole process is water and heat [31, 33, 32]. The heat is generated for several reasons, such as the entropic heat reaction, losses associated with hydrogen transfer, resistances along the proton and electron pathways, and hydrogen transport to the anode. Thus, the fuel cell requires thermal insulation protection [34]. Additionally, maintaining the membrane at optimal hydration levels is crucial. Due to insufficient hydration can harm the performance of fuel cell, underscoring the importance of adequately managing water within the system [35] .
The overall reaction:
	
	2.12


[image: ]Numerous scholarly articles and studies [31, 33, 32, 35]  have referenced that the working temperature of PEM is lower at 100°C, with a high electrical efficiency is around 60%. It is generally understood that PEMFCs are fast responses at low temperatures. It is the most suitable for automotive utilisation due to the vehicle not requiring high-temperature ranges [32]. Moreover, electrolyte leakage is impossible due to the electrolyte type being a solid state. The operation process of the PEM fuel cell is demonstrated in Figure 9. [bookmark: _Ref148731322][bookmark: _Toc149640817]Figure 9. The PEM fuel cell model [35].

To determine the power for each component of the FCV, it can be thought of from the ‘backward’ calculation method as same as the HICEs power calculation. Therefore, the power by fuel cell system is Equation 2.14. 
	
	2.14


Where,
Pfc is the fuel cell system power in watt unit.
Pout is the output power from the previous load (DC-DC converter) in watt unit.
ηfc is the efficiency of the fuel cell system.
[bookmark: _Toc149640905]A DC-DC Converter
It is an electronic component that assists in adjusting the input voltage in the fuel cell stack to a more appropriate output voltage level to match the device requirement in the system [12, 36]. There is a bidirectional converter for dual-fuel vehicles and a unidirectional converter (UDC) for FCVs. The UDC has various configurations for FCVs, aiming to optimise efficiency, reduce voltage ripple, effectively manage power transfer, and prolong the lifetime of the component. The buck-boost converter is commonly used due to its straightforward structure, consisting of a switch, a diode, a capacitor, and an inductor [37]. The appliance is understood to have a power loss, which can be calculated from its efficiency, as shown in Equation 2.15.
	
	2.15


Where,
Pconv is the boost converter power in watt unit.
Pout is the output power from the previous load (AC inverter) in watt unit.
ηconv is the efficiency of the boost converter.
[bookmark: _Toc149640906]An AC Inverter
An inverter is necessary to convert the DC power generated by the fuel cell system to AC, catering to components that operate on AC power. It is also essential for effectively controlling various parameters of the electric motor, including speed, torque, acceleration, and rotational direction [37]. In addition, it assists power control and management, which is essential for ensuring safety operations [37]. The efficiency equation is represented by Equation 2.16. 
	
	2.16


Where,
Pinv is the AC inverter power in watt unit.
Pout is the output power from the previous load (electric motor) in watt unit.
ηinv is the efficiency of the AC inverter.
[bookmark: _Toc149640907]An Electric Motor 
The main roleplay of the electric motor is transferring the electric power into the machine power to drive the wheels. 
Additionally, the electric motor can also work in a dual role: propulsion and regenerative braking. In the propulsion mode, the electric motor acts as a motor to convert electrical energy from the fuel cell or the battery to create mechanical energy that turns the wheels. In this mode, if there is the battery, which is in discharging state [38]. Opposite to regenerative braking, it operates when deacceleration or braking- the electric motor functions in reverse as a generator. The mechanical energy from the braking wheel is delivered as converted kinetic energy into electric energy to the battery during the vehicle braking. The electrical energy is subsequently utilised to reinforce the battery, known as the state of charging [38]. 
The required power for the electric motor can be calculated as Equation 2.17 [39].
	
	2.17


Where,
 Pmotor is the motor power in watt unit.
Pout is the output power from the previous load (transmission load) in watt unit.
ηmotor is the efficiency of the motor.
[bookmark: _Toc149640908]Fuel Cell Electric Vehicles (FCEVs)
[bookmark: _Toc142750969][bookmark: _Toc142921928][bookmark: _Ref148733177]The significant format in Fuel Cell Electric Vehicles (FCEVs) aligns similarly with those encountered in FC vehicles, with the addition of a battery component, as shown in Figure 10. Therefore, the propulsion power is delivered from two energy sources:  a fuel cell stack and a battery. The fuel cell efficiently converts hydrogen fuel into electricity, which is then used to directly or indirectly drive the electric motor, depending on the current charge level of the battery during a given operational period [13].
[bookmark: _Toc149640818][image: A group of white squares with black text

Description automatically generated]Figure 10. The FCEVs structure [13]. 
[bookmark: _Toc149640909]Energy Management System (EMS)
Energy management is a critical section of the FCEVs because there are two energy sources. It is necessary to intelligently control and distribute from the sources to a load to use the energy effectively to reduce fuel consumption. The EMS has two main strategies: simple logic strategy and predictive mode strategy. The simple logic strategy is known as the Rule-based control strategy. This strategy works based on predefined motion conditions (i.e., moving or idleing, going uphill or going downhill) and inputs (i.e., state of charge (SOC), speed vehicle). Its functioning can be visualized as a flowchart, responding to set criteria. While Model Predictive Control (MPC) is a form of predictive mode strategy. It uses both past and current data, combined with a system model, to anticipate future behaviour and determine optimal control actions that align closely with real-world conditions [40].
1.1.1 [bookmark: _Toc149640910]Lithium-ion (Li-ion) battery
The general categories of batteries are primary batteries and secondary batteries. A primary battery is designed for single use and cannot be refilled. On the other hand, a secondary battery is a rechargeable device, a Lithium-ion (Li-ion) battery in a group of this category. Therefore, it can store electrical energy through charging and release it on demand load through discharging. Due to the material used in the Li-ion battery is Meta lithium, which leads to its great energy density, which can reach up to 160 Wh/kg and operate the dynamic cycle of over 600 times [36] . This is commonly acknowledged that a Li-ion battery provides high performance and long-span life [41, 33]. Its energy management design is also adaptable to adjust the capacity size according to the vehicle [42]. In these factors, a Li-ion battery is use-widely in the electric vehicles (EVs) [41, 33, 42] and it also applied in hydrogen-fueled vehicles. The power from the battery can be calculated as Equation 2.18.
	
	2.18


The discharging power and charging power can be found as Equation 2.19 and 2.20 considering the final propulsion power (P).
	
	2.19


And
	
	2.20


Where,
P is the final propulsion power in watt units that can be found in Equation 2.7.
Pb is the battery power in watt unit.
 is the discharging power in watt unit.
 is the charging power in watt unit.
 is the efficiency of the discharging power. 
 is the efficiency of the charging power.
[bookmark: _Toc149640911]The State of Charge (SOC)
The state of charge (SOC) measures the electric quantity contained within a battery, expressed as a percentage. It is an important metric for energy management, as it controls when the battery is drawn upon. Determining the SOC at specific time intervals () based on charge and discharge states, as represented in Equation 2.21.
	
	2.21


Where,
represents the charge level at the subsequent time interval.
is the current state of charge.
 is the discharge battery power in watt unit.
  is the charge battery power in watt unit.
 is the capacity of the battery kW-hour unit.
[bookmark: _Toc149640912]Operational Battery 
FCEVs use a hydrogen fuel cell and a Li-ion battery as power sources. The system requires distributing the power correctly and determining a certain setpoint. The system intelligently switches between these modes based on the driver power demanded and the state of charge (SOC) of the battery. There is main three modes  [43]:
Standard Power Mode
In this mode, the fuel cell is the only power provider to the electric motor when the fuel cell power can manage its operations effectively and independently, such as, in normal driving conditions, as displayed in 
Figure 11.
[bookmark: _Ref148739887][bookmark: _Toc149640819][image: ]
Figure 11. Energy movement direction in the standard mode [43].
Charging mode
The battery can enter charging mode in two scenarios. First, when the vehicle needs low-demand power, but the fuel cell produces more power than required, therefore the surplus energy will be charged into the battery, as displayed in Figure 12. Second, during vehicle braking, the energy is recuperated through regenerative braking, which also charges the battery, as displayed in Figure 13.
[bookmark: _Ref148740195][bookmark: _Toc149640820]






[image: ]Figure 12. Energy movement direction in the charging mode when low power [43].
[image: ][bookmark: _Ref149639170][bookmark: _Toc149640821]Figure 13. Energy movement direction in the low-power mode when during braking [43].

Discharging Mode
This mode is activated when the driver requires more power than the fuel cell alone can provide, such as during rapid acceleration or steep hill climbing. In this mode, the battery contributes additional power to meet the high demand, as displayed in Figure 14.
[image: ][bookmark: _Ref148740293][bookmark: _Toc149640822]Figure 14. Energy movement direction in the discharging mode [43].
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[bookmark: _Toc149640913]Methodology 
Building upon the foundation principles and technologies outlined in Chapter 2: Literature Review, this chapter delves into the comprehensive methodology and detailed steps used to develop and analyse simulations for the three hydrogen-powered vehicle models using the MATLAB tool. The framework utilised in this chapter aims to achieve the aim of the study as follows:
1. Selection of Hydrogen-powered Vehicles: Identify three hydrogen technologies for vehicles, primarily differentiated by their components, to evaluate their powertrain and fuel consumption attributes.
2. Selection of Driving profiles: Choose three reliable driving profiles representing different conditions, ensuring a comprehensive powertrain and fuel consumption assessment across varied scenarios.
3. MATLAB Analysis: With the selected vehicles and driving profiles in place, utilise the MATLAB tool for simulation and analysis. There are separated into three main parts:
· Part A: MATLAB Tool Development- The author will develop a tool to simulate and analyse the fuel consumption in the buses to be a foundation tool in this study.
· Part B: MATLAB Tool Validation- The author will validate and refine a MATLAB-based tool by benchmarking its results against a study by Delgado et al. (2017). They studied and simulated the diesel fuel rate in heavy-duty vehicle (HDV) using VECTO, the fuel consumption estimation programme provided by the European Commission. 
· Part C: MATLAB Tool Application- After the refinement of the MATLAB tool, the author will use this developed tool to simulate the three hydrogen bus configurations: hydrogen internal combustion engine (HICE) bus, fuel cell (FC) bus, and fuel cell electric (FCE) bus across three driving routes: long -haul, regional, and urban routes.  
[bookmark: _Toc149640914] Part A: MATLAB Tool Development
In this part, the author will develop the MATLAB tool, which serves as the foundation for subsequent analyses involving three buses: hydrogen internal combustion engine (HICE) bus, fuel cell (FC) bus, and fuel cell electric (FCE) bus. The operation of MATLAB can be categorised into 11 key sections, as outlined below:
Section 1: Vehicle Model Identify- gathering fundamental vehicle parameters, such as the curb weight, seating capacity, estimated percentage of passengers who might use the service, and the average weight of the passengers. These variables affect the propulsion power. The details will be mentioned in subtopic 3.3.1.
Section 2: Driving Simulations Determination - defining three driving profiles: long-haul, regional, and urban. Each contains different velocity, acceleration, gradient road, and time over the period. Data corresponding to these profiles is accessible online via VECTO. This can export this data into an Excel file and then import it into the tool.
Section 3: Aerodynamic Drag Force Calculation- computing the air resistance force, as represented in Equation 2.4.
Section 4: Rolling Drag Force Calculation- computing the wheel resistance force as represented in Equation 2.3.
Section 5: Gradient Force Calculation- computing the gravitational force component acting along the slop as represented in Equation 2.5.
Section 6: Traction Force Calculation- combining all forces from the previous sections to compute the traction force acting on the driving vehicle as represented in Equation 2.1.
Section 7: Traction Power Calculation- Convert the calculated traction force into power in watt unit, as represented in Equation 2.6.
Section 8: Calculation of Power Requirements for Individual Components- assessing the power needs (P) for each component in each unique configuration of the vehicle. This section will feed the essential input related to the those vehicles.
Section 9: Calculation of  Total Power Required for the Vehicle – merge and assess the total amount of power that the automobile necessitates for its operation.
Section 10: Energy across the Journey Calculation- integrating final power values over time to determine total energy consumption, as represented in Equation 2.7.
Section 11: Fuel Consumption- this section estimates the fuel consumption for the chosen driving cycle, as represented in Equation 2.8. 
[image: ]The diagram of the MATLAB tool operation is displayed in Figure 15.[bookmark: _Ref149566328][bookmark: _Toc149640823]Figure 15. MATLAB tool diagram
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Description automatically generated]Figure 16 shows the interface of the MATLAB tool, where the user can fill the parameter into the box according to the ‘Bus Model Vehicle’ and ‘Air’ tabs. The user can also select the types of buses to simulate and drive profiles.[bookmark: _Ref148750145][bookmark: _Ref148750127][bookmark: _Toc149640824]Figure 16.The MATLAB interfaces.


[bookmark: _Toc149640915]Part B: MATLAB Tool Validation
Delgado et al. (2017) study was a benchmark to validate the MATLAB tool. They studied the results of diesel consumption measurements on Heavy-duty vehicles (HDVs) over the EU sample driving cycles using VECTO software. Their experiments encompassed two HDV categories: rigid trucks and trailers. However, the focus of this paper is on bus fuel consumption. The author will select the vehicle type most similar to a bus based on weight considerations. Notably, they used VECTO version 3.1.2.748 to research their data, while this study uses VERTO version 3.2.1.1054, the latest updated version. The notable difference between the two versions is the reformation of the Urban delivery profile.  Hence, the comparative analysis of this study will be limited to the long-haul and regional profiles. The benchmark vehicle from Delgado et al. (2017) study, a rigid truck, is detailed in Table 6.
	Baseline vehicle: Rigid Truck

	Definition
	Value

	Curb vehicle weight (kg)
	6,500

	Maximum load (kg)
	5,500

	Practical load (kg)
	3,000

	Front area (m2)
	5.28

	Wheel radius (m)
	0.43

	Gear ratio
	6:1

	Rolling resistance coefficient (Cr)
	0.01

	Air drag coefficient (Cd)
	0.6

	Diesel engine efficiency (%)
	42

	Auxiliary power (kW)
	3.63


[bookmark: _Ref148578520][bookmark: _Toc149640854]Table 6. Baseline vehicle [44].
To find the final propulsion power (P) for a diesel-powered vehicle, the components taken into consideration are similar to those in a HICE bus. The power associated with each component—transmission, clutch, and engine—is provided in Equation 2.9, 2.10, and 2.11, respectively. Thus, the input parameter before Section 8 will relate to those components. In Section 11 for fuel consumption calculation, the diesel energy density for fuel consumption calculation is 34.6MJ/l.
The tool validates with Delgado et al. (2017) study, which is the diesel-powered truck carrying 12 tonnes and 9.5 tonnes under long-haul and regional driving profiles, respectively, with covering 100 kilometres. The comparison of the tools is detailed in Table 7. 
	The fuel consumption in litres per 100 kilometres.

	Condition
	Driving cycle
	Delgado et al. (2017) [44]
	MATLAB Tool
	Differences (1st)

	Full load (12 t)
	Long-haul 
	26.3
	24.06
	8.89%

	
	Regional 
	22.2
	22.64
	1.96%

	Typical load (9.5 t)
	Long-haul 
	24.9
	21.14
	7.33%

	
	Regional 
	20
	19.03
	4.97%


[bookmark: _Ref149490839][bookmark: _Toc149640855]Table 7. MATLAB tool validation: 1st
Since the author did not initially consider this inertia force variable, its inclusion was later introduced to the tool to enhance its precision and accuracy, as detailed in Equation 2.2 from Chapter 2: Literature Review. When the inertia force is integrated, the results show the improvement after accounting for this force in the tool, as shown in Table 8. It becomes evident that the inertia force is closely related to the acceleration and deceleration of wheel motion, affecting the overall required propulsion power. 
	The fuel consumption in litres per 100 kilometres.

	Condition
	Driving cycle
	Delgado et al. (2017) [44]
	MATLAB Tool
	Differences (2nd)

	Full load (12 t)
	Long-haul 
	26.3
	24.6
	6.67%

	
	Regional 
	22.2
	22.1
	0.45%

	Typical load (9.5 t)
	Long-haul 
	24.9
	23.2
	7.06%

	
	Regional 
	20
	19.1
	4.6%


[bookmark: _Ref149490526][bookmark: _Toc149640856]Table 8. MATLAB tool validation: 2nd
However, the percentage difference was relatively small. It should be noted that the VECTO program version used by Delgado et al. (2017) study differs from the one utilized in this study. Delgado et al. (2017) study employed an earlier version, specifically 3.1.2.748, while the present study implemented the most recent version, 3.2.1.1054. This variation in software versions might account for the observed differences in values.
[bookmark: _Toc149640916]Part C: MATLAB Tool Application
Following the enhancements to the MATLAB tool, the verified tool in Part A now stands as the cornerstone for the following work.  This section will describe the characteristics of the buses that will be investigated within the tool. This includes a deeper analysis of three hydrogen-used vehicle configurations: the hydrogen internal combustion engine (HICE) bus, fuel cell (FC) bus, and fuel cell electric (FCE) bus.  Some sections will be refined to each design for a comprehensive examination.
[bookmark: _Ref148826950][bookmark: _Toc149640917]Bus Model Description
The gross weight of the tested bus combines the average weight of the passengers, which is 68 kg [8]. The number of passengers assumes 75% of the seating capacity. Therefore, the gross weight of the bus is ascertained by summing the aggregate weight of the passengers with the curb weight of the bus, as follows as Equation 3.1 [8].
	
	3.1


Given that n denotes the service user percentage, sc defines the number of seats, wavg signifies the mean weight of an individual, and mp represents the combined physical weight of the bus, factoring in both the empty hydrogen tanks and the additional weight when these tanks are filled with hydrogen. The bus factors are shown in Table 9, including the surrounding elements. All variables are fixed valves in three bus models.
	Bus Parameters
	Value

	Physical vehicle weight () in kg
	12,700  

	Gross vehicle weight () in kg
	16,780

	Passenger capacity (
	80 

	Service user percentage (n)
	75%

	Average weight of the passengers in kg
	68 

	Front area in m2
	8.7 

	Wheel radius in m
	0.43 

	Gear ratio
	6:1 

	Rolling resistance coefficient (Cr)
	0.01 

	Auxiliary power in kW
	3.63 

	Number of hydrogen tank
	8 

	Hydrogen stored (kg)
	27.2 

	Air Parameters
	Value

	Aerodynamic drag coefficient (Cd)
	0.7 

	Air density at 25°C in kg/m2
	1.184 


[bookmark: _Ref148749734][bookmark: _Toc149640857]Table 9. Bus model in the MATLAB tool [8] [44] [45] [46] [47] [48].
[bookmark: _Ref148827749][bookmark: _Toc149640918]MATLAB tool for HICE Bus
HICE operate similarly to fossil fuel-powered vehicles, except only for the engine efficiency. The hydrogen engine efficiency is estimated at 40-50% [10]. Other components (transmission and clutch sections) remain consistent with those of traditional vehicles, including the use of the same operational section as diesel-powered vehicles. The detailed in Table 10. 
	Parameter
	Value

	Transmission efficiency (%)
	90

	Power steering efficiency (%)
	90 

	H2-ICE efficiency (%)
	40 


[bookmark: _Ref148749718][bookmark: _Toc149640858]Table 10. Parameters used in the HICE bus [8] [10] [49].
[bookmark: _Ref148827752][bookmark: _Toc149640919]MATLAB tool for FC and FCE Bus
Due to the FC and FCE buses have the same components, except the battery, therefore Section 8 for both buses will be refined to evaluate the components of the FC and FCE buses: the transmission, fuel cell, converter, inverter, and electric motor. The power output for each component is determined based on their respective efficiencies, as described in Equations 2.11, 2.14, 2.15, 2.16, and 2.17 from Chapter 2: Literature Review. This collective assessment calculates the total power needed for the FC and FCE bus, as detailed in Table 11.
	Parameter
	Value

	Transmission efficiency (%)
	90 

	Electric motor efficiency (%)
	90 

	AC inverter efficiency (%)
	90 

	DC converter efficiency (%)
	90 

	PEM fuel cell efficiency (%)
	55 


[bookmark: _Ref148749825][bookmark: _Toc149640859]Table 11. Parameters used in the FC and FCE bus [8] [10] [49] [50].
[image: ]However, there is additional section of the FCE bus due to the battery in the system. Therefore, the refined section must consider the battery characteristics and the energy management system. The study will incorporate the Rule-based control strategy into the MATLAB tool in Section 8. The strategy uses an ‘if-else’ statement and loops with conditions.  Figure 17 shows the flowchart of this strategy to be more understanding.[bookmark: _Ref148538345][bookmark: _Toc149640825]Figure 17. The flowchart of the FCE bus.


The flowchart separates the analysis into discharging and charge states, considering whether the final propulsion power by vehicle (P) is positive or negative. When examining the P, if it is positive, the fuel cell system works with the assistance of the battery. The discharging power battery, denoted as Pb_dch, has an upper limit imposed by Pbmax. This maximum discharging power is not directly applied as Pbmax but is diminished by a factor of k. This k factor is the parameter that allows the total discharging capacity of the battery; thus, it would be Pbmax divided by k.
However, if the P is less than Pbmax, the fuel cell power is decided based on its SOC, and the battery discharges exactly the power difference between P and the fuel cell power as Pfc. If the desired discharge power is below this limit, it is adjusted to be precisely Pbmin, with the fuel cell compensating for the rest. However, if the discharge power remains above Pbmin, the discharged power is the difference between P and Pfc.
If P is negative, the battery enters charging mode. The power from the fuel cell system (Pfc) remains at its minimum. The excess power, which is the difference between P and Pfc, is used to charge the battery. This difference is denoted as the charging power, Pb_ch. The parameters and values are in Table 12.
	Battery Parameter
	Value

	Battery type
	Li-ion

	Minimum SOC (%)
	10

	Maximum SOC (%)
	90

	Optimal SOC (%)
	50

	Initial SOC (%)
	50

	Maximum battery power (kW)
	150

	Minimum battery power (kW)
	-45

	Resistance battery (Ω)
	0.1

	Capacity battery (kWh)
	200

	Discharging battery efficiency (%)
	97

	Charging battery efficiency (%)
	97

	K factor
	1.692


[bookmark: _Ref148538384][bookmark: _Toc149640860]Table 12. Battery parameters used in the FCE bus.
















[bookmark: _Toc149640920]Result 
This chapter will detail the results obtained from verified MATLAB tool. There are results of the three hydrogen-powered types of buses: hydrogen internal combustion engine (HICE) bus, fuel cell (FC) bus, and fuel cell electric (FCE) bus. Each bus will be subjected to simulations under long-haul, regional, and urban driving conditions.
[bookmark: _Toc149640921]Hydrogen Internal Combustion Engine (HICE) Bus Result
This section delves into a detailed analysis, presenting the outcomes related to the powertrain performance and fuel consumption patterns observed in the HICE bus. 
[bookmark: _Toc149640922]Powertrain Result
Table 13 shows that the total power of the HICE bus responds differently under various driving conditions. The average of the required power is highest for long-haul conditions at 249 kW, followed by regional conditions at 188.2 kW and urban conditions at 67.03 kW. The negative values in the minimum traction power across all profiles indicate braking events.
	Net power (P) in kW: HICE Bus

	Driving Profile
	Maximum
	Average
	Minimum

	Long-haul
	893.02
	249
	-626.92

	Regional
	887.5
	188.2
	-837.5

	Urban
	890.15
	67.03
	-1,151.34


[bookmark: _Ref148751149][bookmark: _Toc149640861]Table 13. The summarised results of the net power: HICE bus.
Figure 18 (a), (b), and (c) plot the needed power (P) in the kW compared to the velocity in km/h and acceleration in m/s2 to notice their relationship. It is observed that the power (P) in all three conditions varied with changes in velocity and acceleration. Specifically, higher velocity and acceleration resulted in greater power, corresponding to Chapter 2: Literature Review.
Figure 18 (a) shows that P mostly stays in the positive quadrant, corresponding to the long-haul environment, which refers to longer distances and the constant velocity with fewer deceleration periods. Meanwhile, P in Figure 18(b) is in the more negative quadrant of the long-haul cycle. The negative P means the braking period according to the regional setting. Unlike P in Figure 18(c), there is a constant fluctuation between positive and negative power, presenting urban driving conditions with frequent stops. 
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 (c)[bookmark: _Ref148751647][bookmark: _Toc149640826]Figure 18. HICE bus results of simulation tests, where (a) Long-haul profile; (b) Regional profile; (c) Urban profile.

[bookmark: _Toc149640923]Fuel Consumption Analysis
[image: A graph of a graph of fuel consumption

Description automatically generated]Figure 19 shows the comparison of the hydrogen used throughout the entirety of each profile.  The long-haul driving profile is the highest consumer at 9.35 kg, followed by the regional condition at 8.69 kg. The urban environment is the least at 6.4 kg. This data suggests that vehicles with long-haul and regional profiles, which typically involve higher speeds, tend to consume more fuel than those with urban profiles, where slower speeds are influenced by city traffic and stops. [bookmark: _Ref148487545][bookmark: _Toc149640827]Figure 19. Fuel consumption analysis in the three driving profiles: HICE bus.

[bookmark: _Toc149640924]Fuel Cell (FC) Bus Result
This section provides the powertrain and hydrogen fuel consumption result of the FC bus.
[bookmark: _Toc149640925]Powertrain Analysis
Table 14 shows the numerical results. Similar to the HICE bus analysis section, the varying total needed power for each profile corresponds to the varying velocity. Long-haul conditions have the highest average net power at 223.95 kW, followed by regional conditions with 169.35 kW and urban conditions with 60.33 kW. 
	Net power (P) in kW: FC Bus

	Driving Profile
	Maximum
	Average
	Minimum

	Long-haul
	802.18
	223.95
	-562.52

	Regional
	797.23
	169.35
	-751.6

	Urban
	799.61
	60.33
	-1,033.38


[bookmark: _Ref148751785][bookmark: _Toc149640862]Table 14. The summarised results of the net power: FC bus.
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Description automatically generated]Figure 20 (a), (b), and (c) show the simulation result through the driving cycles. The graphs have similar characteristics to the HICE bus. 
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Description automatically generated with medium confidence] (c)[bookmark: _Ref148752023][bookmark: _Toc149640828]Figure 20. FC bus results of simulation tests, where (a) Long-haul profile; (b) Regional profile; (c) Urban profile.

[bookmark: _Toc149640926]Fuel Consumption Analysis
[image: ]Figure 21 shows the hydrogen consumption of the FC bus across all profiles. The graphs have a similar trend to the HICE bus consumption because the long haul ranks first in hydrogen fuel consumption at 8.41 kg, followed by the regional profile at 7.82 kg, and the urban profile is the least, consuming 5.79 kg. [bookmark: _Ref148131279][bookmark: _Toc149640829]Figure 21. Fuel consumption analysis in the three driving profiles: FC bus.

[bookmark: _Toc149640927]Fuel Cell Electric (FCE) Bus Result
This section provides the operation and fuel consumption results of the FCE bus. These results are beneficial for examining the interaction between the fuel cell and the battery system, particularly concerning propulsion and energy recovery. It consists of four areas: the powertrain, power contribution, the state of charge (SOC) of the battery, and the hydrogen fuel consumption analysis.
[bookmark: _Toc149640928]Powertrain Analysis
The powertrain of the FCE bus consists of three components: the net power (P), the fuel cell power (Pfc), the discharging battery power (Pdch)- it is determined as a positive value and the charging battery power (Pch)-it is determined as a negative value which provides energy storage and additional power when needed. These components show the results in Table 15.




	Powertrain Result: FCE Bus

	Driving Profile
	Long-haul

	
	Maximum
	Average
	Minimum

	Net power (P) in kW
	798.56
	220.32
	-23.65

	Fuel cell power (Pfc) in kW
	768.38
	153.78
	20

	Discharging battery power (Pdch) in kW
	85.99
	61.7
	0

	Charging battery power (Pch) in kW
	0
	-11.85
	-43.65

	Driving Profile
	Regional

	
	Maximum
	Average
	Minimum

	Net power (P) in kW
	793.61
	165.73
	-23.65

	Fuel cell power (Pfc) in kW
	707.62
	132.95
	20

	Discharging battery power (Pdch) in kW
	85.99
	49.56
	0

	Charging battery power (Pch) in kW
	0
	-17.65
	-43.65

	Driving Profile
	Urban

	
	Maximum
	Average
	Minimum

	Net power (P) in kW
	795.98
	56.94
	-23.65

	Fuel cell power (Pfc) in kW
	709.99
	114.56
	20

	Discharging battery power (Pdch) in kW
	85.99
	24.95
	0

	Charging battery power (Pch) in kW
	0
	-30.72
	-43.65


[bookmark: _Ref148132649][bookmark: _Toc149640863]Table 15. The summarised results of the powertrain: FCE bus.
According to Table 15, the power from each component is related to the selected driving cycle. It is evident that across all driving simulations, the fuel cell emerges as the dominant energy source, catering to the net power demands of the vehicle. The battery offers auxiliary energy support, reducing the load on the fuel cell. Importantly, the battery discharges power in compliance with the specific power output boundaries detailed in Table 12 in Chapter 3: Methodology. As a consequence, the negative net power, resulting from the braking process, is partially offset (to a consistent minimum of -23.65 kW across all profiles) to ensure alignment with battery specifications and overall system balance.
Moreover, there is an observation during urban driving simulations: the vehicle encounters the speed limitations and frequent stops characteristic of city environments. Due to these limitations, the fuel cell produces power exceeding the vehicle requirements. This surplus power is then charged into the battery for storage. This also corresponds to charged power in the urban condition, which is the highest power at -30.72 kW. Conversely, the log-haul condition has the lowest charged power, which is -11.85 kW, due to fewer braking events. A thorough examination of these observations will follow in the next section. 
Figure 22(a), (b), and (c), the net power (P), fuel cell power (Pfc), and battery power (Pb) are illustrated, showcasing their operations across varying periods in each environment. 
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Description automatically generated](c)[bookmark: _Ref148217866][bookmark: _Toc149640830]Figure 22.  FCE bus results of simulation tests, where (a) Long-haul profile; (b) Regional profile; (c) Urban profile.


[bookmark: _Toc149640929]Power Contribution Analysis
Considering the FCE bus utilises two energy sources—the fuel cell and battery—it is essential to analyse the respective contributions of each power source to comprehend their interaction.  Figure 23(a), (b), and (c) display the three powers: net power (P), fuel cell power (Pfc), and battery power (Pb). 
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Description automatically generated]As previously mentioned, the net power (P) is influenced by the storage capacity of the battery. Therefore, it can be observed negative quadrant of the net power is capped at -23.65 kW, as displayed in Figure 23(a), (b), and (c). Moreover, it is important to note that the battery is discharged (represented in the positive quadrants) and charged (represented in the negative quadrants) power to and from the vehicle, respectively, based on its designated capacity.
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Description automatically generated](c)[bookmark: _Ref148220260][bookmark: _Toc149640831]Figure 23. The power contribution: FCE bus, where (a) Long-haul profile; (b) Regional profile; (c) Urban profile.

The integrated operation of the system has been decomposed into percentages, as depicted in Figure 24, to enhance comprehension. Figure 24 provides insights into the distribution of power contribution in FCE buses across three different types of scenarios: long-haul, regional, and urban. It can be noticed that the fuel cell is the primary energy power for all three scenarios, supplying 69.87% for long-haul, 67.93% for regional, and 66.56% for urban scenarios.
For the battery section, the power can be categorised into two activities: discharging the power to the motor and charging from regenerative braking. Observing the long-haul scenario, 25.93% of the power is discharged from the battery. On the other hand, charging power through regenerative braking accounts for only 4.2%. This lower charging percentage can be attributed to fewer braking events in highway settings compared to others.
[image: A graph of power consumption

Description automatically generated]At the same time, there is more braking period in the regional scenario than in the long-haul scenario, so there is an increase in charged power of 8.88%, causing discharged power to decrease by 23.19%. Similar to urban scenarios, frequent braking events increase energy charging, accounting for 17.98% of the power. Moreover, the lower velocities in this scenario reduce the total energy consumption. This results in excess energy from the fuel cell, which is then stored in the battery. Consequently, the power that would typically be discharged to the motor decreases to 15.46%.[bookmark: _Ref149492093][bookmark: _Toc149640832]Figure 24. The percentage of the power contribution: FCE bus.

[bookmark: _Toc149640930]The State of Charge (SOC) Analysis
The charge and discharge cycles of the battery correspond to the acceleration and braking events during various driving profiles—the battery charges during the braking phases of the bus. Table 16 shows that urban driving conditions is the highest average state of charge (SOC), 52.66%. This is followed by the regional and long-haul driving profiles, which exhibit a SOC of 38.87% and 33.89%, respectively. 
	State of Charge (SOC) in percentage: HICE Bus

	Driving Profile
	Maximum
	Average
	Minimum

	Long-haul
	50.26%
	33.89%
	16.78%

	Regional
	50.79%
	38.87%
	22.22%

	Urban
	57.32%
	52.66%
	48.32%


[bookmark: _Ref148485831][bookmark: _Toc149640864]Table 16. State of Charge (SOC): FCE bus.
[image: ]In the urban driving simulation, which lasts longer than the other two profiles, the FCE bus maintains a higher SOC. This suggests that in urban conditions, characterised by frequent stops and starts, the net power usage of the FCE bus might be lower. Additionally, the presence of regenerative mechanisms could be contributing to the improved performance of the battery, as shown in Figure 25.[bookmark: _Ref149607318][bookmark: _Toc149640833]Figure 25. The State of Charge (SOC) analysis in the three driving profiles: FCE bus.




[bookmark: _Toc149640931]The Fuel Consumption Analysis
[image: ]Figure 26 demonstrates the total hydrogen fuel consumption during the driving simulation, the highest hydrogen consumer is the long-haul profile at 7.15 kg, while the regional and urban values are 6.36 kg and 4.18 kg, respectively.  The trend is similar to fuel consumption analysis graphs of the HICE and FC buses (Figure 19 and Figure 21).[bookmark: _Ref147781611][bookmark: _Toc149640834]Figure 26. The fuel consumption analysis of the three driving profiles: FCE bus.













[bookmark: _Toc149640932]Discussion
This chapter will bring the results mentioned in the previous chapter to discuss by comparing the three buses, namely, hydrogen internal combustion engine (HICE) bus, fuel cell (FC) bus, and fuel cell electric (FCE) bus, in long-haul, regional, and urban driving conditions to see the differences in terms of the powertrain and fuel consumption.
[bookmark: _Toc149640933]Comparison of the Powertrain
Figure 27 compares the average of the net power (P) in kW units of the three configurations of the buses among the three simulations. It can be observed that the three buses in the long-haul profile have the highest average net power output, followed by regional and urban profiles, which correspond to unique and varied driving profiles.
It is evident from the three driving simulations that the HICE bus consistently exhibits the highest net power (P). In contrast, the FC and FCE buses display comparable values. This distinction arises because the HICE bus is equipped with unique components (transmission, clutch, and hydrogen engine). In contrast, the FC and FCE buses share similar components (transmission, fuel cell, DC converter, AC inverter, and electric motor), leading to their analogous power outputs. 
However, the data exhibits significant similarity in the urban profile. This trend can likely be attributed to the lower average velocities and increased frequency of braking events in the profile.  As a result, discernible differences are muted when contrasted with the more diverse velocities inherent in the long-haul and regional profiles.[bookmark: _Ref149597994][bookmark: _Toc149640835]Figure 27. Comparison of powertrain in the three buses.




[bookmark: _Toc149640934]Comparison of the Fuel Consumption
According to Figure 28, the HICE bus exhibits the highest hydrogen consumption among the three bus types. This higher consumption can be attributed to the efficiency characteristics of the hydrogen engine. As explored in Chapter 2: Literature Review, the hydrogen engine operates similarly to traditional internal combustion engines, relying on the combustion process to ignite hydrogen and drive the wheels. Although the hydrogen engine is applied to be more suitable for hydrogen, the combustion in the thermodynamic process is generally less efficient compared to the electrochemical process in a fuel cell. As a result, the HICE bus consumes more hydrogen in all driving profiles.
At the same time, FC and FCE buses display reduced hydrogen consumption across all driving profiles due to the implementation of fuel cell technology.  In particular, FCE buses stand out from the battery assistance, contributing to the lowest hydrogen consumption. As discussed in Chapter 2: Literature Review and Chapter 4: Results, the battery is supplementary by providing additional power to capture all net power of the bus. Conversely, surplus power from the fuel cell recharges the battery when the demand is low and during the braking period, ensuring an energy balance. This optimises fuel consumption. 
[image: A graph of a comparison of fuel consumption

Description automatically generated]High and mostly constant speeds characterise the long-haul condition over a shorter duration, while the other profiles exhibit varied velocities and span longer timeframes. As a result, it can be noted that the long-haul condition displays the highest hydrogen consumption compared to the other conditions, followed by the regional and urban profiles. Moreover, it can be observed that the FCE bus displays a decreasing trend in hydrogen consumption across the three driving simulations, especially in the urban simulation, which is declining by 27.81%. This might be attributed to the increasing number of braking events in each profile, leading to an increase in energy storage in the battery through regenerative braking, thereby reducing hydrogen consumption. It can be inferred that environmental settings play a significant role in determining the optimal type of hydrogen-based powertrain for vehicles.[bookmark: _Ref148579504][bookmark: _Toc149640836]Figure 28. Comparison of fuel consumption in the three buses.

[bookmark: _Toc149640935]Conclusion 
This study studies the operational performance and fuel consumption of three buses utilising different hydrogen technologies: the hydrogen internal combustion engine (HICE) bus, the fuel cell (FC) bus, and the fuel cell electric (FCE) bus. These buses are examined under long-haul, regional, and urban profiles using MATLAB as an analytical tool for this study. The key findings of this study are following:
Powertrain Observations
· HICE bus displayed the highest net power across all driving profiles.
· FC and FCE buses exhibited similar power outputs due to similar components like the transmission, fuel cell, DC converter, AC inverter, and electric motor.
Fuel Consumption Observations
· HICE bus shows the highest hydrogen consumption across all driving scenarios due to the combustion-based mechanism.
· FC and FCE buses demonstrate reduced hydrogen consumption across all driving profiles due to the implementation of fuel cell technology.
· FCE bus stands out due to battery assistance, leading to the lowest hydrogen consumption.
Driving Profile Observations
· Environmental settings play a significant role in determining the optimal type of hydrogen-based powertrain for vehicles.
The findings of the study emphasis the possible advantages of battery-assisted hydrogen systems in terms of fuel efficiency. Nevertheless, while exhibiting distinct characteristics, both HICE and FC buses present their benefits, can be developed, and become more feasible in the future. The accessibility of these diverse hydrogen technologies may play a crucial role in expediting the transition of the transportation sector to alternative energy solutions.
[bookmark: _Toc149640936]Future Work
Future research should enhance the MATLAB tool used in this study, emphasising a more detailed analysis of each hydrogen technology within the vehicle framework. It would be beneficial to integrate real-time data (i.e., air velocity) might produce results that mirror actual scenarios more closely. Beyond hydrogen technology, delving into the economic and environmental facets can enrich the study, offering a more understanding of the topic.
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Powertrain Comparison
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Longhaul	Regional	Urban	220.32	165.73	56.94	
Average net power (kW)
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