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ABSTRACT 

This thesis presents novel engine systems using alternative fuels for aviation, rail, and 

marine transportation as follows: (i) alternative powering systems, such as fuel cells, on-

board hydrogen production (ii ) alternative fuel choices with hydrogen, methane, methanol, 

ethanol, and dimethyl ether; and (iii) different methods for waste retrieval energy, such as 

absorption refrigeration systems, desalination system, and thermoelectrical generators. The 

systems are analyzed by three methods: thermodynamic, exergoenvironmental, and 

exergoeconomic analyses. Besides, the multi-objective particle swarm optimization 

(MOPSO) is applied for different operating conditions to choose the optimal design 

characteristic of the transportation systems. For aviation transportation, the base turbofan 

produces a power of 9144 kW and thrusting energy of 38 MW, with 43.4% and 52% 

energetic and exergetic efficiency, respectively, under cruising conditions. However, the 

maximum power of SOFC-turbofan is 48MW, including 7.3 MW of turbofan power, 39.8 

MW of thrust energy, and 0.94 MW of the SOFC. The overall energetic and exergetic 

efficiencies of the hybrid turbofan are 48.1% and 54.4%, respectively. For rail 

transportation, the traditional rail engine produces a power of 3355 kW with 45 % energetic 

and 57% exergetic efficiency. A new design of gas turbine combined with SOFC and 

PEMEC produces about 5590 kW with 90% energy efficiency and 50% exergy efficiency. 

This engine is optimized to produce a power of 7502 kW with exergetic efficiency of 82% 

with reducing specific fuel and product exergy cost to 11.5 $/GJ and 14.5$/GJ, 

respectively. For marine transportation, the traditional marine engine produces a power of 

10,524 kW with 23% energetic efficiency. However, a stream Rankine cycle combined 

with a hybridized gas turbine produces a power of 15546 kW with 61% energetic efficiency 

and 43% exergetic efficiency. This engine is optimized to produce a power of 16725 kW 

with exergetic efficiency of 70% and reducing specific fuel and product exergy cost of 18 

and 28 $/GJ, respectively. In addition, all five fuel blends in the eight engines were able to 

reduce carbon emissions by more than 60% compared to traditional fuels. Also, the specific 

fuel consumption was reduced by 10-20% compared to the utilization of traditional fuels.  
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Chapter 1. Introduction 

The population of Canada is increasing at a rate of 1% [1]. This increase in population in 

addition to the vast distances between the farms, urban cities, and mine, will force the 

importance of transportation in Canada. Therefore, the number of vehicles increases in 

different transportation modes to ensure communication and facilitate the services among 

different cities and the whole world. Thus, a significant impact is provided on the 

economic, social, and political state of the country. A government report on the 

transportation sector shows that it contributed to an increase in the gross domestic product 

by 3.2%, which is equivalent to 1.5 times the growth rate for all industries [2]. 

The five principal modes of transportation in Canada consist of motor carriers, 

water, rail, and air [3]. Motor carrier transportation is represented by trucks in different 

shapes to transport consumer goods, petroleum, logs, and industrial products. Water 

transportation is used to transport bulk commodities and customers through the Pacific and 

Atlantic oceans, inland waterways as in canals and the Great Lakes, and coastal along the 

British Columbia coastal water. Rail transportation is also used for bulk merchandizes and 

transferring passengers over long distances to connect the east to the west and north to 

south of Canada. Air transportation is used for large and small items for remote distances 

and in a short time. The primary purpose of all transportation modes is to ensure the 

transport of passengers and goods with a high degree of safety despite the distance and 

time.    

1.1 Type of Transportation Engines  

The prime movers of the vehicles are the engines that can be classified into engines with 

moving parts, including positive displacement motion and rotational motion and non-

moving parts, such as jet engines. The energy cycle in the engine, in many cases, contains 

four processes: compression, ignition, expansion, and cooling to provide motion to pistons, 

blades, and propulsive force. There are specific engines according to the transportation 

sector. For example, in aviation, the main force is the propulsive force and lift force in the 

air. The types of aircraft engines can be classified as moving and stationary components, 

as shown in Figure 1.1. The moving components include reciprocating and rotary engines 
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(e.g., piston and Wankel) and gas turbines. The aircraft gas turbines comprise a turboprop, 

turbojet, turbofan, and turbo-ram. The stationary components are represented as scramjet, 

ramjet and pulsejet aircraft engines.    

 

 

Figure 1.1 Types of aircraft engines of atmospheric dependent type (adapted from [4]) 

  

For the rail transportation sectors, the locomotive engine is the prime mover of the 

train. There are three main types of locomotive engines, as shown in Figure 1.2, including 

internal combustion, external combustion engines, electric engines, and other engines. 

Internal combustion engines can be classified into reciprocating as in diesel engines and 

other fuel engines such as kerosene and petrol, as well as rotational engines and gas 

turbines. External combustion engines are steam locomotive that uses boilers to heat water 

to the vapour and superheated phases. This energy moves pistons in a reciprocating motion 

to move the train wheels. Electric engines use electric motors with different types of current 

instead of combustion engines. Nowadays, new trends are represented consisting of 

combustion and electric motors or sustainable fuel cells to reduce the trainôs gas emissions 

and provide high driving power. All the engines are connected to the gearbox to transfer 

the motion to the trainôs wheel.  
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Figure 1.2 Types of locomotive engines (adapted from [5]) 

Similarly, marine transportation engines are similar to rail transportation engines, 

which involve internal and external combustion engines, electric engines, and other 

engines, as shown in Figure 1.3. Therefore, all marine engines should be connected to a 

propulsion system such as a propeller, a paddle wheel, a pump jet, or a sail.  The internal 

reciprocating combustion engines used in marine transportation contain diesel, dual-fuel, 

and LNG engines, while the rotational combustion engine can be represented as a gas 

turbine. The external combustion system includes a steam turbine and a Stirling engine. 

Diesel engines are most used in freight marine transportation because of the high 

propulsive power to transport massive loads in the water. Other types include electric 

engines operating by electric motors. Hybrid engines combine diesel and electric engines 

and fuel-cell engines can be used in marine transportation.       

 

 

Figure 1.3 Types of marine propulsion engines (adapted from [6]) 

1.2 Fuel Consumption and Environmental Impact 

Different types of fuels in the transportation sector contain conventional and alternative 

fuels relevant to clean transportation. The least carbon-emissive fuel is hydrogen, whether 

compressed, liquified or hydrides. Hydrogen exists abundantly in the atmosphere and the 

seas and oceans. In addition, hydrogen can be considered the lowest specific energy density 

and volumetric energy density, among other fuels. This is because of its lower density 

compared to others ranging from 10 to 70.8 kg/m3, as shown in Figure 1.4. However, 

ammonia has a higher volumetric and gravimetric energy density than hydrogen. Nitrogen 

gas has tremendous potential as a fuel since liquefied nitrogen has higher specific and 

volumetric energy density than compressed gas. Additionally, diesel and gasoline products 
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are mostly used in fueling vehicles despite the higher carbon emissions because of 

substantial volumetric and gravimetric energy densities, as shown in Figure 1.4. To reduce 

emissions from these fuels, diesel from natural resources and lower sulfur content are 

produced, such as biodiesel (B100) from soy, waste oil, and fats and ultra-low-sulfur-diesel 

(ULSD) fuels from crude oil.  

 

 

Figure 1.4 The physical properties of different fuel transportation (adapted from [7,8]) 

 

The fuel distribution in the transportation sector is shown in Figure 1.5, as presented 

in the Natural Resources Canada report of 2021 [9]. The total transportation energy use 

increased by 16% from 2000 to 2016 to a total of 2,683 PJ in 2020. The significant 

contribution of fuels to the total energy use is motor gasoline at 58% and diesel fuel oil at 

28%. Aviation turbo fuels contribute to energy use by 10%, while heavy fuel, ethanol, and 

propane are consumed by less than 5% in total. The report has also shown that energy 

efficiency improvements in the transportation sector saved Canadians 763 PJ of energy and 

almost $21 billion in energy costs in 2021. 

Fuel consumption has a significant impact on the environment, and it is essential to 

measure the greenhouse gas (GHG) equivalent for each economic and transportation 

sector. The total GHG emissions from all economic sectors reached 709 Mt CO2e in 2017, 

which decreased by 1.6% from 2000 [10]. The main contributors to these emissions were 

the oil and gas industry and transportation. The emission from transportation sectors has 

increased by 39%% from 131 to 182 Mt of CO2e as a consequence of the increase in 

population and the economic sector [10].  
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Figure 1.5 Fuel mix of the transportation sector, 2021 (adapted from [9]) 

 

For the transportation sector, passenger transportation contributes 54% to the total 

emissions, freight emissions are 41%, and off-road emissions are 5% [10]. Emissions from 

passenger transportation have continued to rise because of an increased number of vehicles 

due to the increase in travelling and trading. Also, freight emissions have increased because 

of many factors, including increasing trade and globalization and on-line shopping. The 

main contributor to this number of emissions is cars and buses, which have 48% of the total 

emissions from all transportation sectors. However, rail, aviation and marine emit about 

26% of the total emission of all transportation sectors. This amount is equivalent to 27.0 to 

32.2 Mt of CO2e from 1990 to 2017 [10]. The significant emission from vehicles compared 

to others is because the number of vehicles and buses in Canada is more than the number 

of trains, airplanes, and ships.     

For rail transportation, the GHG emissions and energy used and train activity and 

presented in Figure 1.6-a and -b. The GHG emission decreased from 7 to 6 Mt of CO2e 

from 1990 to 1998, then spiked up to 8 Mt of CO2e in 2008, then decreased to 6.5 Mt of 

CO2e in 2018. The energy use curve has similar behaviour to the GHG emission curve, 

which represents the amount of energy consumption by trains. Figure 1.6-b explains the 

reason behind the distribution of GHG emissions and energy use over the years. The 

activities for passenger and freight trains have significantly increased over the 17 years. 

For aviation transportation, Figure 1.6-c and -d display the GHG emissions, energy use, 

and activities. The GHG emission has increased substantially from 12 to 20 Mt of CO2e. 

Similarly, energy use has increased from 180 to 280 PJ from 1990 to 2017. The reason for 
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that is the number of passenger and freight flights has significantly increased over the past 

years due to travelling and globalization trading.   

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 1.6 The GHG emissions and energy use for rail transportation (a) the activity of 

passenger and freight rail transportation (b), the GHG emissions and energy use for aviation 

transportation (c) and the activity of passenger and freight aviation transportation (d), the GHG 

emissions and energy use for marine transportation (e), and the activity of freight marine 

transportation (f).  

 

The GHG emissions and energy use for marine transportation are explained in 

Figure 1.6-e. The emissions from freight marine significantly decreased from 8 to 5.5 Mt 

of CO2e. Also, energy use decreases from 108 to 80 PJ. That is because the activity of 

freight marine increased from 170000 million km to 250000 million km from 1990 to 2005, 

then decreased to 200000 million km, as shown in Figure 1.6-f. 
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 The Canada GHG emission plan is to reduce the total emissions to 517 Mt CO2e by 

2050 [11]. The carbon emissions were lowered from 815 Mt CO2e in 2016 to 722 Mt Co2e 

in 2017. However, a considerable reduction of 205 Mt CO2e should be implemented by 

2030, which includes 30 Mt CO2e by all transportation sectors to achieve the total 

reduction. Therefore, this thesis will contribute to GHG emission reduction by tackling the 

research gap in the transportation sectors (rail, aviation, and marine) and utilizing 

alternative fuels instead of fossil fuels. 

1.3 Potential Solutions for Sustainable Transportation 

The government of Canada is concerned about the environment and natural resources [12]. 

Much information has been collected through years of measurements in order to 

investigate, analyze and predict the weather and climate issues [13] to have a better 

understanding of the effects and causes of climate change [14], and that was presented by 

measuring the GHG emissions through different economic sectors and more focus on 

transportation sector from 2000 to 2017. Therefore, the Canadian government has proposed 

Canadaôs climate plan [15] include some strategic plans for the transportation sector [16], 

such as (a) providing a 2016 budget of $62.5 million to invest in electric charging stations 

for electric vehicles and providing alternative fuel stations using natural gas and hydrogen; 

(b) providing a 2016 budget of $ 3.4 billion to expand public transit; and (c) implementing 

a zero-emissions vehicle strategy. The main goal of this plan is to achieve a reduction of 

greenhouse gas emissions of up to 512 Mt CO2e by 2030. That means the GHG emissions 

from transportation should achieve 150 Mt CO2e by reducing 30 Mt CO2e within the next 

ten years. As a result, Transport Canada [17] has established many programs to provide a 

safe and secure and ecofriendly transportation system, such as a clean transportation 

system-research and development program [18]. 

1.4 Potential of alternative fuels in transportation systems  

The design of transportation systems covers the aspect of fuel-system design, which 

considers the fuel selection and system components. The fuel selection should be clean 

fuels without fossil fuels such as diesel or kerosene. Five alternative fuels are considered 

with their combinations in this thesis, such as hydrogen, ethanol, methanol, dimethyl ether, 
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and methane. Since Canada's plan for GHG emissions is to reduce the emissions to 517 Mt 

of CO2e by 2050. therefore, the usage of fossil fuels should be eliminated to reach that 

goal. The reasons for the selected alternative fuels are explained below. 

Hydrogen is colourless, odourless, non-toxic, and zero-emission fuel burned with 

oxygen and can be used in fuel cells and internal combustion engines. Hydrogen can be 

produced from fossil fuels by steam reforming or partial oxidation of methane and coal and 

by electrolysis of water. Hydrogen has been used in internal combustion engines by 

blending with other hydrocarbon fuels, such as reducing carbon emissions because of its 

high octane ratio (>130) [19ï21].  

Methane is the simplest alkane and the primary substance of natural gas or 

biomethane, which is upgraded to biogas to be similar to fossil natural gas [22]. Methane 

has a low carbon intensity rating which can significantly reduce carbon emissions. In 

California, methane has replaced fossil natural gas in transportation sectors and households 

to reduce GHG emissions [23].   

Methanol is considered an alternative fuel, and its properties are like ethanol. 

Methanol is generally produced by steam-reforming natural gas to create a synthesis gas, 

which is fed by a catalyst to produce methanol and water. It may be produced by renewable 

sources such as biomass and feedstocks. The benefits of methanol include lower production 

cost, lower risk of flammability compared to gasoline, and can be produced from 

feedstocks to reduce fuel use and clean the environment [24,25].   

Ethanol fuel is ethyl alcohol used as fuel. It is most often used as a motor fuel, 

mainly as a biofuel additive for gasoline. Bioethanol is a form of renewable energy that 

can be produced from agricultural feedstocks from biomass, such as corn or sugarcane. 

Ethanol contains approximately 34% less energy per unit volume than gasoline, but the 

engine efficiency is increased compared to gasoline alone because ethanol has a higher-

octane rating to raise the compression ratio [26,27].  

Dimethyl ether is an organic compound simplest ether, and a colourless gas being 

used in a variety of fuel applications. It is produced by the dehydration of methanol, which 

is obtained from synthesis gas. It is a second-generation synthetic biofuel which can be 

produced from lignocellulosic biomass, which is made of animal, food and agricultural 

waste. It is potentially used as a substitute for propane in liquified petrol gas in households 
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and industry. DME can be a promising fuel in diesel engines and gas turbines because of 

its higher cetane number of 55 than diesel fuels (40-53), which is a measure of fuel 

ignitibility in compression ignition engines [28,29].   

1.5 Motivation and Research Objectives  

The primary purpose of this proposal is to provide environmental solutions in rail, aviation, 

and marine transportation sectors for many reasons: (a) there is a research gap for these 

sectors as presented in the literature, (b) the greenhouse emissions must be reduced from 

transportation sectors, (c) the idea of zero-emission vehicles is required to be fulfilled, (d) 

transportation energy performance must be improved, and (e) sustainable and clean 

resources are implemented.  To achieve these research goals, this thesis focuses on the 

following: 

a. The utilization of alternative fuels in transportation. 

b. The development of transportation engine systems (rail, aviation, and marine). 

c. The usage of renewable powering systems.  

The specific objectives of this thesis study can be stated as follows: 

¶ To develop new systems in three transportation sectors (rail, marine, and aviation). 

Aviation includes two developed systems, and each rail and marine include three 

developed systems. Traditional engines, internal combustion engines for rail and 

marine, and traditional turbofans for aviation. New powering systems are combined 

with or replace the existing engines, such as Rankine cycles, fuel cells, and gas 

turbines. Also, energy recovery systems are implemented in the engine exhaust to 

reduce the waste heat. The combination of systems will increase the net power and 

energy efficiency.  

¶ To use alternative fuels, such as hydrogen H2, methane CH4, methanol CH3OH, 

ethanol CH3OHCH2, and dimethyl ether CH3OCH3, as a replacement for fossil fuels. 

The alternative fuels are composed of five hydrogen-based fuel blends with different 

mass fractions. The utilization of these fuel blends guarantees the reduction of carbon 

emissions since they have less carbon content, high heating values, and are produced 

from renewable sources such as animals, agriculture feedstocks and wastewater.  

¶ To analyze the developed systems using three methods such as: 

a. Thermodynamic analysis by analyzing the system energetically and exergetically, 

estimating both energetic and exergetic efficiencies for the overall engine and its 

components, evaluating exergy destruction rates and irreversibility for all system 
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components, conducting parametric studies to some operating conditions in order 

to study the engine behaviour and overall efficiencies. 

b. Economic assessment by providing exergoeconomic analysis by considering the 

exergy cost rating for inlet and outlet streams, work done and produced, and heat 

added and rejected by the components. 

c. An environmental impact assessment by providing life cycle assessment including 

the vehicle and fuel cycles, environmental impact assessment by the tool for 

reduction and assessment of chemicals and other environmental impacts (TRACI 

V2.1) impact method, and exergoenvironmental analysis.  

¶ To provide an optimization study using multi-objective particle swarm algorithm 

(MOPSO) for each transportation sector with different operating conditions to choose 

the best design of the transportation engines. 

1.6 Novelties 

Previous research covers whether modifications of traditional engines or mixing some 

additives to traditional fuels increase engine performance and reduce carbon emissions, but 

the reduction of carbon emissions was not sufficient to reduce the GHG and global carbon 

emissions. The previous studies can be categorized into two aspects: fuel-based design and 

system-based design. However, this thesis is categorized as system-fuel-based design. The 

novelties of this study are as follows: 

¶ It designs renewable powering systems using environment-friendly fuel cells. The 

proposed fuel cells are solid oxide fuel cells (SOFC), molten carbonate fuel cells 

(MCFC), and proton exchange membrane fuel cells (PEMFC). These fuel cells will 

combine with other powering systems such as internal combustion engines, gas 

turbines, and Rankine cycle systems to increase the output power and reduce carbon 

emissions.  

¶ It develops solutions for energy recovery to increase energy performance and decrease 

energy losses. The energy recovery will be utilized by transferring the waste heating 

load into a cooling load using an absorption refrigeration system, electric power using 

thermoelectric generators, and producing fresh water using a desalination system.  

¶ It employs alternative fuels instead of fossil fuels, such as hydrogen, methane, 

methanol, ethanol, and dimethyl ether, to eliminate carbon emissions. These fuels are 
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formed into five hydrogen-based fuel blends with various mass fractions to moderate 

the dependency on carbon content and reduce carbon emissions. 

¶ It investigates the designed systems using three analyses, such as thermodynamic, 

exergoeconomic, and exergoenvironmental analyses. The eight developed engines are 

also compared to the commonly used engines in each transportation sector regarding 

energy performance, cost, and environmental impact to be an excellent asset for 

decision-makers.   

¶ It contributes to a significant increase in engine efficiency, enhancing transportation 

performance, and great reduction of carbon emissions because of the newly developed 

engines and utilization of clean fuels. 

1.7 Thesis Outline 

This thesis presents five chapters. Chapter One is an introduction to the topic of 

transportation sectors and their effect on the environment. It also includes the research 

motivation, research objectives, and novelties. Chapter Two presents a comprehensive 

literature review for three sectors. It includes the current engines with different 

configurations and investigations conducted on them. To facilitate the reading of this 

chapter, the chapter splits into three major sections, in which each sector is discussed 

separately. Chapter Three displays the description of transportation systems, which are 

eight engines: two aviation engines, three rail engines, and three marine engines. Chapter 

Four introduces the system modelling, including modelling of subsystems in engines 

separately, as follows: (1) engines: internal combustion engine, turbofan, gas turbine 

engine, steam Rankine cycle, and binary systems; (2) fuel cells: SOFC, PEMFC, MCFC, 

and aluminum electrolysis cell (AEC); (3) energy recovery systems: an absorption 

refrigeration system, thermoelectric generators, and desalination unit. Also, this chapter 

presents analyses and assessments, such as thermodynamic analysis, exergy analysis, 

exergoeconomic analysis, and exergoenvironmental analysis, and optimization algorithm. 

Chapter Five presents the results and discussions of the eight engine systems based on four 

analyses and compares the results of the developed engines with traditional engines in each 

sector. It also includes a comparison between systems and optimization results for the least 

weight engine configurations to provide maximum performance with the least cost rates 

and the least environmental impact. Lastly, Chapter Six concludes the results and 

discussions of each system.    
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Chapter 2. Literature Review 

This chapter presents a comprehensive literature review for each transportation sector. This 

review will cover studies conducted on aviation engines, rail engines, and marine engines. 

The review focuses on the reduction of carbon emissions, the possibilities of using 

alternative fuels only, different engine configurations, and the usage of fuel cells and other 

powering systems. It will also provide an overview of different analyses besides 

thermodynamic analysis and the cost and environmental impact of engines.  

2.1 Aviation Transportation 

Aviation is an essential link to connect countries globally and plays a vital role in economic 

activities. The number of passenger and freight flights has significantly increased over the 

past years due to global travelling and globalization. This rapid growth rate increased the 

carbon emissions seven-times to 1034 Tg CO2/yr [30]. Focusing on Canada, the energy use 

of aviation transportation in Canada has increased from 180 to 300 PJ from 1990 to 2019 

[31]. This energy use relies on aviation turbo fuels, which are kerosene-based fuels. 

Consequently, greenhouse gas (GHG) emissions have increased substantially from 15 to 

22 Mt of CO2e [32,33], which contributes about 2% of total GHG emissions from all 

transportation sectors in Canada.  

Several studies have been conducted on clean aviation transportation. For example, 

Kousoulidou and Lonza [34] collected data from actual flight information 

EUROCONTROL and Eurostat statistics for European flights to predict the consumption 

of biokerosene and conventional kerosene and their impact on carbon emission. They 

discovered that the total fuel consumption was obtained to be about 170 million tonnes 

resulting in 400 million tonnes of CO2 emissions by 2030, and the main contribution to 

these data is the conventional fuels. Therefore, the European Union planned for the use of 

biofuels such as clustered in hydro-processed esters and fatty acids (HEFA), hydrotreated 

vegetable oils (HVO) and biomass-to-liquid (BTL) biojet fuels to reduce the global CO2 

emissions from aviation sector. Also, Schripp et al. [35] analyzed the use of ternary 

alternative jet fuel blends in a practical flight of an A300-600 aircraft with PW4158 engine 

at the airport Leipzig/Halle. The first fuel blend is a mixture of Jet A-1, 30%vol HEFA, 
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and 8%vol alcohol-to-jet (ATJ), and the second blend is Jet A-1, Jet A-1, HEFA, ATJ, and 

synthesized iso-paraffins (SIP). Thus, the soot formation has significantly lessened, and 

the particle emissions have reduced by 29% to 37% according to the flight conditions.    

Moreover, adding hydrogen (20%v/v) to kerosene in a Scramjet engine has 

improved the performance of kerosene supersonic combustion under 3.8 Mach number 

inlet conditions. The heat released is intensified, resulting in higher exit temperature and 

pressure and more OH radicals at low-temperature conditions. That is because the 

hydrogen addition promotes the pre-evaporation and combustion heat release and CO 

oxidation [36]. Furthermore, Badami et al. [37] conducted a small-size turbojet engine 

performance using a traditional Jet-A with two alternative fuels, such as synthetic Gas to 

Liquid and a blended biofuel of Jet-A and Jatropha Methyl Ester. A similar performance 

was achieved despite the lower heat value for alternative fuels. However, the unburned 

hydrocarbon emissions were reduced by 25% to 35% using alternative fuels. 

Alternative fuels such as hydrogen and methane have been investigated in research 

to test their ability to operate aircraft engines. Hydrogen is a carbon-free fuel with a high 

heating value and high energy carrier with less volume, and methane has a low carbon 

intensity rating, which can significantly reduce carbon emissions. Adding hydrogen to 

methane or other hydrocarbon fuels has been tested experimentally. Hydrogen can decrease 

the ignition delay and increase laminar burning velocities [38]. A mixture of ammonia, 

methane, and hydrogen has been conducted experimentally in a high-pressure combustion 

test rig for gas turbines. The mixture can achieve high stability flame with low emissions 

at a low equivalence ratio [39]. Bicer and Dincer [40] performed a life cycle assessment of 

a well-to-wake approach for conventional and alternative aircraft fuels, such as hydrogen, 

ammonia, methanol, ethanol, and liquified natural gas. They showed that hydrogen and 

liquified natural gas have the lowest environmental impact compared to other fuels because 

of their clean and renewable fuel production.  

Ekici et al. [41] conducted a thermodynamic analysis on a turboprop engine using 

methanol and compared its performance with kerosene. The methanol and oxygen mixture 

flow rate should be increased to compensate for the low heating value but negatively 

impact the environmental effect factor. Also, Ekici [42] analyzed a turbofan engine of 

A321-200 by exergy analysis and sustainability analysis. The combustion chamber has the 
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lowest exergetic efficiency and high exergetic depletion ratio. In addition, the climb, cruise, 

and descent phases recorded the lowest product depletion ratio, while the landing and take-

off phases recorded the highest depletion ratio. In addition, Ekici [43] studied the 

performance map of B707-JT3D pairing by thermodynamic analysis and exegetic analysis 

to make aircraft-engine more environmentally benign.  

Fuel cells are introduced into aircraft engines as powering systems to increase 

engine performance. Many efforts are executed to reduce the fuel cell size by eliminating 

the external steam reformer and water gas shift. This can be implemented by fabricating 

direct fuel cells by implementing new catalysts before the anode electrode to apply the two 

reactions (steam reforming and water gas shift) as internal reactors while maintaining the 

cathode electrode as it is. For example, Direct methanol fuel cells have been studied and 

applied in the industry because of their high energy density and avoiding the extra 

requirement of fuel reforming [24]. Also, a direct DME fuel cell has been investigated 

using different compositions of platinum (Pt) and ruthenium (Ru), and 50% of Pt and Ru 

catalyst provides the best overall performance at a wide range of cell voltages [44]. Also, 

new catalysts were developed for (DME) steam reforming by impregnation of copper with 

cerium and nickel additives using mordenite (MOR) and alumina as supports [45]. In 

addition, adding a DME to propane in the SOFC and SR systems has increased the power 

and cell voltage by 70% without changing the reactor structure [46].   

Molten carbonate fuel cells (MCFC) are the most effective method of converting 

chemical energy into electrical energy using molten carbonate electrolytes [47]. They are 

used for large-scale power plants and for powering transportation to provide electric power 

and reduce carbon emissions. For example, Ansarinasab et al. [48] conducted a study on a 

combined power plant that utilized a gas turbine, a Stirling engine, and a MCFC. The plant 

provided a power of about 6.5 MW, and the rejected heat of the MCFC equipment was 

used to heat a Stirling engine to increase the energetic efficiency of the plant. Also, 

Hosseini et al.[49] developed an integrated power plant consisting of MCFC, steam 

methane reforming (SR), methanol synthesis process (MSP) and combined heat and power 

system containing gas turbine and Rankine cycle. The overall power plant can produce 

about 110 MW and other facilities, such as pure water and methanol, with 83% and 58.4% 

energetic and exergetic efficiencies, respectively. Other power generation systems are 
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incorporated with the MCFC system, such as a hybrid solar parabolic power generation 

[50], a hybrid production process of liquified natural and helium [51], a biodiesel 

production [52], and a multiple-effect desalination plant[53]. The use of the MCFC unit 

has significantly reduced the CO2 by about 30% to 70% and increased the overall efficiency 

compared to other traditional systems.   

 They have been used in land transportation [54,55]. However, few studies have 

combined fuel cells with aircraft engines. For example, Ji et al. [56] compared 

thermodynamically three configurations of turbojet engines using kerosene fuel. The 

configurations are two-shaft turbojet, two-shaft turbojet with afterburner, two-shaft 

turbojet with a solid oxide fuel cell (SOFC) and afterburner. The last design has achieved 

the best energetic efficiency between 36% to 42% according to different turbine inlet 

temperatures from 1550 to 1700K and a pressure ratio of 24. Besides, Waters and Cadou 

[57] presented three aircraft engines of the unmanned aerial vehicle combined with SOFC 

and catalytic partial oxidation reactors to reduce fuel burn. The engines are turbojet, with 

high bypass ratio and low bypass ratio of turbofans. The fuel used in the system is JP-5. 

They found that fuel efficiency increased by about 8% for a 90 kW high bypass turbofan 

with a modest cost. Also, Jia et al. [58] investigated the effect of hydrogenation degree on 

jet fuel (RP-3). Combining hydrogen and additive catalyst has slightly reduced the density 

and sulfur content but enhanced the thermal oxidation stability of jet fuel. In addition, a 

mixture of hydrogen ammonia and air has been combusted and numerically investigated. 

Cai and Zhao found that increasing the hydrogen to ammonia ratio to about 50% 

dramatically decreased the NOx emission and increased the flame length closer to the 

combustor inlet [59]. Luo et al. [36] studied the addition of hydrogen and fuel additive 

effects on kerosene for dual-mode scramjet under flight Mach 3.8 inflow conditions. The 

results show that adding hydrogen has increased heat released from the scramjet at low 

combustion conditions yielding improved combustion efficiency and flame stabilization. 

Moreover, Ji et al. [60] conducted their study on unmanned aerial vehicles. They 

proposed the concept of turbine-less jet engines combined with SOFC and battery to 

operate the fuel cell. The proposed design showed better performance than a traditional 

turbojet engine with a maximum pressure ratio of 33 and a Mach number of 0.3. Also, 

Bakalis et al. [61] studied a hybrid SOFC-GT and conducted an optimization to achieve 
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the best performance in the whole operating range. The optimized hybrid system can 

produce a net power of 246.4 kW (192.2 kW for SOFC and 57.2 kW for GT) with 58.5 % 

thermal efficiency.  

Aircraft manufacturers are concerned about the extra weight that affect the 

aerodynamic performance of airplanes due to changing fuel types and engine systems. 

However, studies have proven the opposite. Verstraete [62] investigated the utilization of 

hydrogen fuel in the aviation sector. It was found that hydrogen storage capacity can be 

performed in a smaller span and wing area. The gross weight of the hydrogen-fueled 

aircraft is less than 30% than that of kerosene-fueled, which reduces the direct operating 

costs from 6.65 to 6.53 /seat. In addition, the improvements in engine specific fuel 

consumption were 20% fewer sensitives for a hydrogen-fueled than that kerosene-fueled 

aircraft. Also, the ratio of operating empty weight between the hydrogen-fueled to 

kerosene-fueled is 95.9%. Further, the left/drag ratio of the airplane is less by 15.3% for 

using hydrogen fuel. However, the energy utilization was higher for the hydrogen fuel of 

643.4 kJ/seat than that of kerosene fuel by 68%.  

Wang et al.[63] reviewed different configurations of hybrid UAV, mainly focusing 

on three fuel cells, such as the proton exchange membrane fuel cell (PEMFC), solid oxide 

fuel cell (SOFC), and direct methanol fuel cell (DMFC). All the fuel cells can increase the 

aircraft's performance but also increase the total engine weight. They recommended that 

the weight be reduced to reduce the engine weight and increase the total thrust.  In addition, 

other power sources are included, such as batteries, solar cells, and internal combustion 

engines. Some challenges are discussed, including slow response, low efficiency at low 

power output and fuel storage and accessories. Also, a new lightweight design of fuel cells 

should be introduced to overcome weight problems. 

A few researchers have focused on combining the MCFC with gas turbines. Liu et 

al. [64] studied a micro gas turbine with MCFC in addition to the catalytic burner to utilize 

the waste energy from the combined system. They used a platinum catalyst with additives 

of ceriaïzirconia mixed oxide (CeZrO2) Lanthanum manganite (LaMnO3) coated with 

alumina ɔ-Al2O3. They found that the additives to the catalytic burner have improved the 

combustibility at lower temperatures and reduced the catalyst reactivity, and increased the 

performance of the hybrid micro gas turbine system. Recently, direct MCFC has been 
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intensively investigated with different fuels, such as direct ethanol MCFC. Devianto et al. 

[65] prepared a new anodic electrode by pressing magnesium oxide (MgO) and lead 

monoxide (PbO) into a disc-shaped specimen and mixing it with nickel-based catalyst. A 

mixture of ethanol and water is fed to the anodic electrode. They found that the Ni/MgO 

converts 99.8% of ethanol with 57.3% hydrogen selectivity achieving the highest 

performance among other specimens of direct ethanol MCFC. 

2.2 Rail Transportation 

Rail transportation is a convenient method to link distant cities and countries to transfer 

passengers and goods. However, rail transportation counts on fossil fuels such as diesel 

and gasoline for about 83%, and also freight emissions contribute about 42% to the total 

amount of emissions from transportation [9]. Unfortunately, this growth in carbon 

emissions affects the occurrences of natural disasters, especially in developing countries 

[66] and continues to be a global matter since they also impact developed countries [67]. 

Many efforts are consumed to enhance the combustion quality of fossil fuels; for instance, 

lowering the flame temperature and increasing the excess air decreases NOx emissions 

[68]. Also, blending and adding some additives such as nitro ethanol to diesel changes the 

properties of diesel and reduces emissions such as NOx, SOx, and carbon emissions [69]. 

Furthermore, urea is usually injected into the exhaust of a rail diesel engine before the 

selective catalytic reduction to reduce NOx emissions [70]. However, these efforts are not 

sufficient to significantly reduce global warming and the overall emissions. Therefore, not 

only are fossil fuels needed to be replaced by renewable and green fuels, but also new 

powering systems must be introduced in rail transportation to increase engine performance. 

For rail transportation, the popular locomotive engine is an internal combustion 

engine operated by diesel fuel, which emits greenhouse gas emissions to the environment. 

Several studies have been conducted on alternative fuels and engines to reduce GHG 

emissions. For example, Hogerwaard and Dincer [71] have studied the effect of ammonia-

ultra low sulfur diesel (NH3-ULSD) duel fuel as an alternative replacement to diesel fuel 

in a locomotive engine. Also, hydrogen production was added onboard to reuse the heat 

recovery from ammonia decomposition to reduce diesel fuel consumption. They have 

found that heat recovery has improved the energy and exergy efficiencies for the new 



18 

 

locomotive system. The alternative fuel has reduced GHG emissions by 53% and air 

contaminants emissions. 

Marin et al. [72] conducted their research on the usage of hydrogen for passenger 

locomotives in the GO Transit Lakeshore corridor through Oshawa, Toronto, and 

Hamilton, in the province of Ontario in Canada. They compared three types of engines: 

diesel internal combustion engines, electrification, and hydrogen fuel cell. They found that 

the hydrogen fuel cell increased the weight of electric locomotives by 30%, but it has higher 

flexibility and is more economical than electrification. Their study has been extended to 

include energy supply and distribution. Marin et al. [73] have investigated the economic 

impact and flexibility of hydrogen production and distribution on the Bombardier ALP-

46A locomotives. Four hydrogen production processes are included in their study: proton 

exchange membrane fuel cell, thermochemical Cu-Cl cycle, electrolysis, and steam 

methane reforming. They reported that the usage of hydrogen fuel cells has some 

drawbacks: the life expectancy of a fuel cell is one-third of that of diesel engines, and 

hydrogen storage at a higher energy density is less efficient than diesel on-board space 

utilization. Also, the implementation of fuel cells has an expected cost for high power 

transportation of 500 $/kW. Marin et al. [73] have recommended internal combustion 

engines operating on hydrogen despite low efficiency to overcome the high operational 

cost of fuel cells.  

In order to reduce hydrogen consumption and increase the efficiency of fuel cells 

in locomotive engines, Hong et al. [74] constructed a small-scale locomotive system. The 

prototype locomotive comprises a proton exchange membrane fuel cell and battery. They 

simulated different driving cycles and investigated the performance of the hybrid engine. 

They found that maintaining the charge state of the battery can achieve self-adaption 

function to improve efficiency by 2% and reduce hydrogen consumption by 0.86g. 

Similarly, Meegahawatte et al. [75] analyzed a hybrid fuel cell series of commuter railway 

vehicles by analyzing power flow models of a hydrogen fuel cell stack, battery pack and 

hybrid drive controller based on a typical return journey between Stratford Upon Avon and 

Birmingham in the United Kingdom. In addition, fuel consumption was compared among 

different types of engines, such as diesel engines and hybrid engines. They have found that 

pure fuel cell engines can consume 38 kg of hydrogen for a long journey with a power of 
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355 kWh. However, the diesel-battery hybrid engine can consume 82 l of diesel oil for a 

small journey with a power of 294 kWh. Also, the CO2 emission was obtained from the 

hybridized fuel cell with a battery of 148.5 kg CO2, which was a less amount compared to 

that of the diesel engine, diesel hybrid, and pure fuel cell engine. 

In addition, Shinde et al. [76] performed the life cycle assessment for Mumbai 

Suburban Railway in India to include the construction and maintenance of railway 

infrastructures such as power supply installations, bridges and platforms. It was found that 

the main contribution to the total environmental impact was the operation of the multiple 

electric units that feed the railway stations with electricity. The main reason for that was 

the dependence on power supply from conventional sources such as charcoals and fossil 

fuels. To reduce GHG emissions, renewable energy sources should be considered in the 

operation phase. Moreover, Zhang et al.  [77] investigated the proportion limit of coal 

power consumption for rail transit in 18 cities in China from 2015 to 2017. This 

investigation was performed to measure the carbon emission reduction in rail transit. They 

have found that the environmental impact of rail transits is decreased compared to other 

transit modes due to the application of different sustainable strategies. 

Another way is to remove ICE and use a gas turbine engine only or integrated with 

fuel cells to increase the power and energetic efficiency. That is because fuel cells are 

devices operated by electrochemical reactions to produce electricity rather than mechanical 

systems accompanied by mechanical motions and mechanical friction. For example, Guo 

et al. [78] combined a gas turbine engine with a SOFC operated with a mixture of ammonia 

and water for hydrogen production in order to allow the SOFC to generate electricity. The 

performance of the combined engine is increased by increasing the sharing power of the 

SOFC to 25% and reducing the fuel consumption of the GT by about 20%. Another method 

to replace the ICE is to use hybrid-electric commuters combined with PEMFC and battery, 

as studied by Sarma and Ganguly [79]. Fan et al. [80] presented a recent review study 

focused on air emissions, especially in transportation, that can be minimized by using zero-

carbon fuels such as hydrogen, which can enhance engine performance in a safe and clean 

environment for passengers. Hence, hydrogen storage is a vital obstacle in transportation 

power due to its enormous size. Thus, on-board hydrogen production could be an answer 

to this dilemma by applying aluminum electrolysis cells (AEC). It is operated by 
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electrochemical reactions of liquid aluminum, which will separate into amide ions (.() 

and ammonium ion (.() by combining amide salts to the ammonium solution like 

potassium amide, lithium amide, and sodium amide [81,82].  

Transportation engines use massive heat to combust fuel with air and produce 

power. However, a fraction of this immense heat is transferred to power by expansion 

leaving behind a huge waste of energy, which results in lowering the overall energetic 

efficiency of the engines. This waste energy can be utilized by converting heat to cooling 

load or electricity, such as a thermoelectric generator (TEG) and absorption refrigeration 

systems (ARS). For example, Luo et al. [83] installed TEG units in the exhaust pipes of a 

vehicle, which were able to generate electric power of 40W at a speed of 120 km/h.  

Moreover, Ma et al. [84] constructed a small-scale of geothermal system that contains 32 

TEG modules to be connected to a geothermal exhaust pipe. The inlet temperature ranged 

from 100  to 300  with a mass flowrate of a maximum of 24 kg/h. The net power of 

TEG modules is from 0.66 to 3.17 W with 0.67% of energetic efficiency. Similarly, Alegria 

et al. [85] established an experimental model of a geothermal pipe connected with TEG 

units to produce a power of 10 to 20 W from an input heat of 330 to 480 W. In conclusion, 

TEG units can be attached to exhaust lines to convert some of the excessive heat into 

electric power and reduce waste energy.  

Few studies have conducted exergoeconomic analysis and exergoenvironmental 

analysis to address engine systems economically and environmentally. Uysal and Ke­ebaĸ 

[86] performed an exergoeconomic analysis on a real gas turbine engine in order to reduce 

the exergy destruction cost rate of the system. In addition, Chitgar and Emadi [87] applied 

exergoeconomic analysis on a hybrid SOFC and gas turbine system combined with a 

desalination and organic flash cycle for a residential building. The obtained costs were 3.4 

/ kWh for electricity, 37.8 /m3 for fresh water and 1.7 $/kg for hydrogen. Aghbashlo et 

al. [88] performed exergoeconomic analysis on a single-cylinder Recardo diesel engine 

using different biodiesel concentrations (B5) blended with diesel fuel. They found that the 

pure diesel decreased to the specific exergy cost 48.81 $/MJ for a full load compared to 53 

$/MJ for 3% emulsified water-biodiesel (B6W3m). However, the fuel blend of B5W3m 

had high exergetic efficiency of 28% to 33% according to the engine load percentage and 

higher exergoeconomic factor of 4% and a minimum relative cost difference of 1.6. That 
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showed the fuel blend of B5W3m was exergetically and economically effective fuel. 

Cavalcanti et al. [89] performed exergoeconomic and exergoenvironmental analysis on 

different mixtures of biodiesel and diesel in a direct-injection engine of 27 kW. They found 

that low biodiesel concentration had a slightly higher exergy efficiency of 33% than pure 

diesel 32%. Also, the exergoeconomic factor was higher for 5% biodiesel (D95B5) of 

0.36% than for pure biodiesel (B100) of 0.16%. However, biodiesel had a lower 

environmental impact of 55.8 mPt/kg than 240 mPt/kg of diesel. Increasing the biodiesel 

concentration decreased the environmental impact from 33.7 mPt/MJ to 19.41 mPt/MJ.  

Similar studies have been conducted in hybrid power plants. Lee et al. [90] 

developed a hybrid power generation system and performed exergetic and exergoeconomic 

analyses. The hybrid system comprises solid oxide fuel cell (SOFC) and ICE, and other 

additional devices such as heat exchangers and blowers. They used liquified natural gas 

(LNG). The unit exergy cost of LNG was $12.62 /GJ. The researchers found that extensive 

exergy destruction occurred in the ICE, followed by heat exchangers and then SOFC. Also, 

the SOFC had the highest exergoeconomic factor of 93%. However, the heat exchanger 

had the lowest exergoeconomic factor of 7%. The ICE and SOFC produced a power of 

11.36 kW and 93 kW, respectively. The net power was 101 kW with an overall system 

efficiency of 62.1% and exergetic efficiency of 57.0%.  In addition, the combination of 

SOFC and turbomachinery improved the energetic efficiency of the overall cycle to reach 

to 65% [91,92]. 

2.3 Marine Transportation 

Marine transportation is recognized as another source of global warming due to the 

pollutants emitted, and sometimes it can be considered as conditional marine pollution for 

international shipping [93]. However, greenhouse gas (GHG) emissions are anticipated to 

rise by 50% in 2050, and an international mitigation governance system should be the 

initiative to ease some challenges to reducing emissions [94]. An allometric approach is 

adopted to discover the correlation between the ship size and speed and the amount of GHG 

emissions. It is worth noting that slowing down the ships and applying energy-saving 

strategies can drastically reduce GHG emissions [95]. Therefore, two emission regulations 

as, International Maritime Organization Data Collection System and European Union 
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Monitoring, Recording, and Verification, become essential for ships above 5000 GRT 

(gross register tonnage) to inspect the carbon emissions in addition to applying energy 

efficiency management systems [96].    

Different methods to improve efficiency and reduce emissions, such as changing 

fuels, using energy recovery techniques, and developing hybridization designs, may exist. 

First, many strategies have been applied to reduce carbon emissions. For example, CO2 

reduction can be achieved by adding an absorber solvent (such as mono-ethanolamine) 

with a reduction of specific energy consumption to increase the CO2 capture rate in the 

combustion chamber of an engine, as reported in [97]. In addition, Liu et al. [98] examined 

the combustion performance of two fuels such as ammonia/ammonium nitrite and 

ammonia/hydrogen, under different conditions. They found that ammonia nitrite decreases 

the ignition of ammonia and shortens the ignition delay time of the mixture fuel. The 

compression ignition can be reduced by mixing hydrogen and ammonium nitrite. The 

addition of ammonia nitrite reduces the intake temperature to 300-360K. Moreover, 

Tipanluisa et al. [99] investigated the impact of blending diesel/n-butanol on a heavy-duty 

diesel engine. They found that the concentration of n-butane at 10% of the volume ratio 

increases the maximum pressure and maximum heat release rate of the combustion 

chamber but decreases the in-cylinder temperature without significant changes in ignition 

delay. In addition, the existence of n-butanol reduces brake-specific energy consumption 

and carbon emission. Also, Zhao et al. [100] studied the effect of hydroxyl (HHO) on the 

conventional marine diesel engine by blending waste cooking oil and hydroxyl gas with 

diesel and with diesel and kerosene. They found that this fuel blend can increase the brake 

thermal efficiency to its maximum of 38%, with a brake specific fuel consumption of 228 

g/kWh and can reduce the carbon emission and eliminate others. Moreover, recent studies 

have been conducted on enhancing combustion performance. For example, Mueller et al. 

[101] investigated a ducted fuel injection of a  diesel engine using pure diesel fuel, diesel 

and 25%vol methyl carbonate, diesel and 25%vol glycol ethers. Adding oxygenated fuel 

to diesel significantly reduces NOx and SOx emissions. Also, Monsalve-Serrano et al. 

[102] studied duel-fuel combustion performance by using diesel mixed with methane. They 

found that the carbon emissions have been reduced during high load conditions only. This 

review includes the well-to-wake life cycle elements. In addition, Xing et al. [103] 
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presented a technological review to determine whether encouraging alternative marine 

fuels that can reduce the most dangerous emissions, such as sulphur oxides, carbon dioxide, 

and nitrogen oxides, has significant benefits. They found that the usage of fossil fuels with 

any additives still produces fewer emissions compared with that only fossil fuels but still 

higher than what regulations have permitted. In addition, hydrogen and ammonia are great 

choices for a small shipping and domestic application despite their high price tag. Methanol 

is also a boundless opportunity for international shipping instead of biofuels and modified 

fossil fuels.      

A hybridization is a great approach to increasing engine performance. For instance, 

Wang et al. [104] presented a review of marine renewable energy storage evolving pumped 

hydro, hydrogen, battery and buoyancy energy storages and need more contribution to 

enhance the energy performance with economic benefits. In another example, Miretti et al. 

[105] investigated the air quality of hybridized waterbuses. They found that parallel or 

series hybridization by using batteries, electric generators, and electric motors can reduce 

engine emissions and increase air quality. In addition, Long et al. [106] designed a system 

for an exhaust gas-reformer that is attached to LNG marine engine to produce hydrogen 

on-board. The reformer uses methane and oxygen. They found that hydrogen-rich gases 

are obtained by reforming a mixture of methane and engine exhaust gases with a catalyst 

of Ni/Al 2O3 to reach a maximum hydrogen concentration of 12.6% by increasing the 

methane concentration with acceptable excess air. This hydrogen production was able to 

get the benefit of waste energy-yielding to increase the overall engine performance. Also, 

Yao et al. [107] presented a combined system of on-board cold storage, air conditioning 

and desalination with about 55% of utilization efficiency and 50% exergy efficiency. 

Moreover, Sürer and Arat [108] presented on-board hydrogen storage using desalination 

of seawater and electrolysis for hydrogen production combined with a proton membrane 

fuel cell (PEMFC) in order to provide electric power for operating a ship and for running 

the electrolysis. They found that the hydrogen fuel consumption is 460 kg/day for a 

FLAGSHIP project, and there will be 3 × 200 kW PEMFC modules to transport 199 

passengers and 60 cars or 6 trucks. Most studies have introduced electrolysis, desalination, 

and hydrogen production to utilize the waste energy of marine internal combustion engines, 



24 

 

whether operated by diesel of LNG. However, no new marine engine configurations have 

been implemented to increase the engine efficiency using clean fuels.   

Combining fuel cells with marine engines becomes more interesting as introducing 

new efficient powering systems instead of traditional marine diesel engines. For example, 

Ahn et al. [109] provided different analyses of the effect and failure mode for a tanker 

operated using a molten carbonate fuel cell (MCFC) and gas turbine. The tanker uses two 

fuels natural gas and liquified hydrogen. Also, the MCFC is located before the combustor 

and power turbine. The propulsion receives a total power of a gas turbine and MCFC. They 

found that the power of gas turbines and MCFC are 4.5 and 24 MW, respectively. In 

addition, the mentioned analysis found that mechanical failure can occur during leakages, 

and the dangerous areas are around the hydrogen storage, and extra precautions and 

maintenance must be applied to reduce any future malfunctions. In addition, Lin et al. [110] 

designed three configurations of indirect ammonia proton exchange membrane fuel cell 

(IA-PEMFC) using liquid ammonia, ammonia decomposition reactor (AMR), ammonia 

removal unit, PEMFC, and tail gas combustion in order to provide hydrogen to PEMFC to 

produce electrical power. They found that the net power of this cycle is 10 kW, and using 

tail gas combustion was helpful in reducing the AMR heat addition yielding to increase in 

the cycle efficiency from 30% to 50%. Moreover, Ahn et al. [111] developed two marine 

engine configurations using two gas turbine engines and a steam Rankine cycle (SRC). 

One of them uses only LNG, and the other uses a mixture of liquified hydrogen and LNG. 

They also replaced the two gas turbine engines with MCFC using only LNG fuel. The net 

power of the MCFC configuration is about 66 MW which is almost the same as other 

configurations with electric efficiency of 54%. Also, combining gas turbines with SRC and 

operating using only LNG is more economical and feasible and more efficient than any 

other configurations. Furthermore, Sürer and Arat [108] presented a literature review of 

hybridized marine engines combined with fuel cells, especially PEMFC to provide a net 

power varying from 12 kW to 300 kW from  PEMFC and 400 kW from the electric motor. 

The hydrogen production was from stream reforming or gasification of methane and coal, 

pyrolysis of methane, and electrolysis of seawater after desalination. The challenge of such 

systems is the limited output power of PEMFC with respect to its size and large storage of 

hydrogen gas.    
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Waste energy is a great concern to many leaders of industry and must be reduced 

as much as possible to increase engine efficiency. Nawi et al. [112] studied possible 

methods of recovering waste exhaust heat from marine diesel engines of 996 kW by 

combining the organic Rankine cycle and marine. The working fluid is bioethanol 

production from some microalgae. They found that the net power is 5.10 kW with an 

energetic efficiency of 2.3%. In addition, Tian et al. [113] investigated a combined organic 

Rankine cycle (ORC) and liquified natural gas (LNG) marine engine to utilize the waste 

energy of exhaust gases. They performed thermo-economic analysis over 32 working fluids 

in order to obtain optimal efficiency and economic benefit. They obtained the best cases in 

terms of efficiency and power output as of 14% and 210 kW with a combination of three 

from R1150, R600, R601a, R170, and R290. Also, Liu et al. [114] analyzed a combination 

of an organic Rankine cycle and thermoelectric generator with a marine diesel engine to 

make use of the waste energy of exhaust gases. The combined cycle has an energetic 

efficiency of 6.9% and a net power of 134 W, with a cost of 0.461 $/kWh, which is lower 

than each bottom cycle.  

Vedachalam et al. [115] and Ampah et al. [116] have reviewed marine regulations 

to restrict the sulphur contents in marine fuels such as distillate marine fuels (DM), ultra-

low sulphur fuel oil (ULSFO-DM), residual marine fuel (RM), and high-sulphur heavy fuel 

oil (HSHFO). They also discussed the role of the international marine organization (IMO) 

in lowering the border of carbon emissions, nitrogen oxides, sulphur oxides, and particulate 

matter. Some combinations and processing can be performed for marine fuels; hence, 

alternative fuels can be introduced and have the potential for better propulsion and power 

performance, such as hydrogen, liquified natural gas, alcohol fuels (i.e., ethanol and 

methanol), hydrocarbons (i.e., dimethyl ether), ammonia, and biodiesel and biofuels with 

the addition of nano particles on biodiesel-diesel blends to reduce emissions.   

Some studies have implemented a combination of Rankine cycles with marine 

diesel or dual engines. For example, Hountalas et al. [117] combined a Rankine bottoming 

cycle with the exhaust of a marine diesel engine to utilize waste energy. This integration 

increases the net power and overall efficiency and reduces fuel consumption. 

Aghdoudchaboki et al. [118] combined an organic Rankine cycle and a multi-effect 

desalination unit with a marine diesel engine to recover the waste heat. The integrated 
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engine can produce a net power of about 390 kW and 7 m3/h of freshwater, and it has 

maximum exergy efficiency of 36%. Jafarzad et al. [119] introduced a topping cycle and 

two bottoming cycles to be combined with the marine diesel engine to recover waste heat. 

The topping cycle is a steam turbocharger, and the bottoming cycles are an organic Rankine 

cycle (ORC) and reverse-osmosis desalination unit. The overall performance was raised to 

82% and 54% energetic and exergetic efficiencies, respectively, and the cogenerated 

engine can generate a net electric power of 668 kW and a heating load of 650 kW.  

Tsougranis and Wu [120] developed a power plant system of a vessel consisting of 

four dual-fuel engines and two LNG tanks to be connected to a bottom ORC that depends 

on a cryogenic pump at the affluent of LNG tanks for cooling the condenser. They used 

one-stage and two-stage ORC. They found that both ORCs can produce a net power of 

more than 400 kW for one-stage and 550 kW for the two-stage ORC, with energetic and 

exergetic efficiencies of about 28% for one-stage and more than 35% for two-stage. The 

cost of this system can be increased due to the heat exchanger and expanders; however, the 

fuel consumption saving per year is 344285 $/year with a payback of four years.  

The diesel engine is still in use despite its low efficiency compared to other 

powering systems. Therefore, some studies have been conducted to investigate the 

performance of other powering systems. For instance, Gonca [121] analyzed an SRC 

containing three turbines, one open and two closed feedwater heaters. He found that 

pressure is a necessary condition to consider in the design to gain maximum performance. 

Gude [122] used the engine exhaust's waste energy to desalinate the ships' ballast water to 

produce 1000 m3/d freshwater that is sufficient for 2000 to 4000 occupants. Also, Singh 

and Singh [123] combine a gas turbine cycle with an SRC by using a recovery heat 

exchanger for steam generation. The energetic efficiency of this combination ranges from 

38% to 33%, according to the excess air in the combustion of natural gas.   

Some state-of-art powering systems have been introduced to marine transportation. 

For example, Long et al. [106] [20] designed hydrogen gas production by utilizing the 

exhaust gases of a diesel engine that operated using LNG. The process can produce a 

maximum hydrogen concentration of about 13%, and the energetic efficiency of a steam 

reformer (SR) ranges from 63 to 94%, according to the amount of excess air. Lion et al. 

[124] studied a two-stroke marine diesel engine of 13.6 MW. They found a massive amount 
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of waste heat is rejected in the atmosphere. Therefore, they designed SRC and ORC to 

recapture two energy sources: the high heat of exhaust to the boiler and the rejected heat 

of condensers by using seawater. The first scenario is SRC and ORC, and the second 

scenario is only ORC. The first scenario can produce 848 kW, while the second can give 

678 kW. This shows the combination of two cycles is a better choice than the other. Chitgar 

et al. [125] combined a solid oxide fuel cell (SOFC) with freshwater desalination by reverse 

osmosis process, and they selected methane for hydrogen production from a fuel cell. The 

combined system can produce a net power of 1.3 MW and about 230 m3/day of freshwater 

with an exergetic rate of 54%.   

  Utilization of waste energy is a great approach to improving the overall engine 

performance. It can be executed in various techniques. For example, Zhu et al. [126] 

combined a steam Rankine cycle (SRC) and a gas Brayton cycle (GBC) with a two-stroke 

MAN diesel engine of 28 MW at 60% load to use the waste energy of engine exhaust. For 

a full load, the diesel engine can produce 4800 kW, while the SRC and GBC can generate 

a power of 400 kW and 200 kW, respectively, at a bypass ratio of 12% of waste exhaust. 

This results in a reduction in fuel consumption by 7.3%.  Furthermore, Wang et al. [127] 

combined the organic Rankine cycle (ORC) with the exhaust of a marine diesel engine. 

The working fluid is a zeotropic mixture of benzene/m-xylene and cyclopentane/toluene. 

The exergy efficiency of ORC is improved by 7 to 22%, while the power is increased by 

an average of 20% using zeotropic mixture compared to individual refrigerants at low and 

high exhaust engine temperatures ranging from 225 to 380 oC. They also found that the 

higher the exhaust temperature, the lower the ORC performance. In addition, the lowest 

performance occurs in the summer than in the winter season.    

  Additionally, Liu et al. [128] connected the exhaust line of a  diesel engine to the 

hot junction of thermoelectric generator (TEG) modules, while the cold junction of TEG 

is connected to an organic Rankine cycle with R22 working fluid. In addition, the charge 

air of the engine is used to preheat the pump exit before the evaporator. This cycle can 

produce an output power of 134 W, with an energy efficiency of about 7%. Also, Pallis et 

al. [129] used the organic Rankine cycle with R134a working fluid attached to the hot 

marine diesel engine to benefit from the waste heat. This design was able to produce net 

electrical power of about 165 kWe with an energy efficiency of about 7%. In addition, 
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Abbas et al. [130] constructed two cascaded ORCs to use the waste energy. The topper 

ORC is a high-temperature (HT) cycle with a working fluid of cyclopentane, while the 

bottomer ORC is the low-temperature (LT) cycle using propane, butane, or pentane. The 

energy efficiency is obtained to be 5.5%, while the exergetic efficiency is 20%. The best 

fluid option is pentane for better performance. Moreover, Qu et al. [131] used a steam 

Rankine cycle, power turbine, and ORC using R25fa in order to take benefit from the waste 

energy of a marine diesel engine of 9960 kW. The additional net power generated from 

this cycle is about 1 MW at full load with energetic and exergetic efficiencies of about 28% 

and 66%, respectively. Another method to use the existing energy source is the usage of 

cooling load from the liquified natural gas (LNG) as reported by Yao et al. [107] in 

designing combined system for a containership to on-board cold storage, desalination, and 

air conditioning. The exergy efficiency of this combination increases to about 55% and it 

is economically beneficial at 50%.    

  Fuel cells are electrochemical engines with no mechanical part movement, and they 

are efficient compared to turbomachinery and internal combustion engines. However, still, 

hybridization of existing engines is more acceptable than standalone fuel cells for its 

reliability and cheapness. For example, Ahn et al. [132] designed an engine system for a 

tanker to include a  molten carbonate fuel cell and a gas turbine or steam Rankine cycle. 

The main fuel in the system is natural gas. The energy efficiency reaches 54% using gas 

turbine and 50% using steam Rankine cycle. In another instance, Choi et al. [133] 

introduced a polymer electrolyte membrane fuel cell combined with a lithium-ion battery 

to deliver power to a waterjet propulsion system of a tourist boat with a maximum power 

of 86 kW. The PEMFC can deliver 56 kW (28 kW for each stack), which can be combined 

with the batteries to provide full power or can work alone for low-speed voyages. It is 

better to manage all energy sources for the best engine performance. For example, Si et al. 

[134] presented energy management of a hybrid engine that contains a diesel engine, fuel 

cell, battery, hydrogen storage, and solar panels for a bulker ship. The management system 

was able to allow each subsystem to operate to its maximum performance to reduce carbon 

emissions, management cost, and fuel consumption by more than 40%. 
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Chapter 3. Details of Transportation Systems 

This chapter presents the description of the newly developed engine systems in three 

transportation sectors in addition to the most common engine in the sector. The detailed 

modelling of each subsystem will be described in the following chapter. The system 

components are selected for the internal combustion engine, gas turbine, Rankine cycle, 

and fuel cells, as shown in Table 3.1.  

 These are powering systems that deliver power to the generator, which is connected 

to the motor for the required motion. The aviation transportation sector has a baseline 

traditional turbofan engine (A-Base) and two hybrid turbofan engines, A-1 of MCFC-

turbofan and A-2 of SOFC-turbofan engine. The rail transportation sector has a baseline 

internal combustion engine (ICE) for the traditional locomotive engine (R-Base) and three 

developed rail engines, which are hybrid gas turbines combined with ICE (MCFC-GT, 

ICE) as R-1 engine, hybrid gas turbine combined with on-board hydrogen (SOFC-GT, 

AEC-PEMFC) as R-2 engine, and hybrid gas turbine (SOFC-PEMFC-GT) as R-3 engine. 

The marine transportation sector has a baseline internal combustion engine (ICE) for 

traditional marine engines (M-Base) and three developed marine engines, which are ICE 

combined with a hybrid gas turbine engine (ICE, SOFC-GT) as M-1 engine, steam Rankine 

cycle combined with a hybrid gas turbine (SRC, SOFC-GT) as M-2 engine, and hybrid gas 

turbine combined with a binary system of two organic Rankine cycles (SOFC-GT, 2ORCs) 

as M-3 engine.  

Table 3.1 The system design for the transportation sectors 
Transportation  System # System Main Engines 

Aviation 

A-Base Original Turbofan 

A-1 Hybrid MCFC-turbofan 

A-2 Hybrid SOFC-turbofan  

Rail 

R-Base Original ICE 

R-1 Hybrid ICE, MCFC-GT 

R-2 Hybrid SOFC-GT, AEC-PEMFC 

R-3 Hybrid GT SOFC-PEMFC-GT  

Marine  

M-Base Original ICE 

M-1 Hybrid ICE, SOFC-GT 

M-2 Hybrid combined SRC, SOFC-GT 

M-3 Hybrid combined SOFC-GT, 2ORCs 
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3.1 Aviation Engine Systems  

A turbofan aircraft engine is operating Boeing 787 Dreamline in Air Canada, which is a 

baseline aviation system of a turbofan aircraft with a high bypass ratio (high-BPR), as 

shown in Figure 3.1. It consists of an inlet diffuser (ID), low-pressure compressor (FAN), 

intermediate-pressure compressor (IPC),  high-pressure compressor (HPC), combustion 

chamber (CC), high-pressure turbine (HPT), intermediate-pressure turbine (IPT), low-

pressure turbine (LPT), and exit nozzle (EN).  

 

 

Figure 3.1 The configuration of the aviation base (A-Base) system 

 

The traditional fuel used in the aviation system is kerosene. The power generated from the 

turbofan engine is used to operate the cockpit of the airplane, any auxiliary systems, and 

the battery for storage and emergency cases. The specifications of a traditional turbofan 

are listed in Table 3.2. These specifications include some general characteristics, such as 
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engine type, dimension and dry weight, major components, like compressors, turbines, and 

combustors, and overall aircraft engine performance.  

Table 3.2 The specification of a traditional turbofan aircraft engine 
Specifications Turbofan [135] 

Aircraft engine  Rolls-Royce Trent 1000 

  

General Characteristics: 

Type Three-spool high-bypass turbofan 

Dimension  Length: 4.738m, diameter: 2.85 m (fan) 

Dry weight  5,936 ï 6,120 kg 

  

Components: 

compressor One-stage LP (fan), 8-stage IP, 6-stage HP compressor 

combustors Single annular combustor with 18-off fuel spray nozzles 

turbine Single-stage HP (13391 RPM), single-stage IP turbine (8937 rpm), and  

6-stage LP turbine (2683 rpm) 

  

Performance: 

Overall pressure ratio 50:1 Thrust-to-weight ratio 6.01:1 

TIT 920°C Air mass flow 1,090 ï 1,210 kg/s 

Thrust  265.3ï360.4 kN BPR >10:1 

SFC 479.16 kg/(h.kN)   

TITéTurbine inlet temperature  SFCé Specific fuel consumption       BPRé Bypass ratio 

 

3.1.1 System A-1: Hybrid molten carbonate fuel cell and turbofan engine 

The hybrid MCFC-turbofan engine consists of a turbofan aircraft engine with an MCFC 

and a catalytic burner or an oxidizer, as shown in Figure 3.2. The air flows through the 

turbofan. A portion of exhaust gas after the LPT flows through the afterburner and then the 

MCFC, while the remaining exits to the atmosphere after mixing with the exhaust of the 

MCFC and afterburner. The fuel blend with the steam injection enters the anode of the 

MCFC. The catalytic burner receives exhaust gases to oxidize the fuels and produce carbon 

dioxides. The exhaust from the catalytic burner enters the cathode of MCFC that 

chemically react with the electrolyte to produce clean exhaust gases. If any carbon dioxide 

or monoxide exits as by-products in the exhaust gases, then the exhaust gas returns to the 

burner and re-oxidizes into the cathode of the MCFC. The clean exhaust gas leaves the 

turbofan through the hot exit nozzle.  
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Figure 3.2 The configuration of hybrid MCFC-turbofan engine (A-1) system 

3.1.2 System A-2: Hybrid solid oxide fuel cell and turbofan engine 

The hybrid SOFC-turbofan consists of a turbofan aircraft engine with a high bypass ratio 

(high-BPR) and a SOFC, as shown in Figure 3.3. The airflow enters the diffuser. Some of 

air is bypassed around the turbofan tell the high-pressure compressors (HPC) through the 

bypass after the low-pressure compressor (FAN) to the atmosphere, while the remaining 

air flows through the core of the turbofan. The compressed air from the IPC and HPC 

compressors flows through the cathode of SOFC and the combustion chambers. There is 

also bleeding air with a small ratio of the compressed air that flows to any auxiliary systems 

and balances the required air for aircraft. The fuel blend, and the steam enter the reformer 

and the anode of SOFC. The exit flows from the SOFC burn with the compressed air in the 

combustion chamber. The exhaust gases flow through the HPT, IPT and LPT turbines and 

the hot exit nozzle. 

 














































































































































































































































































































































































































































































































































































































