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ABSTRACT

This thesis presentaovel engine systemssing alternative fuels foaviation, rail, and
marinetransportation as followgi) alternative powering systems, such as fuel cells, on
board hydrogen productidi) alternative fuel choices with hydrogen, methane, methanol,
ethanol,and dimethyl ether; and (iii) different methods for waste retrieval energy, such as
absorption refgeration systems, desalination system, and thermoelectrical genérhtors
systems are analyzed by three methods: thermodynamic, exergoenvironmental, and
exergoeconomicanalyses Besides, the mukobjective particle swarm optimization
(MOPSO) is appliedor different operating conditions to choose the optimal design
characteristic of the transportation systeRw. aviationtransportationthe base turbofan
producs a power of 9144 kW and thriursgy energy of 38 MW, with 43.4% and 52%
energetic anexergeic efficiency, respectivelyundercruising conditionsHowever, the
maximum power oSOFGturbofan is48MW, including 7.3 MW oturbofan power39.8

MW of thrust energy, and 0.9W of the SOFC. The overa#nergeticand exergetic
efficiencies of the hyhd turbofan are 48.1% and 54.4%, respectivefor rail
transportation, the traditional rail engine produces a power of 3355 kW withe#&¥ietic

and 57%exergeticefficiency. A new design of gas turbine combined with SOFC and
PEMEC produces about 559Wkwith 90% energy efficiency and 50% exergy efficiency.
This engine is optimized to produce a power of 7502 kW with exergetic efficiency of 82%
with redudéng specific fuel and product exergy cost to 11.5 $/GJ and 14.5%/GJ,
respectivelyFor marine transptation, the traditional marine engine produces a power of
10,524 kW with 23%energetic efficiencyHowever, a stream Rankine cycle combined
with a hybridized gas turbine produces a power of 15546 kW withediEygetiefficiency

and 43%exergeticefficiengy. This engine is optimized to produce a power of 16725 kW
with exergetic efficiency o70% andredudng 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 carbmemissios by more than 60% compared to traditional fuels. Also, the specific
fuel consumptiorwasreducedoy 1020% compared to the utilization of traditional fuels.

Keywords

Transportationthermodynamic analysigxergoenvironmental analysisxergoeconomic
analysis; alternative fuels.
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Abbreviations

A Aviation

AEC Ammonia electrolysis cell

AP Pump in the absorption refrigeration system
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Chapter 1. Introduction

The population of Canada is increasing at a rate of119d@ his 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 vehidleases 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 reporthe
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 indug2jies

The five principal modes dfansportationn Canada consist of motor carriers,
water, rail, and aif3]. Motor carrier transportation is represented by trucks in different
shapes to trap®rt consumer goods, petroleum, logs, and industrial products. Water
transportation is used to transport bulk commoditiescastbmershrough 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 restateds
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 valies are the engines that can be classified into engines with
moving parts, including positive displacement motion and rotational motion ard non
moving partssuch as jet engines. The energy cycle in the engine, in many cases, contains
four processes: comgssion, ignition, expansion, and cooling to provide motion to pistons,
blades, and propulsive forc&here 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 irFigure 11. The moving components include recpating and rotary engines



(e.g., piston and Wankel) and gas turbines. The aircraft gas turbines comprise a turboprop,

turbojet, turbofan, and turb@m. The stationary components are representedramjet

ramjet and pulsejet aircraft engines.

Aircraft engines ‘

v

y

Moving Nonmoving
components components
v : v v - v v
Positive Continuous flow s : :
displacement ‘ ’ (gas turbines) ‘ ’ Camijet Ramjet Pulsejet
\ \
v ) v v v v v
Reciprocating Rotary : Turboram
(piston) ’ (Wankel) Turboprop Turbojet (hybrid) Turbofan

Figure 11 Types of aircraft engines of atmospheric dependent type (adaptef#ijom

For the rail transportation sectors, the locomotive engine is the prime mover of the
train. There are three main types of locomotive engines, as shdwguire 12, 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 &erosene 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
tomove the trai wheelsElectric engines use electric motors with different types of current
instead of combustion engines. Nowadays, new trends are represented consisting of
combust.i and electric motors sustainal

on or

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

the motion to the trainds wheel
Locomotive engines
: I
L v v v
| Internal combustion External combustion Electric Others
engines engines engines
‘ [ ‘
v : v v - v
Reciprocating Rotational Steam Diesel- fuel cell- hybrid
engines engines locomotive steam electric engines
4 v v A 4 v v
fuel diesel gas direct alternative battery-
engines engines turbines current current electric
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Figure 12 Types of locomotive engines (adapted fri&})
Similarly, marine transportation engines are similar to rail transportatgines)

which involve internal and external combustion engines, electric engines, and other
engines, as shown figure 13. Therefore, all marine enges 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 transportaimaindiesel, duafuel,

and LNG engines, while the rotational comlmstengine 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 loadshia water. Other types include electric
engines operating by electric motors. Hybrid engines combine diesel and electric engines

and fuelcell engines can be used in marine transportation.

Marine engines

L
|

4 v 4 4
Internal combustion External combustion Electric Others
engines engines engines
| [
v v v v v , v
Reciprocating Rotational Stirling Steam fuel cell- hybrid
engines engines engines turbines electric engines
[ i i
v ’ v v i s v v v
diesel ‘ dual-fuel LNG gas direct alternative battery-
engines engines engines turbines current current electric

Figure 13 Types of marine propulsion engines (adapted fi@fh
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 caeooissive fuel is hydrogen, whether
compressed, liquifiedr hydrides. Hydrogen exists abundantly in the atmosphere and the
seas and oceans. In addition, hydrogen can be considered the lowest speEgyicdensity

and volumetric energy density, among other fuels. This is because of its lower density
compared to others ranging from 10 to 70.8 Kg/as showrin Figure 14. However,
ammonia has higher volumetric and gravimetric energy density than hydrdggragen

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

volumetric energy density than compressed gdslithonally, 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 shdwigure 14. 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 anibuksalfur-diesel
(ULSD) fuds from crude oil.
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Figure 14 The physical properties of different fuel transportation (adapted|ff(8})

The fuel distributionn the transportation sector is showrrigure 15, as presented
in the Natural Resources Canada repor2@1[9]. The total transportation energy use
increased by 16% from 2000 to 2016 to a total of 2,683 PJ 20. Zhe significant
contribution of fuels tohe total energy use motor gasolineat58% and diesel fuel odt
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 in2D

Fuel consumption has a significant impact on the environment, and it is essential to
measure the greenhouse gas (GHG) equivalent fdn eaonomic and transportation
sector. The total GHG emissions from all economic sectors reached 709;MirCZD17,
which decreased by 1.6% from 20[@]. The maincontributorsto these emissionsere
the oil and gas industry and transportation. The emission from transportation sectors has
increased by 39%% from 131 to 182 Mt of £Cas a consequence of the increase in

population and the economic sedtbd].
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Figure 15 Fuel mix of the transportation sector22adapted froni9])

For the transportation sector, passenger transportation contributes 54% to the total
emissions, freight emissions are 41%, andradid emissions are 5pp0]. 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 haeased because
of many factors, including increasing trade and globalization addhershopping. The
maincontributorto thisnumberof 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 @D-e from 1990 to 201[A0]. The significant emission from vehicles compared
to others is because the number of vehiales 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 irFigure 1.6a and-b. The GHG emission decreased from 7 to 6 Mt 0,€0
from 199D to 1998 then spiked up to 8 Mt of C@ in 2008 then decreased to 6.5 Mt of
COee in 2018. The energy use curve has similar behaviour to the GHG emission curve,
which represents the amount of energy consumpitjoimains. Figure 1.6b explains the
reasonbehind 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 transportatiomsigure 1.6¢c and-d display the GHG emissions, energy use,
and activities. The GHG emission has increased substantially from 12 to 20 Meef CO

Similarly, energy use has increased from 180 to 280 PJ from 1990 to 2017. The reason for



that is the number of passenger and freight flights has significantly increzsetthe past

years due to travelling and globalization trading.
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Figure 16 The GHG emissions and energy use for rail transportation (a) the activity ¢

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

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

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

The GHG emissions and energy use for marine transportat®explained in
Figure 1.6e. The emissions from freight marine sidicantly decreased from 8 to 5.5 Mt
of COze. 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 showfigure 1.6f.
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The Canada GHG emission plan is to reduce the total emissions to 51 7&tyCO
2050[11]. The carbon emissions were lowered from 815 Me&Ci® 2016 to 722 Mt Ge
in 2017. However, a considerable reduction of 205 MbeCshould be implementdaly
2030, which includes 30 Mt G@ by all transportatiorsectorsto achieve the total
reduction Therefore, thishesiswill contribute to GHG emission reduction by tackling the
research gapn the transportation sectors (rail, aviation, and marine) and utilizing

alternative fuels instead of fossil fuels.

1.3 Patential Solutions for Sustainable Transportation

The government of Canada is concerned about the environment and natural r¢salrces
Much information has been collected through years of measurements in order to
investigate, analyze and predict the weather and climate i§sBp$o have a better
understandingf the effects and causes of climate chaiigé, and that was presented by
measuringthe GHG emissions through different economic sectors and more focus on
transportation sector from 2000 to 2017. Therefore, the Canadian government has proposed
Canadaos ¢lb]inchuad semestrategic plans for the transportation sgidgr

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 budgief $ 3.4 billion to expand public transit; and (c) implementing

a zereemissions vehicle strategy. The main goal of this plan is to achieve a reduction of
greenhouse gas emissiasfap to 512 Mt CQe by 2030. That means the GHG emissions
from transportation should achieve 150 Mt £®y reducing 30 Mt Cg within the next

ten years. As a result, Transport Canddg has established many programs to prodde
safe and secure and ecofriendly transportation systach asa clean transportation

systemresearch and development progrdsi.

1.4 Potential of alternative fuds in transportation systems

The design of transportation systems covers the aspect e$ysteln design, which
considers the fuel selection and system components. The fuel selection should be clean
fuels without fossil fuels such as diesel or keroséne alternative fuels are considered

with their combinations in thithesis such as hydrogen, ethanol, methanol, dimethyl ether,



and methane. Since Canajdan for GHG emissions is to reduce the emissions to 517 Mt
of COye by 2050.therefore, the usage fossil fuels should be eliminated to reach that
goal. The reasons ftine selectedlternative fuels are explained below

Hydrogenis colourless, odourless, ntoxic, and zereemission fuel burned with
oxygen and can be usadfuel cells and internatombustion 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, suchraducing carbon emissions because of its
high octane ratio (>13Q19i 21].

Methaneis the simplest alkane and the primary substance of natural gas or
biomethane, which is gpadedto biogas to be similar to fossil natural gag]. Methane
has a low carbon intensity rating which canngigantly reduce carbon emissions. In
California, methane has replaced fossil natural gas in transportation sectors and households
to reduce GHG emissiofia3].

Methanolis considered an alternative fuelnd its properties are like ethanol.
Methanol is generally produced by steegforming 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 @ampared to gasoline, and can be produced from
feedstocks to reduce fuel use and clean the enviror[2w26]

Ethanolfuel 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 corains 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 ri&27]

Dimethyl ethelis an organic compound simplest etlaerd a colourless gas being
used in a variety of fuel applications. It is produced by the dehydration of methanol, which
is obtainedfrom synthesis gas. It is a secegeheration 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 hdasehol



and industry. DME can be a promising fuel in diesel engines and gas turbines because of
its higher cetane number of 55 than diesel fuels53@)) which is a measure of fuel

ignitibility in compression ignition engind28,29]

1.5 Motivation and Research Objectives

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

and marine transportation sectors faanyreasons: (a)here isa research gap for these

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

transportation sectors, (c) the idea of zensission vehicles required tdoe fulfilled, (d)

transportationenergy performance rsti be improved, and (e) sustainable and clean

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

a. Theutilization of alternative fuels in transportation.

b. Thedevelopment of transportation engine systémi, aviation, and marine).

c. The usage afenewable powering systems.

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

1 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 systemslraditional enginesinternal combustion engines for rail and
marine, ad traditional turbofasfor aviation. Newpowering systemare combined
with or replacethe existing engines,such as Rankine cyclefuel cells, and gas
turbines Also, energy recovery systems are implementethe engine exhaust to
reduce the waste hedthe combination of systems will increase the net pcanel
energyefficiency.

1 To usealternative fuelssuch as hydrogehl,, methane Chl methanol CHsOH,
ethanolCH3;OHCH,, anddimethyl etheICHsOCHg, as a replacemembr fossil fuels.
Thealternative fuels are composed of five hydroppased fuel blends with different
mass fractions. The utilization dfdse fueblendsguarantees theeduction ofcarbon
emissions since they have less carbon content, high heating values, and are produced
from renewable sources such as animals, agriculture feedstocks and wastewater

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

a. Thermodynamic analysis @nalyzing the system energetically and exergetically,
estimating both eneegic and exergtic efficiencies forthe overall engineand its
components, evaluating exergy destructiates and irreversibilityor all system



componentsgonducting parametric studies to some operating conditfonsder
to study the engine behaviour and overaikcefficies.

b. Economicassessmerity 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 providifegcdycle assessment including
the vehicle and fuel cycles, environmental impact assessmetitelipol for
reduction and assessment of chemicals and other environmental ififRA&GI
V2.1) impact method, and exergoenvironmental analysis.

1 To provide an optimization study using midbjective particle swarm algorithm

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

the best design of the transportategines

1.6 Noveltes

Previous researcliovers whethemodifications of traditional engines onixing some

additives to traditional fuelscreag engine performance and re@éwarbon emissiondut

the reduction of carbon emissions was not sufficientdage the GHG and global carbon

emissions. Me previous studies can be categorized into two aspectfidset design and

systembased design. However, this thesis is categorized as sfistebased desigriThe
novelties of this study aes follows:

1 It designsrenewable powering systems using environrigendly fuel cells. The
proposed fuel cellare solid oxide fuelcells (SOFC), molten carbonate fueélls
(MCFC), and proton exchange membrane figdls (PEMFC). These fuel cells will
combine with othe powering systems such as internal combustion engines, gas
turbines, and Rankine cycle systems to increase the output power and reduce carbon
emissions.

1 It developssolutions for energy recovery to increasergyperformance and decrease
energy losses. The energy recovery will be utilized by transferringgabteheating
load intoacooling loadusing an absorption refrigeration systeiectric powensing
thermoelectric generatqrand producing fresh water ngia desalination system.

1 It employs alternative fuels instead of fossil fugelsuch as hydrogemnethane,

methanol, ethanognddimethyl etherto eliminate carbon emissions. These fasks
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formed into five hydrogetvased fuel blends with various mdissctions to moderate
the dependency on carbon content and reduce carb@sions

1 It investigates the designed systems ushrge analyses, such as thermodynamic,
exergoeconomic, and exergoenvironmental analyses. The eight developed engines are
also conpared tathe commonly usedngines in each transportation secggarding
energy performance;ost and environmental impact to be an excellent asset for
decisionmakers.

1 It contributes taa significant increasin engine efficiency, enhancirtgansportation
performanceandgreat reduction of carbon emissions because of the newly developed

engines and utilization of clean fuels.
1.7 Thesis Outline

This thesis presents five chapters. Chafgdere is an introductionto the topic of
transportatiorsectors and their effect dhe environmentlt also includes the research
motivation, research objectives, ambvelies ChapterTwo 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
separatelyChapterThreedisplays the description of transportation systems, which are
eight engines: two aviation engines, three rail engines, and three marine engines. Chapter
Four introduces the system modellinopcluding modelling of subsystems in engines
separately, as folles: (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, sutieasodynamic analysis, exergy analysis,
exergoeconomic analysis, and exergoenvironmental anadygisoptimization algorithm.
ChapterFive presents the results and discussions of the eight engine systemsrbased
analyses andompares the results tifedeveloped 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 tivéleast cost rates

and the least environmental impactastly, ChapterSix 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 transportatioif Bector.
review will cover studies conducted on aviation engjimail engines, and marine engines.
The review focuses othe reduction of carboremissions the possibilities of using
alternative fuels only, different engine configuraticarsithe usage of fuel cells and other
powering systemslt will also provide a overview of different analysesbesides

thermodynamic analysis atige 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 sewtimes to 1034 Tg Cg&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 kerebasedfuels
Consequently, greenhougas(GHG) emissions have increased substantially from 15 to
22 Mt of CQe [32,33] which contributes about 2% of total GHG emissions fiam
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 G@missions by 2030, and the main contribution t
these data is the conventional fuels. Therefore, the European Union planned for the use of
biofuels such as clustered in hygpmocessed esters and fatty acids (HEFA), hydrotreated
vegetable oils (HVO) and biomassliquid (BTL) biojet fuelsto reduce the global CO
emissions from aviation sector. Also, Schripp et[3h] analyzedthe use of ternary
alternative jet fuel blends in a practical flight of an AZID aircraft with PW4158 engine
at the airport Leipzig/Halle. The first fuel blend is a mixture of Jdt, A0%vol HEFA,
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and 8%uvol alcoheto-jet (ATJ), and the second blendlist A1, Jet Al, HEFA, ATJ, and
synthesized isparaffins (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 kezns ina Scramjetengine has
improveal the performance of kerosene supersonic combustion under 3.8 Mach number
inlet conditions. The heat released is intensjfredultingin higher exit temperature and
pressure and more Olrdicals at lowtemperature contions. That is because the
hydrogen addition promotes the greaporation and combustion heat release and CO
oxidation[36]. FurthermoreBadami et al[37] conducted a sma#lize turbojetengine
performance using a traditional Jetwith two alternative fuels, such as synthetic Gas to
Liquid and a blended biofuel of Jatand Jatropha Methyl Ester. A similar performance
was achieved despite the lower hedugdor 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 the ability to operateaaircraft enginesHydrogen is a carbefree fuel with a high
heating value and high energy carrier with less volume, and methareldascarbon
intensity rating, which can significantly reduce carbon emissions. Adding hydrogen to
methane or other hydrocarbon fuels hasiiested experimentally. Hydrogen can decrease
the ignition delay and increase laminar burning veloci&3. A mixture of ammonia,
methane, and hydrogen has been conducted experimentally inpréggure combustion
test rig for gas turbines. The mixture can achieve high stability flame with low emissions
at a low equivalence rat[89]. Bicer and Dince[40] performed a li¢ cycle assessment of
a welkto-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 impactpared to other fuels because
of thar clean and renewable fuel production.

Ekici et al.[41] conductedhthermodynamic analysis on a turboprop engine using
methanol and compared its performance with kerosene. The methanol and oxygen mixture
flow rate should be increased to compengatethe low heating value but negatively
impact the environmental effect tac. 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 plas recorded the lowest product depletion ratio, while the landing and take
off phases recorded the highest depletion ratio. In addition, E4&8]}i studied the
performance map of B78¥T3D pairing by thermodynamic analysis and exegetic analysis
to make aircrafengine more environmentally benign.

Fuel cells are introduced into aircraft engines as powering systems to increase
engine performancélany efforts are executed to reduce the fuel cell size by eliminating
the external steam reformer and water gas shift. This camplementedoy 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 tbfeir high energy density and avoidirthe extra
requirement of fuel reformin{R4]. Also, a direct DME fuel cell has been investigated
using different compositions of platinum YRind ruthenium (Ru), and 50% of Pt and Ru
catalyst provideshe best overall performance atwide range of cell voltagdd4]. Also,
new catalysts were developed for (DME) steam reforming by impregnation of copper with
cerium andnickel additives using mordenite (MOR) and alumina as suppéis 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 stru@téie

Molten carbonate fuel cells (MCFC) are the most effective method of converting
chemical energy into electrical energy using molten carbonate electidlyie3hey are
used for largescale power plants and for powering transportation to provide electric power
and reduce carbon emissions. For example, Ansarinasalp4&t] alonducted a study on a
combined power plant that utilized a gas turbine, a Stirling engine, and a MCFC. The plant
provideda power of about 6.5 MW, and the rejected heaheMCFC equipmentvas
used to heat a Stirling engine to increéise energeticefficiency of the plant.Also,
Hosseini et aJ49] developed an integrated power plant consisting of MCFC, steam
methane reforming (SR), methanol syetis 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 facilitiesuch as pure water and methamoth 83% and 58.4%

energetic and exergetic efficienciesspectively. 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 liquifiegatural and helium{51], a biodiesel
production[52], and a multipleeffect desalination plaj&3]. The use of the MCFC unit

has significantly reduced the Gy about 30% to 70% and incredslee overall efficiency
compared to other trédtnal systems.

They have been used in land transportaf®h55] However few studies have
combined fuel cells with aircraft engines. For example, Ji et[5] compared
thermodynamically three configurations of turbojet engines usimgskae fuel. The
configurations are twshaft turbojet, tweshaft turbojet with afterburner, twshaft
turbojet with a solid oxide fuel cell (SOFC) and afterburner. The last design has achieved
the bestenergeticefficiency between 36% to 42% accordingdiéferent turbine inlet
temperaturefrom 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 paidl oxidation reactors to reduce fuel burn. The engines are turibiijet,
high bypass ratio and low bypass ratio of turbofans. The fuel used in the syste is JP
They found that fuel efficiency increased by about 8%&af®® kW high bypass turbofan
with a modest cosflso, Jia et al[58] investigated the effect of hydrogenation degree on
jet fuel (RR3). Combining hydrogen and additive catalyst has slightly reduced the density
and sulfur content but enhanctx thermal oxidéion stability of jet fuel. In addition, a
mixture of hydrogen ammonia and air has been combusted and numerically investigated.
Cai and Zhao found that increasiige hydrogen to ammonia ratio to about 50%
dramatically decreased the N®mission and incread the flame length closer the
combustor inle{59]. Luo et al.[36] studied the addition of hydrogen and fuel additive
effects on kerosene for dualode scramjet under flight Mach 3.8 inflow conditions. The
results show that adding hydrogen has increased heat released from the scramjet at low
combustion onditions yieldingmprovedcombustion efficiency and flame stabilization.

Moreover, Ji et al[60] conducted their study on unmanned aerial vehidlasy
proposed the concept dfirbineless 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 SORGT and conducted an optimization to achieve
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the best performance in the whole operating range. The optimized hybta&msgan
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 typesngimte systems
However, studies have proven the oppositerstraetg62] 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 hydinefszh
aircraft is lesshan30% than that of kerosetieeled, which reduces the direct operating
costs from 6.65 t o thé imprG@uemeritssireengine specific faed d i t i
consumption were 20% fewer sensitives for a hydrdgefed than that keroseifieeled
aircraft. Also, the ratio of operating empty weight between the hydrdgeled to
kerosendueled 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 K/seat than that of kerosene fuel by 68%.

Wang et a[63] reviewed different configurations of hybrid UA¥hainly focusing
on three fuel cells, such as the protonl@nge membrane fuel cell (PEMFC), solid oxide
fuel cell (SOFC), and direct methanol fuel cell (DMFC). All the fuel cells can increase the
aircrafts performance but also increase the total engine weight. They recommended that
the weight be reduced redice the engine weight and increase the total thrust. In addition,
other power sources are inclugdedch as batteries, solar cells, and internal combustion
engines. Some challenges are discussetlding slowresponse, low efficiency at low
power outputind fuel storage and accessories. Also, a new lightweight design oélisel
should be introduced to overcome weight problems.

A few researchrs 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 tceutiliz
the waste energy from the combined system. They used a platinum catalyst with additives
of cerid zirconia mixed oxide (CeZrf) Lanthanum mangani{&aMnOs) coated with
a | u miAlR@s. They found that the additives to the catalytic burner have improved the
combustibility at lowetemperatureand reduced the catalyst reactiyiydincreasedhe

performance of the hybrid micro gas turbine syst®®cently, direct MCFChas 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 disshaped specimen amngixing it with nickelbased 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 coutattiessfer
passengers and goods. Howevail, transportation counts on fossil fuels such as diesel
and gasoline for about 83%, and also freight emmsscontribute about 42% to the total
amount of emissions from transportati¢®]. 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 developedaesjamiri
Many efforts are consumed to enhance the combustion quality of fossil fuels; for instance,
lowering the flame temperature and increasing the excess air decreasesni¥Sions
[68]. Also, blending and adding some additives such as nitro ethanol to diesel changes the
properties of diesel and reduces emissioh st NOx, SOX, and carbon emissi{68.
Furthermore, urea is usually injected into the exhaust of a rail diesel engine before the
selective catalytic reduction to reduce NOx emiss[@8% 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 renevatiegreerfuels, 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 greerdngas emissions to the environment.
Several studies have been conduatadalternative fuels and engines to reduce GHG
emissions. For examplelogerwaard and Dinc¢r1] have studied the effect of ammonia
ultra low sulfur diesel (NEtULSD) duel fuel as an alternative replacement to diesél fue
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
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locomotive systemThe dternative fuel has reduced GHG emissions by 53% and air
contaminarg 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 combusticngineselectrification, 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[&B] have investigated the economic
impact and flexibility of hydrogen production and distribution on the Bombardier ALP
46A locomotiwes. Four hydrogen production processes are included in their study: proton
exchange membrane fuel cell, thermochemicatGQCicycle, electrolysis, and steam
methane reforming. They reported that the usage of hydrogen fuel cells has some
drawbacks: the lifeexpectancy of a fuel cell is oitkird of that of diesel engines, and
hydrogen storage at a higher energy density is less efficient than didseam@hspace
utilization. Also, the implementation of fuel cells has an expected cost for high power
transporation 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 fif4] constructed a smadicale 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 maintaininghe charge state ofhe battery can achieve setlaption
function to improve efficiency by 2% and reduce hydrogen consumption by 0.86g.
Similarly, Meegahawatte et V5] analyzed a hybrid fuel cell series of commuggivay
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 waspared 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 diesbhttery hybrid engine can consuni 8f diesel oil for a
small journey with a power of 294 kWh. Also, the £€nission was obtained from the
hybridized fuel cell with a battery of 148.5 kg &@hich wasaless amount compared to
that of the diesel engine, diesel hybrid, and pure futkogine.

In addition, Shinde et a[76] performed the life cycle assessment for Mumbai
Suburban Railway in India to include the construction and maintenaincailway
infrastructures such as power supply installations, bridges and platforms. It was found that
the main contribution to the total environmental impact was the operation wiulkiple
electricunits that feed the railway stations with electyicithe main reason for that was
the dependencen 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 fl7] invesigated 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 taihsits 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 aedergeticefficiency. That is because fuel cells are
devices operated by electrochemical reactions to produce electricity rather than mechanical
systems accompanidyy mechanical motions and mechanical friction. For example, Guo
et al.[78] combined a gas turbine engine with a SOFC dpdnaith 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 consumptiahefGT by about 20%. Another method
to replace the ICE is to use hybetectric commuters combined with PEMFC and battery,
as studied by Sarma and Gang[#9]. Fan et al[80] presented a recent review study
focused on air emissions, espegiatl 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 itenomous sizeThus, orboard 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.io(s) (
and ammonium ion.(( ) by combining amide salts to the ammonium solution like
potassium amide, lithium amide, and sodium arféde82]

Transportation engines use massive heat to combust fuel with air and produce
power. However, a fractionf this immense heat is transferred to power by expansion
leaving behinda huge waste of energy, which results in lowering the overargetic
efficiency of the engines. This waste energy can be utilized by converting heat to cooling
load or electricitysuch as a thermoelectric generator (TEGJ absorption refrigeration
systems (ARS)For example, Luo et gdi83] installed TEG units in the exhaust pipes of a
vehicle, which were able to generate electric power of 4Q0\& speed of 120 km/h.
Moreover,Ma et al.[84] constructed a smadicale of geothermal system that contains 32
TEG modules to be connected to a geothermal exhaust pipe. The inlet temperature ranged
from 100 t o 300 e ofwmaximunaof 24 &géhs Thd netqpoweraot
TEG modules is from 0.66 to 3.17 W with 0.67%nérgetiefficiency. 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 haB80 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 e@ng systems economically and environmentally. Uysalkaed- e b a k
[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 [Bifjeapplied
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

/I  kWh for el 3o freshiwater and 1.7 8kg forshydrogémhbashlo et
al. [88] performed exergoeconomic analysis on a shioglander Recardo diesel engine
using different biodiesel concentrations (B5) blended with diesel fuel. They found that the
pure diesel decreased to the specific exergy cost $8v8ILfor afull load compareda 53
$/MJ for 3% emulsified watebiodiesel (B6W3m). However, the fuel blend of BSW3m
had high exergfic efficiency of 28% to 33% according to the engine load petage and
higher exegoeconomic factor of 4% and minimum relative cost difference of 1.6hat
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showed the fuel blend of BSW3m was exercgly and economically effective fuel.
Cavalcanti et al[89] performed exergoeconomic and exergoenvironmental analysis on
different mixtures of biodiesel and diesel in a dhi@gection engine of 27 kW. They found
that lowbiodiesel 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
environmentalmpact of 55.8 mPt/kg tha240 mPt/kg of diesel. Increasing the biodiesel
concentration decreased the environmental impact from 33.7 det/M.41 mPt/MJ.

Similar studies have been conducted in hybrid power plams. et al.[90]
developed a hybrid power generation system and performed exergetic and exergoeconomic
analysesThe hybrid system comprises isbbxide fuel cell (SOFC) and ICE, and other
additional devices such as heat exchangers and blowers. They ugestligatural gas
(LNG). The unit exergy cost of LNG was $12.62 /GJ. The researchers foumdtttradive
exergy destruction ocaugd in the ICE, followed by heat exchanganslthen SOFC. Also,
the SOFC had the highest exesgonomic factor of 93%However, the heat exchanger
had the lowest exergoonomic 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 57.09. addition, the combination of
SOFC and turbomachinery improved #reergeticefficiency ofthe overall cycle to reach
to 65%[91,92]

2.3 Marine Transportation

Marine transportation is recognized as another source of globalingamine to the
pollutants emitted, and sometimes it can be considered as conditional marine pollution for
international shipping@3]. 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 challengesréalucingemissiong94]. 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 esavgyy
strategies can drastically reduce GHG emisgi®8F 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 emissio addition to applying energy
efficiency management systefi®s].

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 emissionsarrpteg>CQ
reduction can be achieved by adding an absorber solvent (such asetinanolamine)
with a reduction of specific energy consumption to increase thec@Qure rate in the
combustion chamber of an engine, as report¢éish 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 amrmnia 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 te380K. Moreover,
Tipanluisa et al[99] investigated the impact of blending diesdditanol on a heavguty
diesel engine. They found that the concentration-béitane at 10% of the volume ratio
increases the maximum pressure and maximum heat release rate of the combustion
chamter but decreases the-dglinder temperature without significant changes in ignition
delay. In addition, the existence cbantanol reduces bralspecific energy consumption
and carbon emission. Also, Zhao et[200] studied the effect of hydroxyl (HHO) on the
conventional marine diesel engine by blending waste cooking oil yhaxtyl 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%, wistbrake specific fuel consumption of 228
g/kWh and can reduce the carbon emission and eliminatesoMereover, 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 significantlyreduces NOx and SOx emissions. Also, Mons&8eeano et al.

[102] studied duefuel combustion performance by using diesel mixed with methang. The
found that the carbon emissions have been reduced during high load conditions only. This

review includes the welb-wake life cycle elements. In addition, Xing et HO3]
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presented a technological review to determine whether encouraging alternative marine
fuels that can reduce the most dangerous emissiocis as sulphur oxides, carbon dioxide,
and nitrogen oxides, has significamnefits. 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 fomsmallshipping 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 hybridizationis a great approach to increasing engine performaonceéngtance,
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] invesigated 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 [@08&]} designed a system
for an exhaust gaeformer that is attached to LNG marine engine to produce hydrogen
onboard. The reformer uses methane and oxygen. They found that hydicdggases
are obtained by reformingraixture of methane and engine exhaust gases with a catalyst
of Ni/Al2Oz3 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 ergy-yielding to increase the overall engine performance. Also,
Yao et al.[107] presented a combined system of-lomard cold storage, air conditioning
and desalination with about 55% of utilization efficiency and 50% exergy efficiency.
Moreover, Surer and Argl08] presented ofboard hydrogen storage using desalination
of seawater and electrolysis for hydrogen production combined with a proton membrane
fuel cell (PEMFC) in order to provide ekeic 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 x 200 kW PEMFC modules to transport 199
passengers and 60 cars or 6 trucks. Mostestudhve introduced electrolysis, desalination,

and hydrogen production to utilize the waste energy of marine internal combustion engines,
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whether operated by diesel of LNG. However, no nhew marine engine configurations have
been implemented to increase #mgine 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 theistam
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 occuy thakages,
and the dangerous areas are around the hydrogen storage, and extra precautions and
maintenance must be applied to reduce any future malfunctions. In addition, L{AE0Rl.
designed three configurations iofdirect 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 foundttiae 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 e{HL1] developed two marine
engine configurations using two gas turbine engines and a steam Rankine cycle (SRC).
One of thenmusesonly LNG, and the other uses a mixture of liquified hydrogen and LNG.
They also replaced the two gas turbine engines with MCFC osigd_-NG 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 feasiblenamie efficient than any
other configurations. Furthermore, Surer and At@8] presented a literature revieay
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 methaneand co
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 leaddarglagtry and must be reduced
as much as possible to increase engine efficiency. Nawi ¢t1d] 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 microalgaThey found that the net power is 5.10 kW with a
energeticefficiency of 2.3%. In addition, Tian et §1.13] investigated a combined organic
Rankine cycle (ORC) and liquified natural gas (LNG) marine engine to utilize the waste
energy of exhaust gases. They performed thexoomomic analysis over 32 working fluids
in order to obtairptimal 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 ¢1a#] 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 combinedhagch 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 a[115] and Ampah et a[116] have reviewed marine regulations
to restrict the sulphur contents in marine fuels such as distillate marine fuels (DM), ultra
low sulphur fuel oil (ULSFEDM), residual marine fuel (RM), and higgulphur heavy fuel
oil (HSHFO). They also discusse¢he 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 cahe 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 additimn of nano particles on biodiesdiesel blends to reduce emissions.

Some studies have implemented a combination of Rankine cycles with marine
diesel or dual engines. For example, Hountalas gtE1] 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 neffect
desalination unit wh 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/f7 of freshwater, and it has
maximum exergy efficiency of 36%. Jafarzad e{HL9] introduced a topping cycle and

two bottoming gcles 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 reversesmosis desalination unit. The overall performance was raised to
82% and 54%energeticand 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 W[120] developed a power plant system of a vessel consisting of
four duatfuel engines and two LNG tanks to be connetbea bottom ORC that depends
on a cryogenic pump at the affluent of LNG tanks for cooling the condenser. They used
onestage and twstage ORC. They found that both ORCs can produce a net pbwer
more than 400 kW for orgtage and 550 kW for the twstage ORC, withenergeticand
exergetic efficiencies of about 28% for estage and more than 35% for tstage. The
cost of this system can be increased due to the heat exchanger and expanders; however, the
fuel consumption saving per year is 344285 $/yeén wipayback 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, Gddd analyzed an SRC
containing three turbines, one open anw tclosed 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 Aid freshwater that is sufficient for 2000 to 4000 occupants. Also, Singh
and Singh[123] combinea gas turbine cycle withnaSRC by using a recovery heat
exchangefor steam generation. Themergeticefficiency of this combination ranges from
38% to 33%according to the excess air iretbombustion of natural gas.

Some stat®f-art powering systems have been introduced to marine transportation.
For example, Long et aJ106] [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%, ancettegeticefficiency d a steam
reformer (SR) ranges from 63 to 94%, according to the amount of excess air. Lion et al.

[124] studied a twestroke marine diesel engine of 13.6 MW. They found a maasioeint
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of waste heat is rejectad the atmosphere. Thereforéey 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 prodd&I8V, 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®28/rof 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 techniquasekample, Zhu et a[126]
combined a steam Rankine cycle (SRC) and a gas Brayton cycle (GBC) witrstndie
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 canggenera
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, WandX2#l.
combined the organic Rankine cycle (ORC) with the exhaustnodirine diesel engine.

The working fluid is a zeotropic mixture of benzenefgtene 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 ingil/réfrigerants at low and

high exhaust engine temperatures ranging fromta2Z#80°C. 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 wintesosea

Additionally, Liu et al.[128] connected the exhaust line of a diemajine to the
hot junction of therroelectric 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 tiporewar. 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 @t design was able to produce net
electrical power of about 165 kWe with an energy efficiency of about 7%. In addition,

27



Abbas et al[130] constructed two cascaded ORCs to use the waste energy. The topper
ORC is a hightemperature (HT) cycle wita working fluid of cyclopentane, while the
bottomer ORC is the losemperature (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 bettgrerformance. Moreover, Qu et §l.31] 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 axérgetic 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 dtl@F] in
designing combined system for a containership tbasrd cold storage, desalination, and

air conditioning. The exergy efficiency 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. Howtkyver, st
hybridization of existing engines is more acceptable than standalone fuel cells for its
reliability and cheapness. For example, Ahn efl&2] designed an engine system for a
tanker to include a mah 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 [&83]l.
introduced a polynreelectrolyte membrane fuel cell combined with a lithiiom 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 battees to provide full power or can work alone for leweed voyages. It is
better to manage all energy sources for the best engine performance. For example, Si et al.
[134] presented energy management of bridyengine 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 costdduel consumption by more than 40%.
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Chapter 3. Details of Transportation Systems

This chapter presenthe description othe newly developedengine systems in three

transportation sectotis addition to the most common engine in Heetor. The detailed

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

components are selectéar the internal combustion engine, gas turbine, Rankine cycle,

and fuel cells, as shown Trable 31.

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

to the motor for the required motiomhe aviation transportation sector has a baseline

traditional turbofan engine (#ase) and two hybrid turbofan engines1/f MCFG

turbofan and A2 of SOFGturbofan engine. The rail transportation sector has a baseline

internal combustion engine (ICE) ftiretraditional locomotive engine (Base) and three
developed rail engines, which are hybrid gadinescombined with ICE(MCFC-GT,
ICE) as R1 engine hybrid gas turbine combined with -twoard hydrogen (SOFGT,
AEC-PEMFC) as R2 engine, and hybrid gas turbine (SOPEMFCGGT) as R3 engine.

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

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

combined with a hybrid gas turbine engine (ICE, S@¥FQ as M1 engine, steam Rankine

cycle combmned withahybrid gas turbine (SRC, SOFRET) as M2 engine, and hybrid gas

turbine combined with a binary system of two organic Rankine cycles (S8JFQORCS)

as M3 engine.

Table 31 The system design for the transportatiottees

Transportation System # System Main Engines
A-Base Original Turbofan
Aviation A-1 Hybrid MCFC-turbofan
A-2 Hybrid SOFGturbofan
R-Base Original ICE
Rail R-1 Hybrid ICE, MCFC-GT
R-2 Hybrid SOFGGT, AEGPEMFC
R-3 Hybrid GT SOFGPEMFGGT
M-Base Original ICE
. M-1 Hybrid ICE, SOFGGT
Marine . .
M-2 Hybrid combined SRC,SOFGGT
M-3 Hybrid combined SOFGGT, 20RCs
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3.1 Aviation Engine Systems

A turbofan aircraft engine is operating Boeing 787 Dreamline in Air Canauah is a
baselineaviation systemof a turbofan aircraftvith a high bypass ratio (higBPR), as
shown inFigure 31. It consists ofaninlet diffuser (ID), low-pressure compress(¥AN),

intermediatepressure compressor (IPChigh-pressure compress@PC), combustion
chamber(CC), high-pressure turbindHPT), intermediatepressure turbine (IPT)pw-

pressure turbin@_PT), and exit nozzI¢EN).

,_Z Auxiliary
I
|
ir E Battery
] ‘ 3
T Cockpit/
L[E '_Z __ Cabin
Bleeding Air
Intake ad
Air Exhaust Gas
| o
al all
(%= a3
Bypass ratio
T alZ; Exhaust Air
/ — _ Bleeding Air
7
In]et 1-stage 8-stage IP 6-stage % Combustion 1-stage HP  1-stage IP 6-stage LP Exit Nozzle
Diffuser  fan (LPC) compressor compressor Turbine Turbine Turbine

Figure 31 The configuration of the aviation base-Base) system

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

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

the battery for storage and emergency cases. The specificati@engaditionalturbofan

are listed inTable 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 32 The pecification of a traditional turbofan aircraft engine

Specifications Turbofan [135]

Aircraft engine Rolls-Royce Trent 1000

General Characteristics:

Type Threespool highbypass turbofan

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

Dry weight 5,9361 6,120 kg

Components:

compressor Onestage LP (fan), 8tage IP, &tage HP compressor

combustors Single annular combustor with 48f fuel spray nozzles

turbine Singlestage HP (13391 RPM), singstage IP turbine (8937 rpm), and
6-stage LP turbine (2683 rpm)

Performance:

Overall pressure ratic 50:1 Thrustto-weight ratio 6.01:1

TIT 920C Air mass flow 1,0901 1,210 kg/s

Thrust 265.3 360.4kN BPR >10:1

SFC 479.16 kg/(h.kN)

TI TéTurbine inlet GSE@peBSpeuoiréic fuel consumption

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

The hybrid MCFCturbofan engine consists of a turbofan aircraft engine with an MCFC
and a catalytic burner or an oxidizer, as showfrigure 32. Theair flows through the
turbofan. A portion of exhaust gas after the LPT flows through the aftertamrdéren the

MCFC, while the remaining exits to the atmosphere after mixing with the exhaust of the
MCFC and afterburner. The fuel blend with the stearectipn 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 clegmaust gases. If any carbon dioxide

or monoxide exits as bgroducts in the exhaust gases, then the exhaust gas returns to the
burner and rexidizes into the cathode of the MCFC. The clean exhaust gas leaves the

turbofan through the hot exit nozzle.
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Figure 32 The configuration of hybrid MCFR@urbofan engine (AL) system
3.1.2 System &: Hybrid solid oxide fuel cell and turbofan engine

The hybrid SOF@urbofan consists of a turbofan aircraft engine with a high bypass ratio
(high-BPR) and a SOFC, as shownrFigure 33. The airflow enters the diffuseSome of

air is bypassed around th&bofantell the highpressure compressditdPC)through the
bypass after the loywressure compressor (FAK) the atmosphere, while the remaining

air flows through thecore of the turbofanThe compressed air fromegHPC and HPC
compressors flows through the cathode of SOFC and the combustion charhbesss

also bleeding air with a small ratio of the compressed air that flows to any auxiliary systems
and balances the required air for aircréfte fuel blendandthe 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 gdkes through the BT, IPT and LPT turbineand

thehot ext nozzle.
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