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ABSTRACT

This research thesis aims to make use of ammonia as a possible fuel source for power
generators by performing an experimental study on a gasoline generator with an ammonia
based gasoline fuel blend. Then, the combustion is modelled by using different types of
fuel sources which are; hydrogen, gasoline, diesel, ethanol, methanol, propane, butane and
natural gas to see the effects of ammonia on these fuels. In the experimental studies the
exhaust temperatures, power output, CO2 emissions, overall energy and exergy efficiencies
of the generator are measured in between 369.9 C°to 480.1 C°, 3689.2 W to 3572.8 W and
2.535 g/s to 2.4916 g/s, 35.7 % to 28.74% and 44.85 % to 36.4 %, respectively with the
increase of ammonia percentage in the fuel blend. The reduction in the performance
measures are as expected but the reduction in CO; emissions will be worth using ammonia

with a combustion promoter.

Keywords: Generators, ammonia, gasoline, hydrogen, fuel, Thermodynamic analysis,

ammonia combustion.
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CHAPTER 1: INTRODUCTION
As a known fact fossil fuel sources are affecting the environment in a bad way and utilizing
the use of different clean fuel sources have been highly encouraged for research purposes.
Hydrogen and ammonia are amongst the most significant clean fuel sources with no carbon
print and in the future with the improvements in technology, it seems that these fuels will
be used even more [1,2].

Generators have been used to produce electricity by combusting fossil fuels for
many years but these fuels used in the process caused deleterious emissions and a possible
solution may lie within the usage of ammonia as the primary fuel source. An option is
designing a new generator that operates concerning the fuel properties of ammonia but as
there are generators already available on the market, using these generators and
transforming them to be used with ammonia may be a more feasible solution.
Unfortunately, as these generators are primarily manufactured for other types of fuels some
challenges occur for the possible usage of ammonia in these generators. The thesis focuses
on these challenges and offers possible solutions for them by investigating the issue both

experimentally and theoretically by combining ammonia with various types of fuel sources.

1.1. Environmental issues concerning energy

The environment profoundly affected by the greenhouse emissions and the global warming
concerns of the society may become a reality in a time even sooner than expected. The use
of fossil fuels has been crucial for the development of human race regarding inventions,
transportation and electricity generation. In situations where a power outage occurs the
generators operate to keep a sufficient and safe environment, which can be labelled as the
basis for a well functioning society. In these kinds of situations generators come into play
to produce electricity by directly combusting a fossil fuel source. The harmful emissions
caused by these fuel sources should always be taken into consideration [3]. The resources
used in energy production in the world in 2017 are listed in Figure 1.1, where the fossil
fuel sources such as oil, coal and gas takes up the vast majority amongst all sources with
percentages of 33%, 29% and 24%, respectively. The remaining portion is mostly taken up
by renewable energy sources such as hydro, wind, solar and nuclear that add up to 14% of

the total resources used in energy production.
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Figure 1.1: Percentage resource usage for energy production in the world at 2017
(Modified from [4])

Many countries plan to increase the percentage share usage of renewable energy
amongst their total energy supply due to its clean and renewable nature, renewable energy
sources have received great attention to replace fossil fuels in the future. Other than the
renewable energy options fuel sources such as ammonia and hydrogen have the advantage
of being both an energy storage medium and a clean energy carrier when produced from
clean energy sources. Which means that using the combustion of these fuels will result in
fewer pollutants and at the same time will allow storing the excess energy in hydrogen that
will be more efficient in comparison with the usage of available fossil fuels. A large
percentage of hydrogen and nitrogen can be readily found on earth in the form of air, so
the composition of these elements will result in ammonia synthesis that is further discussed
in the upcoming chapters of the thesis. Another aspect to foresight the energy production
in the upcoming future, the possible depletion of the fossil fuels should always be taken
into consideration as this may also occur earlier than expected (e.g. global warming). So
possible ways to generate energy has been considered amongst the main issues and research

fields for human beings at this stage.



1.2. Ammonia as a fuel source

Ammonia can be considered as an alternative fuel source that has no carbon print in its
composition and as a result when it burns, it emits no CO, emissions that is one of the
major issues with fuel sources nowadays as mentioned in the previous section of the
chapter. However, even though there are reductions in deleterious emissions compared to
the combustion of fossil fuels, the performance of ammonia should be taken into
consideration before using it as an alternative fuel source. There are certainly some
challenges that arise when ammonia is used. Mainly the slow flame speed and low flame
temperatures of ammonia cause it not to ignite by itself and the combustion will not occur
completely so using a different combustion promoter may be favoured when using
ammonia in order to maintain the performance and reduce the emissions at the same time.
Also the low autoignition temperature of the fuel makes its possible usage under
combustion igniting engines hard as it the operating temperatures and pressures will be
much higher for ammonia compared to conventional ones. However, its contribution to the
environment makes this fuel source a possible contender to be a promising fuel alternative
in the upcoming future regardless of its disadvantages. Also its ability to store hydrogen
should also be taken in to consideration as the storage costs for hydrogen itself is 3 times

the price for storing ammonia, so using it to store hydrogen will be safe and efficient way.

1.3. Motivation

Ammonia arises as being one of the most promising fuel sources for the future with its
benefits to the environment known by its effect in reducing the greenhouse house emissions
as mentioned previously in the chapter. As a result, there are many developments and
research projects in the area funded by countries such as Japan and Australia. Japan has
formed an alliance with the collection of companies and research institutions which have
come together to form ‘Green ammonia consortium’ that intends to form a strategy for
ammonia fuel as published in the global information portal ‘Ammonia energy’ [5]. So the
funding and interest in the field makes ammonia an exciting topic for research purposes.
There have been different types of researches going in about the possible usage of the fuel
for different purposes but the main aim was using this fuel to generate electricity by
emitting less pollutants. Regarding its usage in power generators further research was

conveyed in this field and an extinction in diesel generators were observed in Canada. This
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observation made the possible conversion of these generators with ammonia fuel a gap in
the literature. The negative impact that the combustion of fossil fuels used in these power
generators cause to the environment and the possible depletion of the fossil fuels in the
upcoming future has raised up the interest in the search for alternative clean fuel sources
such as ammonia. As previously discussed in the chapter ammonia and hydrogen are
labelled as some of the most popular and viable options. One of the ways of generating
electricity with the usage of fuels can be accomplished with the use of power generators.
The thesis study aims to make the usage of ammonia possible to produce electricity with
the readily available generators that can be found in the market. The main problem with
the use of ammonia as the primary fuel source for generators is the slow flame speed of
ammonia/air mixtures, which makes it difficult to ignite and make the usage of another
combustion promoter to be used in the ammonia generator a practical solution. The other
challenges are further discussed in the upcoming parts of the thesis. Even though these
challenges have caused ammonia to be overlooked as an alternative for storing the energy
obtained from nuclear power or renewable sources it can still be a reasonable alternative

for generators that will result in less greenhouse emissions.

1.4. Objectives

The main objective of the thesis is to investigate the possible ways to use ammonia in
power generators to produce electricity with less emissions. The thesis takes on both
experimental and theoretical approaches in order to achieve the desired results that will
make the ammonia generator concept viable. The specific objectives aimed for this
research thesis can be listed as follows;

e Investigating the possible usage of ammonia as a possible fuel source for electricity
generation experimentally by using a commercially sold spark igniting gasoline
generator. The experimental setup should be built and modified in a way that
ammonia’s usage in the generator will not cause any problems regarding its
operation. The FIRMAN company should be contcted regarding the information
necessary for the generator concerning the materials used for the wetted parts and
its key properties.

e Decreasing the CO2 emissions to minimum and observing the changes in exhaust

emissions comparatively by trailing with various fuel sources. Experimenting the
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usage of gasoline as a potential combustion promoter for ammonia combustion as
the flame temperatures of ammonia will not be high enough to combust by itself
completely. Stating the necessary changes that the transformation from a spark
ignition or compression ignition generator will require to operate with ammonia.
Making the necessary modifications for the engine part of the generatort to protect
it against corrosion, which is investigated part by part in the upcoming chapters of
the thesis. Also before doing the experiments setting the necessary safety measures
regarding the procedures concerning the usage of ammonia and combustion of fuels
against all kinds of potential fire situations before starting any types of experiments.
Experimenting using different ratios of gasoline and ammonia fuel blend while
measuring the changes in temperature, power output and exhaust emissions in order
to understand the influence of ammonia for spark igniting gasoline generators.
These results and findings will be used to calculate the thermodynamic properties
and assess the performance of the generator.

Modelling the combustion of ammonia thermodynamicaly with various fuel blends
by using EES software to analyze the optimal fuel ratios and making comparative
analysis regarding their emissions. The selected fuels for analysis are hydrogen,
diesel, gasoline, ethanol, methanol, propane, butane and natural gas because of their
possible usage in commercially sold generators.

Lastly, validating the experimental results found by modelling the combustion of
gasoline and ammonia blend, then finding the possible losses in the power output
by finding the values at optimal combustion conditions. The percentage loss in the
power in this sense can be used for other blends for thermodynamic calculations.
Also calculating the performance measures for possibly generating electricity
without emitting any carbon related emissions by blending ammonia with hydrogen
and calculating the energy, exergy efficiencies and exhaust temperatures. Finding
the ammonia’s possible contribution to the environment when blended with
different fuel sources by calculating the exhaust emissions of each blend and at the
same time comparing the experimental emission measurements with the emissions

occurring from a possible gasoline blend.



CHAPTER 2: LITERATURE REVIEW
A literature review is conveyed in this chapter concerning the possible usage of ammonia
as a fuel source in a gasoline generator by discussing the advantages and challenges from
various aspects such as socio-economic, energetic and environmental with the addition of
different methods used to produce clean ammonia. The main aim in using ammonia as a
potential fuel source is to achieve better sustainability and produce electricity with
minimum carbon emissions. In the first part of the thesis, the methods for clean ammonia
production are comparatively assessed and discussed by regarding their technical,
economic, and environmental performance criteria’s in order to identify the potential ways
to improve each method. The clean ammonia production methods considered here are
namely, liquid electrolyte based systems, composite membrane based systems, solid state
electrolyte, ceramic/inorganic proton conducting solid electrolyte based systems, polymer
membrane based systems, O» conducting membrane materials and ammonia synthesis
systems, ammonia synthesis via molten salt based electrochemical systems. In the second
part of the present study, the ways to transform different types of commercially used
generators are introduced, and their potential benefits are discussed by including the recent

studies and improvements in the literature.

2.1. Ammonia synthesis
There are various types of production methods for clean ammonia synthesis which can
either be listed regarding the source of production or the electrolyte type used in the
synthesis can be used to filter the production methods. Figure 2.1 represents the main
sources used in ammonia synthesis where natural gas takes up the majority of the sources
where steam reforming method is used. Other than natural gas the conventional sources
such as coal, fuel oil and naphtha takes up the rest of feedstock used in ammonia synthesis,
which will be explained in a detailed fashion in the upcoming parts of the review.
Conventional fuel sources are always known with their usage for vehicular
purposes but there are also many other uses of these fuel sources such as their usage in
electricity generation and one of the simplest ways to do so this through generators [6].
The generators can be listed under spark ignition and compression ignition, which operate
in a different way regarding their ways of combusting the fuel source in order to produce

electricity.
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Figure 2.1: Sources of ammonia production (Modified from [7])

The generators are manufactured regarding the fuel that will be used in the
generator where parameters such as the autoignition temperature, operating pressures,
exhaust temperatures and the material. The most used fuel sources for generators are diesel
and gasoline, there are also some examples for propane generator conversions. All of these
cause CO2 emissions but as mentioned previously these emissions are affecting the
environment in a negative way. The idea of ammonia generators, in this case, makes a
revolution regarding the hazardous emissions but rather than manufacturing a new
generator transforming a gasoline or diesel generator will be a better and more feasible idea
[8].

The possible usage of ammonia as a fuel source for a generator will require some
changes and replacements. This transformation comes with the challenges that needed to
be overcome in order to make the use of ammonia in an already manufactured generator
possible. The main challenges are labelled as higher autoignition temperatures, higher
pressures, corrosion, cooling systems and lastly the only possible toxic emission that occurs
in ammonia combustion which is the NOx emissions. This review covers the options
regarding the use of clean ammonia as an alternative fuel for various power generating
applications. Then discusses the possible solutions found for these challenges in the
literature comparatively by digging down to clean ammonia synthesis methods and other

conventional fuels sources used for generators [9].
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Worldwide ammonia production by steam reforming of natural gas takes up to 72%
of the total ammonia production based on the feedstock used [7]. The main sources used
in ammonia synthesis are naphtha, heavy fuel oil, coal, natural gas coke oven gas and
refinery gas. The most used conventional resource differs from country to country for
example in China, coal is considered as the primary source for ammonia production and as
a result, the greenhouse gas emissions and energy consumptions are higher than the rest of
the world. But still as natural gas is the main conventional resource for ammonia synthesis
the price of ammonia is directly related to the price of natural gas, as represent almost 70-
90% of the production cost of ammonia for steam methane reforming method [10].

The most common methods used for ammonia production can be labelled under,
Haber-Bosch process and solid state ammonia synthesis process as shown in Figure 2.2.
Air separation process is used for delivering nitrogen to the system. Another method is
cryogenic air separation, which is regarded as one of the most effective and economical
method when it comes to delivering high amounts of oxygen and nitrogen. This method
can also yield nitrogen with higher purities at relatively lower costs.

Compared to other air comparison methods used for ammonia synthesis the most
industrialized and established method can easily be labelled as the cryogenic air separation
process as ammonia is manufactured in bulks with lower costs and higher efficiencies [11].
Even though cryogenic process is labelled as the most industrialized one the Haber-Bosch
process is still the most common method to produce ammonia. Hydrogen and nitrogen with
the ratio of 3:1 is combined in an exothermic process in order to yield ammonia around a
temperature and a pressure range of 450 to 600°C and 100 to 250 bar, respectively [12].
The following thermo-catalytic reaction is formed for the Haber—Bosch process:

3 1

EHZ + ENZ — NH; + 45.2 k] /mol
Table 2.1: GHG emissions and the energy usage of ammonia production in the world
Region MJ/ton NH3 ton COz-eq/ ton NHs
Western Europe 41.6 2.34
North America 45.5 2.55
Russia and Central Europe 58.9 3.31
China and India 64.3 5.21
Rest of the World 43.7 2.45
World Average 52.8 3.45

Source: [13]
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Figure 2.2: Main ammonia production routes with conventional or renewable sources
(Modified from [14])

Table 2.1 represents the average energy use and environmental impact of various
commercial ammonia plants in the world. As the consumption of different fossil fuel
mixtures and ammonia in other regions of the world results in different varieties in
emissions per tonne ammonia manufactured and the greenhouse gas emissions.

The interest in deploying ammonia is increasing day by day and it is projected that
in the upcoming 10 years the ammonia market will grow approximately 3% and will be
labelled as one of the conventional fuel sources [15]. The main usage of ammonia in
various applications can be labelled underutilizing it as fertilizer, non-fertilizer, ammonia

nitrate, urea, DAP/MAP and indirect applications.



Another method to produce ammonia is solid state ammonia synthesis (SSAS). A
solid state electrochemical process is used to produce ammonia using nitrogen, water, and
electricity. Compared to other methods SSAS works with higher efficiencies which means
that it consumes less energy. The Haber-Bosch combined with an electrolyzer costs
approximately 12,000 kwWh/tonne-NHs where the required electricity for SSAS process is
7,000-8,000 kWh/tonne- NH3 [16].

The usage of ammonia for different types of applications has been shown in Figure
2.3. Its main usage in the market is being a fertilizer and a refrigerant. Also ammonia is

used as a fuel source in engines and fuel cells for research purposes.
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Figure 2.3: Uses of ammonia in various practical applications.
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As mentioned previously there are different ways to produce ammonia and the most
popular method is the Haber-Bosch process in the market. When it comes to the electrolytic
ways which, require hydrogen that can be supplied from natural gas similar to the
electrolysis of water or the decomposition of an organic liquid. In cases where water
electrolysis is used in producing hydrogen using a renewable source such as solar energy
and wind energy, the synthesis would be environmentally friendly, causing the pollutant
emissions recede [17]. When used as a storage, ammonia can be utilized for concentrated
solar energy as the occurring reaction is reversible and there are no side products. The
reaction can be written as NHz<1.5 H> + 0.5 N2 which can either provide heat or receive
thermal energy from the sun when necessary under pressures up to 200 bar [18]. Figure 2.4
represents the usage of ammonia in various applications such as: non-fertilizers, other

fertilizers, ammonia nitrate, urea, DAP/MAP and direct applications.

® Direct Use
s Non Fertilizer
DAP/MAP

= Fertilizers

P

@

= Ammonium Nitrate
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Figure 2.4: Applications of ammonia (Modified from [19,20])

Optionally ammonia is considered a contender for being one of the conventional
fuel sources used in the industry for vehicles that is explained accordingly to the ways it
can be used for different types of engines in Figure 2.5. With minor changes in possible
corroding parts ammonia can easily be used in pipelines, especially the steel ones which

are used to transfer natural gas and oil [21]. Transporting liquid ammonia will deliver up
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to 50 % more energy compared to the transportation of compressed natural gas. As a fuel
source ammonia can be used in spark ignition engines, compression ignition engines, gas
turbines and fuel cells with minor changes that will be discussed in the further chapters of
the review. Due to the low reforming energy of hydrogen from ammonia, it is used in many

applications in the industry as hydrogen storage [22].
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Figure 2.5: Ammonia’s possible usage in generators applications (Modified from [23])

Also, electrochemical processes can be used to supply hydrogen for ammonia synthesis
inside an electrolytic cell. Producing hydrogen from natural gas may require catalysts such
as Sulphur compound or CO which may cause poisoning for the system it will be used so
using water as the source will be an excellent way to eliminate this effect. These processes
concerning water may be conveyed under ambient temperatures or at higher temperatures
regarding the electrolyte material used. For the exothermic reaction where hydrogen and
nitrogen is used to produce ammonia at high pressures and low temperatures will determine
the production rates of ammonia [24].

Figure 2.6 represents the electrolytes used in the ammonia synthesis can be labelled
under four categories which are;
e Solid electrolytes with a wide operating temperature range of 80 to 750°C,
e Composite electrolytes with a temperature range of 400 to 650°C,
e Molten salt electrolytes operating at temperatures around 300°C,

e Liquid electrolytes that operate around the room temperature [25].
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Figure 2.6: Electrolyte types used in ammonia synthesis (Modified from [16])

In cases where hydrogen is used as the reactant in ammonia synthesis the source
must be considered starting from fossil fuels and a small portion from electrolysis with an
efficiency rate around 75% [26]. Also for some fuel cells that require pure hydrogen gas,
ammonia must be cracked at around temperatures above 500°C. Li [27] conveyed a method
where Hz and NHz are cogenerated through electrochemical ammonia production using an
iron intermediate. Water, N2 and hydroxide are used for electrolysis process for ammonia
synthesis. An alternative ammonia production method was presented by Lan [28] where
N2 separation and H> production phases with a maximum ammonia production rate of
1.14x10°° mole m st when a voltage of 1.6 V was applied.

Both researchers have forecasted that in the upcoming years other low cost
ammonia synthesis catalysts will possibly be introduced. The studies regarding the
methods for ammonia production in the literature is given in Table 2.2. Many studies have
been made on the electrolyte materials and the catalysts used in the reactions. Garagounis
[34] have conveyed experiments on at least 30 electrolyte materials with 15 different
catalysts in a time period of 15 years. A different approach was introduced by Skodra [36]
where nitrogen and steam are available together at the cathode with the addition of oxygen
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ion conductors. Also using molten salt electrolyte based systems can result in high
conversion ratios which can also be utilized by polymer based membranes. System
operating temperature, pressure, density and conductivity are the factors that will affect the
ammonia production rate and are needed to be taken in to account when selecting the cell
material. Giddey [16] have presented that the conductivity of a solid electrolyte is, directly
and indirectly, related with temperature and cell thickness, respectively. The conversion
ratios up to 70% of LisN into NHz3 for the system around temperatures of 350 to 400°C as
reported by Serizawa [37]. The recent updates about the effects of temperature on
electrochemical NHs synthesis routes show that the synthesis rates can reach up to 3.3x1078
mole/s.cm? which was reported by Kyriakou [25]. Regarding developments in an
electrochemical NHs production presented by Shipman [38] who have used water,
hydrogen as proton donors and noted that operating with temperatures around 100 to 300°C
will yield higher efficiencies when molten salt is used.

Table 2.2: The methods for ammonia synthesis in the literature.

Method Results Sources
Nitrogen was supplied to iron which is the
Liquid Electrolyte | cathode at a temperature and pressure of 50°C [16], [29]
Based Systems and 50 atm respectively with an efficiency of ’
58%.
. These systems use vacancies in the chemical
Ceramic Proton . . -
structures with a conversion efficiency of 50%
Conductor > : [30], [31]
because of the decomposition of ammonia back
Based Systems )
to hydrogen and nitrogen.
Molten Salt Water and air are used as reactants with an
Electrolyte efficiency of 30%. Nanoscale Fe;O; is used as a [32], [33]
Based Systems catalyst for the molten NaOH-KOH mixture.
Polymer The highest rate of ammonia formation reported
Membrane Based | was 1.13 x 10-8 mole s cm? at 80°C from a [34], [35]
Systems solid Nafion membrane with SmFeg 7Cuo.1Nio 20:s.

2.1.1. Liquid electrolyte based systems

For liquid electrolyte based system that is used in ammonia synthesis, hydrogen was
supplied from ethanol and lithium perchlorate in tetrahydrofuran is utilized as the
electrolyte [16]. The efficiencies are around 3-5% in the recent studies and were achieved
regarding the current densities as low as 2 mA/cm?. The efficiency theoretically may
improve by optimizing the pressure and temperature values but with the conditions given

by Bicer [14]. It was also noted that ionic liquid electrolyte was also present during the
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experiments which means that some problems may be occurring in the long term for the
process. Another experiment was performed by Kim [39] on the electrochemical synthesis
of ammonia in the molten electrolyte with CoFe>O4 and nano-Fe»Os as the catalysts. The
optimum conversion rate was achieved where water and nitrogen were used for the reaction

at 3x1071° mole/s cm?.

2.1.2. Composite membrane based systems

Various ionic conducting phases gather up to build the composite electrolytes then second
or third phases are added to the main phases to identify the properties of the produced
ammonia such as thermal, mechanical and electrical. An alkali metal carbonate and an
oxide under experimental conditions have been shown to have oxygen-ion, carbonate ion
and even proton conductivity [16]. As reported by Kim [39] conveyed regarding the
potential electrolytes for intermediate temperatures around 400 to 800°C fuel cells also
these electrolytes are trailed with different operating conditions to find the relation between

these conditions and the ammonia production rate.

2.1.3. Solid state electrolyte based systems

Regarding the researches done on electrochemical ammonia synthesis, the electrolytes are
trailed by the selection of proton and mixed proton/oxygen-ion conducting solid systems
as reported by Di [40]. For these systems, there are cathodes and anodes present with a
compact solid electrolyte that separates them and permits ion transportation of either
protons or oxide ions in between, while acting like a barrier to gas diffusion. Solid-state
proton conductors are labelled with the ability to transfer and directly use hydrogen ions
and are identified as a class of ionic solid electrolytes but still the inevitable high operating
temperatures and the need for secondary phases make the method less favourable [41].

2.1.4. Ceramic/inorganic proton conducting solid electrolyte based systems

The proton conducting membrane coated from both sides by catalysts which depositing
electrode that are fabricated with a typical electrolytic cell for ammonia synthesis. The
methods used to produce these electrodes can be summarized as screen printed and brush
coated electrodes, which are usually on ceramic proton conductor membranes that is then
heat treated [30]. The ammonia production is utilized on the cathode side of the cell which

is supplied by nitrogen, where water or hydrogen is supplied to the anode. In the setup
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metallic sheets are placed in contact with the electrodes to hold the collection together. The
most critical components in these system are mainly the cathode, the catalyst and the
ceramic membrane. The proton conductivity at above temperatures of 400°C reveals
substantial proton conductivity. Skodra [42] reported that a proton-conducting solid
electrolyte with Ru based catalyst at temperatures between 450 to 700°C resulted in
conversion rates that are lower compared to nitrogen or steam supplied systems as a result

of low conductivity properties of the operating electrode.

2.1.4.1. Polymer membrane based systems

In electrochemical ammonia synthesis cells the electrolyte is utilized by different types of
polymer ion exchange membranes that can operate within a temperature range of 35 to
120°C. For the alkali industry the most popular and used proton conducting membrane is
labelled as the Nafion membranes, which are also popular for electrolysis cells and the
polymer electrolyte membrane based fuel cells [34]. The main advantages for these
membranes are utilizing high proton conductivities at lower temperatures and being
compatible with fuel cells. But there are also some disadvantages such as being unstable
when in contact with ammonia [28]. As the operations are occurring in lower temperatures
compared to other ammonia synthesis methods as a result the decomposition rate is
relatively reduces and the problems related to temperature is being dealt with in this
method. In the experimental studies conveyed by Kordali [43], using polymer membrane
based systems with a gas diffusion layer on both electrodes and utilizing Nafion as the
electrolyte at room temperature yields an ammonia production rate of 1.1x107° mole s*

cm, a columbic efficiency of 0.6% that expends water and air at the anode and cathode.

2.1.4.2. O2 conducting membrane materials and ammonia synthesis systems

One of the most known usage purposes for O2" conducting ceramic electrolytes are in
oxygen sensors and also in solid oxide fuel cells. There are also some examples where it
has been utilized in high temperature steam electrolysis processes. The material used in
the process profoundly affects O2™ conductivity feature and as a result the production rates
of ammonia declines. For some materials such as BaSrO3z and SrCeQOs develop electronic
conductivity when in contact water but still there are some materials that can retain O,

conductivity at different pressures, temperatures and gas compositions [44].
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2.1.5. Ammonia synthesis via molten salt based electrochemical system

For this method the electrolysis occurs when a reactor is used to supply the electric current
that requires a cathode, anode, and ionic conducting membrane. The reactor works
continuously with the membrane conducting an ion in the form of H" and combining it with
chemical reactions where the reduction occurs on one side and the oxidation on the other.
Once again the chemical reaction makes ammonia synthesis possible with an activation
potential and two reactants that are conducted by varying different of types of cathodes,
anodes, and membranes. The wide range for operations regarding the pressures and
temperatures makes it possible to work under atmospheric conditions [45].

When molten salt NaOH-KOH is combined with water and nano-Fe.QOs3 is being
used as the catalyst at atmospheric air the efficiency yields as 30% as reported by Licht
[32]. Eventhough the efficiencies for proton conducting membranes are higher compared
to this method the low material costs makes it viable to use this method with possible
improvements in the upcoming future regarding the reactor. The salt mixture should
contain a consistent concentration throughout the process with the inclusion of a catalyst
inside the mixture such as nano-iron oxide. In the literature there are conceptual designs
conducted on small cells in experimental environments with the usage of hydrogen,
methane or water as the reactants. As reported by Murakami [46] the efficiencies of the
current researches on the possible usage of hydrogen oxidation reaction have yielded

around 72% and ammonia production rate of 3.3 x 10° mole cm?s™,

2.2. Conventional and alternative fuels

As mentioned previously fossil fuels are the primary fuel source for vehicular purposes.
Eventhough these fuels are considered to affect the environment in a negative way there
are some fuel sources such as biodiesel which are considered less harmful to the
environment [47]. But still the new developments in carbon free fuels such as ammonia
and hydrogen are only increasing each and every day. Regardless of the environmental
effects petroleum also offers some advantages that makes it lead the fuels market since its
implementation to various daily applications. The characteristics to look for in a fuel source
can be listed as operate under a wide range of temperatures, being transportable, being
storable, low manufacturing costs, wide supply sources, low CO, emissions and most

importantly safe [48]. One of the most critical issues in selecting a viable fuel source for
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vehicular usage is the energy density of the fuel, which can determine the overall energy
contained by a given mass, and the energy stored per volume of fuel. By using these the
information gathered from the energy density of a fuel source the average range that a
vehicle can go with the fuel can be calculated. Also the fuel sources with higher volume
per energy density needs less space is to store the fuel in the vehicle that will be beneficial

both in manufacturing and in the design of lightweight vehicles [49].
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Figure 2.7: Energy densities of various fuel types (Data from [49-52])

Figure 2.7 gathers the energy densities of different fuel types such; gasoline, diesel
and ethanol that seem viable for vehicle use. Other than the fossil fuels listed on the figure
there are also ammonia and hydrogen which are carbon free fuel sources which
unfortunately has less energy density values and ranges compared to the conventional fossil
fuels. But still the adverse environmental impacts of these fossil fuels make the carbon free
fuel sources as possible candidates to replace them [53]. In the rest this section various
fuels will be comparatively discussed in a detailed way by highlighting the advantages and
disadvantages of each fuel source. Eventhough the graph can give an approximation
regarding the power output that can be exctracted from each fuel source, the energy density
itself will not be enough to calculate these values. In the upcoming chapters of the thesis

the energy densities of the fuel blends will be combined with the energy efficiencies of
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eacuh blend to find the shaftwork with respect to energy density to give a better
understanding of ammonia’s possible contribution to the power generators.

Gasoline have been labelled as the most used and known fuel source for many
different applications (mainly for vehicular usage). Using gasoline as a fuel source presents
some advantages such as eliminating the emission possibilities of lead particles that may
occur in leaded fuel sources, being compatible with most of the engine block materials,
reducing the hazardous emissions by being compatible with the use of most of the catalytic
converters and operating at lower auto ignition temperatures compared to other types of
fuel sources. The octane rating is an important factor when selecting the appropriate fuel
source necessary for the needed operation, the correct octane rating selection for an
operation increases the lifetime of an engine by decreasing the occurrence of wear and tear
and at the same time it can be a facilitator for higher engine efficiencies [54].
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Figure 2.8: Fossil fuel related accidents in US between 1968 to 2011 (Modified from
[54])
Since its first usage there have been critical factors such as consumer, technical,
and regulatory factors that have affected the development of gasoline the automotive
market. The improvements in engine technologies allowed improvements regarding the

transportation efficiency. Figure 2.8 shows the occurrence of fossil fuel related accidents
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between years 1968 to 2011 in US. It is evident that the accidents related to oil takes up
the vast majority of the occurring accidents. Also during the implementation period of
gasoline to the commercial market the rate of incidents were much higher than it is now
[55]. From an historical point of view up until the 1970’s, enchantments to fuel refining
technologies and octane rating have been made for gasoline fuel. In mid-1970’s lead
removal began for gasoline, which made it less harmful against the environment and people
than it is before but unfortunately the CO2 emissions were still in effect that is accepted as
the primary negative impact caused by gasoline combustion [56]. Regarding the changes
performance improvements after the removal of lead from gasoline the octane number has
remained the same where the engine efficiency have improved with the addition of digital
controls and design enchantments. After that the regulations set regarding the CO:
emissions, new challenges have raised concerning the need in some improvements in
engine technology and vehicle efficiencies that got reconsidered and redesigned to keep
the performance levels and decrease the deleterious emission rates. As mentioned before
gasoline is still the most used and popular fuel type for spark ignition engines, even though
the CO, emissions will always be a problem gasoline will be in the automotive market until
the depletion of fossil fuels [57].

Diesel fuel is the most popular and used fuel for compression ignition engines
where the combustion of the fuel occurs without any spark. Regarding its properties that
yield in more efficient use of fuel and higher thermodynamic efficiencies it is often selected
for compression combustion situations [58].

Afterwards in the upcoming years the amount of sulphur that was present in the
diesel fuel was thinned which brought advantages such as decreasing the sulphur oxide
emissions and as a result increasing the engine life with the utilization of emission control
technologies.

Nowadays the compression combustion engines are operating at high pressure
values up to 29,000 psi and operate with low Sulphur diesel fuel that emit low NOy
emissions when a catalytic converter is installed [59]. The main disadvantage of diesel
combustion is the CO. emissions that effect the environment and health of human beings

in a negative way. The pollutant emissions standards require the usage diesel particulate
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filters all around the world to decrease the amount of particulate matter emissions to help

protect the quality of air and as a result the human health.

Table 2.3: Comparison of similar gasoline and diesel vehicles

Criteria Gasoline vehicles Diesel vehicles Difference
Vehicle weight (kg) 1452 1500 48kg

Fuel economy (km/L) | 11.5 16.2 +41%
COzemissions (g/km) | 205 201 -3%

PM emissions (g/km) | -- 0.022 0.022

Source: [60]

When the average weight is compared for gasoline and diesel vehicles regarding
the components used for the engine and the exhaust system it seems that the diesel engine
weight more but with the improvements in fuel consumption with the diesel technology
the fuel economy benefits are higher up to 40%. The climate benefits of diesel vehicles are
also better for diesel vehicles which are only 3% on a CO" equivalent basis. So not only it
is more economical in terms of the fuel but it also emits CO2 near the same amount that
will not improve the air quality, health and will not be reaching the climate goals that are
set these engines [60].

Low sulphur diesel is required for diesel particulate filters to function appropriately
with the utilization of emissions control systems which is introduced in Europe and U.S.
since 2007 to eliminate the negative health impacts of diesel vehicles [61]. Table 2.3
presents the differences for criteria such as the curb weight (kg), fuel economy (km/L),
CO- emissions (g/km) and particulate matter emissions (g/km).

Propane can only be used in modified engines or generators that can operate with
stored ammonia that is in compressed liquid form. When compared to other fossil fuels
propane emits less harmful pollutants and can help better the life-cycle of GHG emissions
up to 20%. Low sulphur percentage in propane emits minimal amounts of sulphur oxides.
The main disadvantage that propane proposes is the low energy density value compared to
gasoline and diesel fuel which increases the amount of fuel necessary to travel a certain
distance compared to these fuels which makes it less cost effective [62].

Regarding its usage in generators there are conversion kits available on the market
that makes it usable in gasoline generators with minor changes. Propane can operate with

the spark igniting engines installed for the gasoline generators with the changes in the
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injection system and the fuel delivery system of the generator as proposed by Ledjeff-Hey
[63]. Biofuels aim to reduce the carbon CO2 emissions during the combustion of the fuel
but it should be taken into consideration that when biofuels are generated from a feedstock
the reaction causes CO> emissions so eventhough it is not direct there are still some
deleterious emissions occurring from biofuels. The feedstock’s are mainly plants or organic
waste but if the demand increases the production of biofuels may require large amounts of
plow land and as a result the diversion process from crops used for food production to
biofuel may affect food prices in a negative way if it becomes more popular. This is one of
the reasons that it is not getting that much attention from the society and the researchers at
this time.

But in the upcoming years if new methods can be utilized for the production of
biofuels without any CO, emissions it will have a positive impact on the environment as it

leaves no carbon print when it combusts [64].
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Figure 2.9: Emissions of biodiesel and alternative fuels between 2009 to 2016 in US
(Modified from [64])

Figure 2.9 shows the percent changes in emissions in between biodiesel and
alternative fuel sources. Biodiesel has up to 20% less emissions in terms of Carbon dioxide

equivalent (CDE) resulting improvements in vehicle efficiency which takes up to 30% of
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emission reduction in the vehicle industry that makes biofuels the second-largest
contributor for emissions saving [65]. The use of biofuels are usually in the form of blends
with gasoline or diesel up around 5 to 10% but with necessary engine modifications there
are some designs where the concentration can go up to 85% such as the work done by Lee
[66] the reason behind this is that the energy densities of biofuels are seemingly lower than
gasoline or diesel which result in higher autoigniton temperatures and pressures. The most
commonly used and known biofuels can be labelled as biodiesel and ethanol.

The main biodiesel production method used is transesterification where the main
ingredient is used, waste oil such as waste cooking oil, vegetable oil or animal fat where
methanol and sodium hydroxide used to be mixed up with the oil type resulting in a
biodegradable non-toxic fuel source. Even though the method seems like a waste
reproduction method it is still considered to an expensive one that highly depends on the
feedstocks price which may nearly double the cost of conventional diesel [67]. One of the
most significant advantages that the biodiesel offers in comparison with the conventional
diesel fuel is emitting less pollutants. When used in compression ignition diesel engine as
the work done by Basha [68], the pollutants compared to conventional diesel combustion
is highly reduced. But once again as shown in Figure 2.9 it may cause an increase in NOx
emissions compared to conventional diesel fuel emissions.

Figure 2.10 represents the production rates of biodiesel mainly in European
countries such as Germany, France and Italy between years 2000 to 2005 that are the years
when biodiesel entered the commercial market. The production rate of US is also included
in the graph which was zero to none in 2000 but started to become more popular starting
with 2002 [69]. The primary production occurs in Germany and the total production has
almost doubled since 2010 from 0.63 million litres to 2.48 million litres. After that the
production rates of biodiesel got up to 8 million litres in 2010 and fluctuated around that
rate through the years since then [70]. At the same time the carbon emissions are much
lower compared to other fossil fuel sources that are commercially used. But its impact on
engine durability is a concern that should be taken in to consideration before using this fuel
source. In much the same way cooking oil can solidify when too cold, biodiesel can solidify

too, making it nearly impossible to start a vehicle [71].
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The 100% pure biodiesel fuel is referred as B100 which is the purest and least
polluting for of biodiesel which unfortunately has a significant advantage of crystallizing
at cold temperatures because of the higher gelling temperatures than conventional diesel
fuel. Regarding its possible usage for ammonia generators B100 auto ignites under
compression around temperatures of 400°C that is less than the values for ammonia. So it
can be used as the second fuel source for the generator that will operate with ammonia to

decrease the combustion temperatures.
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Figure 2.10: Biodiesel production from 2000 to 2005 in Europe (Modified from [69])

Ethanol is another type of biofuel which is produced by either corn, grains or the
waste from sugar can serve as feedstocks. In US corn is used for production but in Brazil
the primary feedstock used in the process is sugar cane waste that nearly costs half the price
necessary for the production from corn or grains [72]. As a fuel source ethanol is used in
engines with different petroleum fuel blends.

Ethanol works well with spark ignition engines and after its combustion it emits
less pollutants such as hydrocarbons and CO. compared to conventional gasoline fuel

emissions as reported by Costa [73] but as being a biofuel it bears the potential to increase
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food prices if it becomes more and more popular in the upcoming future. At ambient
conditions it can be stored in liquid form and can quickly form blends with gasoline in
order to take advantage of the higher energy density level of gasoline which is about 30
percent more compared to ethanol’s energy. The mole percentage of ammonia in these
blends range from 10 to 25 percent but there are also some experimental vehicles that can
run with blends up to 85% of ammonia such as the work done by Fang [74] where ammonia
is used up to 20 percent in the blends which does not require any changes to the
conventional gasoline engine. For blends higher than these percentages may require some
changes such as adjusting the spark ignition timing and some changes in the fuel delivery

system.

2.3. Power generator types

In the literature the generators have been classified with respect to the type of ignition
occurring in the engine. Mainly the two type mostly used in these generators are
compression ignition and spark ignition generators, where different mechanisms are used
in order to ignite to fuel and combust it. Each of these types have some advantages and
disadvantages when compared with each other which will be explained further in the
upcoming sections of the chapter by referencing the previous work done by other

researchers in the field of energy and internal combustion engines.

2.3.1. Compression ignition power generators

A compression ignition engine operates by increasing the pressure of the fuel with the
reduction to its volume inside the cylinder block, than the increased pressure results in
increases to the temperature up until the auto ignition point for the fuel source and lastly
the combustion occurs which turns the crankshaft and activates the electromagnets which
result in electricity production [75]. Table 2.4 presents some crucial properties for
ammonia in both liquid and gaseous form that affects its combustion. Density values are
given for ammonia in both states where the compressibility factor, heat capacity and
thermal conductivity values are presented for ammonia in gas form. Pressure tanks usually
store ammonia in liquid form at a pressure of at least 10 bars, at room temperature and the
liquid gas equivalent ratio with respect to their volume is found as 1:947. Lastly the most

important property that is used in the thermodynamic equations for any combusting fuel
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which is the latent heat of vaporization also given for ammonia. As presented by Rieter
and Kong [76] whom have trailed with ammonia in a compression ignition engine with
direct injection using 1 to 5 and 2 to 3 ratios of ammonia and dimethyl ether blend that
reduces the combustion temperature but results in higher CO and HC emissions.

Table 2.4: Chemical Properties of Gaseous and Liquid Ammonia

Property | Sl Units

Ammonia, Gas

Density 0.73 kg/m® (1 bar, 15 °C)
Compressibility factor 0.9929 (1 bar, 15 °C)
Heat capacity (Cp) 0.037 kJ/(mole K) (1 bar, 15 °C)
Thermal conductivity 22.19 mW/(mK) (1 bar, 0 °C)
Ammonia, Liquid

Density 682 kg/m?2 (10 bar, -33.5 °C)
Liguid/gas equivalent 1:947 (10 bar, 15 °C)
Latent heat of vaporization 1371.2 kJ/kg (10 bar, -33.5 °C)

Source: [21]

2.3.2. Spark ignition power generators

A spark ignition engine combusts fuel with the help of a spark plug and as a results
generates electricity in generators. The spark plug inserted inside the engine helps ignite
the fuel and as a result combusts it, the most popular fuel source used in these types of
engines are gasoline fuels as mentioned previously in the paper. There are not many
experimental setups in the literature mainly for generators but there are some examples
where, ammonia is right away trailed in its possible usage in spark igniting engines rather
than generators such as the work done by Ryu [77].

Table 2.5: Properties of ammonia and gasoline

Property Ammonia Gasoline
Lower heating value 18.6 MJ/kg 42.45 MJ/kg
Octane rating >130 RON 92.4 (R+M)/2
Specific gravity of fuel 5 5
(Liquid form) 0.64 g/cm 0.73 g/cm

Stoichiometric air/fuel mass ratio

for single fuel 6.1 14.5
Flammable equivalence ratio range | 0.72-1.46 0.55-4.24
Flame speed at stoichiometric 12 cm/s 62 cm/s

Source: [78]
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Another example is Grannell [79] who has successfully built an ammonia fuelled
vehicle that operates with a blend of gasoline and ammonia, where the vehicle uses a blend
of approximately 70% ammonia and 30% gasoline on a lower heating value energy basis
in order to lower the high auto-ignition values of ammonia. Table 2.5 presents the
combustion properties of ammonia and gasoline which are both gathered and
experimentally calculated by Grannell [78]. In the study dual fuelled operation is used
where gasoline behaves as a combustion promoter for ammonia. The equation given below
indicates the stoichiometric combustion of ammonia and gasoline where b is the gasoline
fraction. When b is set to 1 the equation simply becomes the combustion of gasoline and
when set to 0 it gives out the combustion equation for ammonia, where LHV energy yield
per mole of air:

(88.7 — 4.0xbc) kJ.(0.790 N2 + 0.210 O) + 0.024xb. CeH11 + 0.280x(1-bc) NH3 =

(0.930 — 0.140xbc) N2 + (0.420 — 0.288%bc) H20 + 0.144%b; CO;

When compared with the stoichiometric vaporized gasoline/air mixture the energy yield
per mole of both the intake mixture and exhaust products for the stoichiometric gaseous
ammonia/air mixture is about 17% less efficient. On chemical equivalence basis and LHV
energy basis are nearly the same for the gasoline fraction as noted by Grannell [79].

2.4. Challenges for ammonia power generators

Table 2.6 summarizes all the possible problems for ammonia generator conversion and
offers a road map for the possible solutions offered for these challenges in the literature.
Ammonia is currently used as a fuel source for gas turbines to generate electricity without
any carbon emissions. There are many various ways to produce clean ammonia that are
also sold on the market as mentioned in the previous sections of the paper. But when it
comes to generator systems that operate with ammonia fuel, there are not that many options
available on the market excluding the experimental setups built for research purposes. The
reason behind this probably lies on the high temperature and pressure values that the
ammonia fuel requires for combustion purposes. The generator setups where ammonia is
experimented as a fuel source usually another agent, substance or fuel source is used to

lower the combustion temperatures as reported by Ryu [77].

27



Table 2.6: Challenges and possible solutions map for ammonia generator transformation

Problem Description Possible Solutions
e Adding another agent,
The auto ignition temperature for substance or fuel source to
ammonia |gs 651°C wlfere this value lower the combustion
. o ) temperatures and pressures.
High is 256°C for diesel fuel. Aslthe . Changing the combustion
ressures & generator system was designed for ratios by replacing the cylinder
tgm eratures diesel fuel the material used for the heads gnd gteel c? Iinderys
P engine, cylinder block, should Chanaing the wh >|/ ; ' ¢
withstand these very high ° al:\glné] ew P?' ehsys em {o
temperature and pressure values. work under very nig
temperature and pressure
values.
Using ammonia as a fuel source
will result in water propagation, The corroding parts used in a
c . which might corrode the parts diesel generator should be
orrosion I . . :
(inside the engine block, fuel replaced with non-corroding
delivery systems) that get in touch | (ex: stainless steel) ones.
with the fuel source.
The_ coqlmg system for the diesel After the problem for high
, engine is designed to operate
Cooling pressures and temperatures
around temperatures much lower : :
system . , are dealt with the cooling
compared to ammonia fuel’s "
: system should be modified.
combustion.
The only adverse effect for Using a slightly fuel rich
NO ammonia combustion for the mixture and a catalytic
emissixons environment is NOy emissions, converter where one mole of

which should be taken in to
consideration for the conversion.

NH; is added for each mole of

NOy in the exhaust.

Source: [76,77,80]

2.4.1. High temperatures and pressures

Ammonia only auto ignites under combustion at very high pressures and temperatures

around 651°C compared to diesel fuel which auto ignites at 256°C under combustion, so if

aluminium is used for the steel cylinders this might cause a problem as these are not

designed to operate at those temperatures. There are couple of solutions trailed in the

literature for this problem such as changing the aluminium alloy cylinder to a stainless steel

one, changing the compression ratios or adding another agent, substance or fuel source into

ammonia fuel to decrease the auto ignition temperatures under combustion. In the project

done at lowa State University a small amount (~5% energy basis) of high cetane fuel is

injected with the ammonia to promote combustion.
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As a result Reiter and Kong [76] reported that the engine operated with 5%
biodiesel and 95% ammonia, at 110% of rated load compared to diesel fuel. The critical
solutions to overcome any issues related to high temperatures and pressures are discussed
in this research.

2.4.1.1. Ammonia fuelled generator with the addition of hydrogen

Just like ammonia, when hydrogen is used, as a fuel source there are no carbon emissions
as it was reported in the work done by Mgrch [80]. The auto ignition temperature of
hydrogen under combustion is around 500°C, where the ammonia’s auto ignition
temperature is around 651°C as mentioned previously in the report. This can be used to
lower the combustion temperature for the generator that will be beneficial in many ways
such as shortening the combustion times and avoiding to change the combustion ratios,
which is a significant process. Hydrogen fuel improves burning performance with
moderate burning velocity and will have an accelerated effect on the systems combustion
time as it will be lowering the combustion times, which will increase energy generation.
Eventhough hydrogen will offer some positive impacts for the conversion it will also
increase the NOx emissions which is considered to be the only deleterious effect for the

combustion of ammonia fuel [81].

2.4.2. Material selection and possible replacements

As a known fact elements, such as brass and copper corrodes under ammonia, so the parts
that are made from these materials and get in touch with the fuel used in the generator
should be replaced with stainless steel or aluminium composite parts [82].

The parts inside of the engine block, the fuel delivery systems will be interacting
with fuel during its operation, so it is crucial that these parts are non-corrosive. The parts
such as gas controllers and ancillary devices are usually made from brass or copper in a
diesel generator but there are also stainless steel options available for these parts in the
market. Figure 2.11 represents the parts of a diesel generator and the parts are numbered
accordingly in Table 2.7 regarding the type of material used in the production of the
generator so the parts that need caution can be easily labelled from this list. Only wetted

parts are the engine block and the parts inside it, such as the cylinder heads and steel
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cylinders that get in touch with the fuel used in the generator. These parts should be taken

in to consideration when making the necessary changes for the ammonia conversion [82].

20

21— F:'ﬂ'ﬁ\z A

Figure 2.11: Diesel generator assembly (Taken from [83])

Table 2.7: Part list for the diesel generator assembly

Number Part Material (mostly used)
1 Engine block Grey cast iron or Al Composite
2 Starter motor Steel

3 Engine flywheel Grey cast iron

4 Bolt of voltage regulator Stainless steel

6 Bolt of voltage regulator bracket Stainless steel

7 Voltage regulator bracket Stainless steel

8 Battery cable (red) Plastic

9 Battery cable (black) Plastic

12 Magnetic Generator Grey cast iron

13-17 Bolts Stainless steel

14-15 Washers Stainless steel

16 Nut Stainless steel

18 Capacitor bracket Stainless steel

21 Bolt of output panel assembly Stainless steel

Source: [83,84]
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2.4.3. Cooling system

The cooling system may also need some modifications after the usage of ammonia fuel in
the generator because of the higher temperature values that the system will operate under,
which will be much higher as explained previously. Regarding the work done by Berman
[85] who have proposed the idea of a new lubricant, graphene which makes cooling at
higher temperatures possible and can also be utilized for ammonia converted generators

that will combust at much higher pressure and temperature values.
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Figure 2.12: Modelling of generator cooling system

As plotted in Figure 2.12 the cooling system for a generator simply works this way
where the ambient air enters the radiator the coolant used in the system enters the pump
with the addition of a fan to decrease the temperature of the coolant. Then the coolant enters
the engine, the intercooler then the coolant returns back to the radiator to repeat the process.
The conventional generators operate at lower temperatures so the coolant will be replaced

and will operate in the same system [86].

2.4.4. NOx emissions

Using ammonia will result in no carbon footprint but the NOx emissions should be taken
into consideration as it also has negative effects on the environment. Nakahira [87] reported
a possible solution for the problem is using a slightly fuel rich mixture and a catalytic
converter where one mole of NHs is added for each mole of NOx in the exhaust and this
results in the propagation of nitrogen and water. This method is currently being used on all
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high-performance engines, which employ a high compression ratio such as ammonia
engines. The selective catalytic reduction process is in generally used for the reduction of
nitrogen oxides emissions occurring in the exhaust after the combustion of the fuel source
used in the operation [88]. For the reduction process the injected ammonia forms a mixture
with the emitted NOx particles and passes through a catalyst at temperatures ranging from
300 to 420 °C in which the nitrogen oxides are converted to nitrogen and water vapour

[89]. The basic idea and concept used these catalytic converters can be seen in Figure 2.13.

NHjz injection to the

Paticulate matter ‘ exhaust
trapped in primary filter

’P The exhaust gas with
™ reduced emissions leave the
tailpipe. NOy near zero levels

| Exhaus gases leave NHs reduction in the SCR
the engine catalyst

Figure 2.13: Selective catalytic removal process for NOx emissions (Modified from [90])

The conversion of nitrogen oxides does not create any secondary pollution, as the
products formed are only nitrogen and water vapour, which are already present in the
atmosphere in large quantities. The conversion efficiency is typically 90% but may be as
high as 99%. The ammonia source for the reduction of NOx may be anhydrous ammonia,
aqueous ammonia or an aqueous solution of urea. Anhydrous ammonia is considered the
cleanest and most cost effective reducing agent, but storage of anhydrous ammonia under
pressure may imply a potential hazard [89]. So regarding the work done by the researchers
that is mentioned in the chapter for the possible combustion of ammonia and the progress
made on the topic. The main problems for its possible usage have been because of the high
autoigniton temperature which usually requires a secondary fuel source in order to start the
combustion process and at the end work as a spark for the ammonia fuel to combust it at
lower temperature and pressure values. But with the improvements in the technology and
regarding the popularity of the topic in the upcoming future the combustion of ammonia

will be dealt with at lower pressures.
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CHAPTER 3: EXPERIMENTAL APPARATUS AND PROCEDURE
In this chapter, the detailed explanation of experimental setup is presented with the
materials and instruments used in the experiments are briefly described regarding their
properties and purpose of usage. Lastly the experimental procedure is explained step by

step in a detailed fashion.

3.1. Experimental apparatus

The setup consist of a gasoline generator and a cylinder tank full of gaseous ammonia at 1
atm. The generator have gone under some changes and modifications in order to be readily
available to operate with ammonia as the main fuel source. These modifications, changes
and all of the steps followed to convey the experiments on the generator will be explained

in the experimental procedure part of the chapter.

3.1.1. Gasoline generator
The gasoline generator used in the experiments were selected for a couple of reasons such
as being commercially sold in the market and also being easy to dissemble and put back

together with the way it is designed.

FIRMAN 5650

3650

Figure 3.1: FIRMAN P03602 portable gasoline generator used in the experiments
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The P03602 portable gasoline generator used during the experimental studies can
be seen in Figure 3.1 that is manufactured by FIRMAN Company. The generator combust
the fuel with the help of a spark plug and has a power capacity of up to 3.56 kW. The key
properties and specifications of the generator is gathered on Table 3.1.

Table 3.1: Specifications of the FIRMAN P03602 portable gasoline generator

Engine type Single cylinder, 4-stroke OHV air cooled
Starting watts 4550

Running watts 3650

Rated AC voltage 120V

Rated current 30A

Rated frequency 60Hz

Phase Single

Voltage regulator AVR

Power factor 1

Alternator type Brushed

Engine FIRMAN

Displacement 208 cc

Low oil shutdown Yes

Engine power 3.65 kW

Ignition system Spark ignition type

Starting system Recoil

Fuel Unleaded automotive gasoline (min 87 octane)
Fuel tank capacity 5.0 gallons

Carburetor type Float

Air cleaner Polyurethane type

P.T.O. shaft rotation Counter clockwise

Spark plug TORCH F6RTC/NGK BPR6ES/CHAMPION RN9YC
Product weight 101.51b

Idle speed 3000 rpm

Compression ratio 7:1

Source: [91]

As mentioned previously, a generator consists of two main parts which are the
engine and the electromagnetic converter. These parts and their specifications will be
investigated separately before getting on to the steps followed during the experimental

procedure.
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3.1.1.1. Generator engine

The engine consists of various parts that each act in the process of igniting the fuel and
make the combustion possible for the generator and create a motion that later can be
transformed to electricity. The engine used in the FIRMAN P03602 generator is a spark
ignition one that is specifically designed to operate with gasoline fuel. As the generator
will be operating with ammonia there are some challenges arising as discussed back in
Chapter 2, so as a result there will be modifications that are necessary for the engine part
of the generator before using ammonia. These modifications that are made on the generator

will be explained in a detailed fashion in the experimental procedure part of the Chapter.

Figure 3.2: Spark ignition engine of FIRMAN P03602 portable gasoline generator

The engine is visible after the removal of the gas tank and can easily be seen in
Figure 3.2. The engine parts consist of components such as the spark plug, carburetor,
piston, cylinder head, exhaust and other parts. The rated power of the generator is 3.65 kW
and the displacement property is values at 208 cc and the fuel is injected with use of a

carburetor as it can be seen on Table 3.1.

35



3.1.1.2. Electromagnetic converter

The electromagnetic converter takes advantage of the motion occurred by the combustion
reaction in the engine and with the help of the magnets installed, it produces electricity.
This part of the generator will not go under any changes as it only transforms the motion
occurred by the engine regardless of the fuel used in combustion. But the properties of this
part of the generator will be used in the thermodynamic analysis regarding the energy and
exergy efficiencies of the generator. The electromagnetic converter part of the generator
can be found by removing the panel in front of it and this part of the generator is used to
measure the changes in voltage and ampere during its operation. The part can be seen in
Figure 3.3.

Figure 3.3: Electromagnetic part of FIRMAN P03602 portable gasoline generator

The measurements concerning the electricity production can be done from the
plugs that are available on the front of the panel but using the electromagnetic converter
part of the generator to measure the changes in voltages and current might be an easier

way to observe the changes power output of the generator.
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3.2. Experimental procedure
The experimental procedures and all of the setups followed during the preparation of the

setup is included in the following flowchart labelled as Figure 3.4.

Selecting the right generator to be
used the experimental studies

—

Making the replacements and
modifying the generator

1 Identifying important variables to

> Performing the experiments

l

— Repeat the experiment If necessary

!

Reporting the results

Figure 3.4: The flowchart for experimental analysis of the scientific work

After defining the need for the experiment and the objectives that are selected for
the scientific work the important variables and the possible selections for the experimental
setup have been discussed in with respect to the previous work conveyed by other
researchers in the field. The following steps and methodology have been followed during
the experimental analysis part of the work. After each experiment the assessment of the
findings were discussed before moving on to the next step, If else that part of the
experiment have been repeated up until the acceptable results have been achieved and there

are minimum occurrence of errors.
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The experiments have been conveyed outside the Clean Energy Research Lab
(CERL) with necessary precautions to prevent causing harm to others and keep safety as
the first priority. Firstly the plan was to convey the experiments inside one of the engine
labs but afterwards because of the regulations regarding engines and the combustion of
ammonia, it was decided that the changes and modifications will be done in CERL but the
experimental will be conveyed outside of CERL without interacting with the ventilation
systems of the building. Figure 3.5 shows the experimental setup that is used with only
gasoline, as it is the fuel that is appropriate for this generator no changes were done at this

point.

“"

Figure 3.5: The setup without any engine modifications trailed with only gasoline at this
stage of the experimental studies

The measurement devices such as the thermocouples and multimeter were used in
this part of the experiment to measure the exhaust temperature and the changes in voltage.
The main aim in conveying the experiments at this point is to make sure that the generator

is operating and to calibrate the measurement instruments.
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The devices and instruments used in the experiment are mainly used to contain the
fuel and make the necessary measurements for the system. The power output and the
temperatures of the generator is measured with an oscilloscope, a multimeter and a couple
of thermocouples. The usage and the properties of the devices are discussed in a detailed
way in the chapter. The thermocouples are sensors known with their ability to measure
temperature. In the experiments the thermocouples will be placed on the generator to see

the affect that varying the ratio of a fuel blend will make to the combustion process.

Table 3.2: Specifications of the Omega OM-CP-QUADTEMP-A thermocouple

Number of channels 4

Thermocouple types J,K,T,E,N,R, S, B

Calibrated accuracy +0.5°C

Temperature range of device -20 to 60°C
Type J -210°C to 760°C
Type K -270°C to 1370°C
Type T -270°Cto 400°C

Thermocouple ranges of each Type E ~270°C 10 980°C

type of thermocouple Type R -50°C to 1760°C
Type S 50°C to 1760°C
Type B +50°C to 1820°C
Type N -270°C to 1300°C

Source: [92]

The thermocouple, used in the experiments to measure the change in temperature
with respect to time during the operation of the generator under different fuel blend ratios
and the specifications for the device can be seen on Table 3.2. Oscilloscope is a device that
observes the change of electrical (AC and DC) signals over time, such that voltage and
time describe a shape which is continuously graphed on a calibrated scale. A mixed-signal
oscilloscope usually has two or four analog channels and a larger number of digital
channels. These generated waveforms can be analysed for properties such as voltage,
ampere, frequency, time and amplitude. There are modern digital instruments that calculate
and display the combination of these properties directly such as a multimeter measuring
the voltage. These devices will also give the correct estimates for that particular property
but the oscilloscope has the ability to plot the momentarily changes in the property with

respect to time. The open circuit voltage can be measured by directly using the probe but
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to measure the current of the closed circuit a simple load resistant circuit was built and was
measured using the second probe. The Agilent branded oscilloscope that is used in the
experiment to plot the changes in voltage and ampere with respect to time which will be
used to calculate the power output of the generator. The key properties and specifications

of the mixed-signal oscilloscope can be seen on Table 3.3.

Table 3.3: Specifications of the Agilent 54622D Digital Oscilloscope

Number of channels 2+16
Frequency range DC to 100 kHz (-3dB with current de-rating)
Current range 100 mV/A; 100 mA to 10 A peak, 10 mV/A: 1 to 100 A peak
Working voltage 600 V max

100 mV/A (50 mV to 10 A peak) - 3% of reading 250 mA 10 mV/A
AC current accuracy (500 mA to 40 A peak) - 4% of reading 250 mA 10 mV/A (40 A to

100 A peak) - 15% max at 100 A

Sampling speed 25 million vectors/sec

Source: [93]

As mentioned previously in the chapter there are devices that can directly measure
a specific property and a multimeter will be used to measure the voltage changes during
the operation of the generator simultaneously to make sure that the power output of the
oscilloscope are correct. The digital multimeter is used to measure the changes in voltage
during the experiments. After observing that the setup and the measurement instruments
calibrated and are operating in perfect condition the next step was bringing ammonia in to
the play. Before doing so the modifications are made to the generator concerning mainly
on the possible increase in temperature and corrosion. For the possible increase in
temperature all of the fasteners and connecters are replaced with high temperature resistant
ones as the temperature may possibly increase more than it supposed to compare to
gasoline combustion. Regarding the corrosion concern the corroding parts under the
influence of ammonia such as brass and copper parts should be replaced with stainless steel
ones. After the talks with FIRMAN [91], the company confirmed that all of the parts used
inside the engine are made of stainless steel, which makes the transformation process even
easier and possible. After the removal and reconnection process of the fuel tank. The reason
behind this is to open the air intake and make the engine part of the generator readily
available for temperature measurement. The ammonia will be used in gaseous form in the

experiments and will be injected to the system through the air intake with premixing it with
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air at ambient conditions. Regarding the air filtering system all of the filters and plastic
covers are removed and cropped to have the space for the piping connected to the ammonia

cylinder.

Figure 3.6: The setup after with necessary modifications to be used with different ratios
of ammonia and gasoline blends at this stage of the experimental studies with the
inclusion of the instruments that will be used in the measurements

After the modifications measurement instruments such as the oscilloscope, 2
thermocouple data logger devices and the laptop were installed to the experimental system
on top of a hydraulic table where the fuel tank full of gasoline and was mainly placed as
shown in Figure 3.6. The hydraulic table has the ability to change its height as the fuel tank
full of gasoline should be placed up higher than the engine even though the engine will be
sucking the fuel from the pipings, which will prevent knocking caused by fuel
insufficiency. After all the changes and modifications are made to the generator, the next
step was injecting gaseous ammonia to the system. Gaseous ammonia was stored in a
cylinder tank and kept at 1 atm but as the experiments will be conveyed outside for safety

precautions the tank should be kept far away from the experimental setup. To do so a piping
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with a length of 25 meters was used and the ammonia cylinder was stored inside the
building and was fixed to the wall for safety precautions with the experimental setup placed

outside the building as shown in Figure 3.7.
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Figure 3.7: The setup placed outside CERL building with the ammonia cylinder stored
inside the building and connected with the use of extra piping

As all of the safety measures were followed step by step the next step is to run the
generator and use the fuel blend for measurements. As mentioned previously because of
slow flame speed and low flame temperatures ammonia will not ignite by itself and the
combustion will not occur completely so gasoline will be used as the combustion promoter
for the process. At first the operation of the engine started with only gasoline fuel and kept
running for up to 30 minutes up until the exhaust temperature and power readings were as
stable as possible at the instant when the picture of the setup was taken as displayed in
Figure 3.8. Then the gaseous ammonia was injected to the generator from the air intake

starting at 1 atm and was increased up until 2.5 atm. While the mass flow rate for the
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ammonia was increasing the gasoline input was decreased at the same rate up until the
point where the only fuel operating in the system was gaseous ammonia. During the
changes of the fuel blend ratios the engine operated without any knocking but as the
gasoline input was depleted in the system the generator continued on operating for
approximately 10 to 15 more seconds but then because of the slow flame speed and low
flame temperatures the engine of the generator stopped working as the fuel could not ignite

by itself with the absence of a combustion promoter.

Figure 3.8: During the operation of the experimental setup operating at varying fuel
blend ratios of gasoline and ammonia placed outside the CERL
The analysis for gas emissions was conveyed using a gas analyser that can measure
the CO2 emissions of the exhaust. The main aim in doing this is to observe the positive
impact that ammonia addition to gasoline combustion has on greenhouse emissions.

Unfortunately the gas analyser used the in the analysis did not have the necessary
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calibrations set to measure NOx emissions, which would have been another right way to

observe the impact of ammonia fuel.

Figure 3.9: CO gas analysis of the experimental setup

These devices aim to measure the types of gases available in that environment and
it will be used to measure the changes in CO> emissions of different fuel blend ratios trailed
during the experimental operation of the generator. Figure 3.9 represents the device used
during the experiments to measure the emissions under different fuel ratios. The measured
voltage, current, power, temperature and exhaust emission values are plotted and discussed
on Chapter 5 of the thesis with the thermodynamic analysis of the combustion process with

respect to varying ratios of gasoline and ammonia fuel blend.
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CHAPTER 4: ANALYSIS AND MODELLING
In this chapter the theoretical analysis of ammonia combustion is conveyed with various
combustion promoters to find the optimal amount of fuel that should be combined with
ammonia by finding the energetic and exergetic efficiencies of different blend ratios. Also
other properties such as the exhaust temperature and the energy outputs of each blend is

examined in the chapter. The process flow diagram for ammonia combustion that was used

in the modelling can be seen on Figure 4.1.
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Figure 4.1: Process flow diagram of ammaonia based fuel blend combustion
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The diagram includes all of the parts that will be used in the modelling of
combustion for the power generator where an ammonia based fuel blend has been used for
thermodynamic modelling purposes of the combustion reaction. Secondary fuel has been
kept in a separate fuel tank that was disassembled from the experimental generator device,
where the ammonia fuel was injected to the system through the air intake directly from the

pressurized ammonia cylinder in gaseous form.

4.1. Thermodynamic Analysis

In thermodynamic analyses, overall mass, energy, entropy and exergy balance equations

are written for the fuel that will be blended with ammonia. In order to understand the

combustion process, how the generator operates and its performance, a comprehensive

thermodynamic analysis is carried out regarding energy and exergy studies stated by

Dincer and Rosen [94], to evaluate efficiencies of the system. The modelling of the

combustion is built up in the Engineering Equation Solver (EES) for analysis purposes.

The general assumptions taken in to account for the thermodynamic analysis and

calculations of the system can listed as:

e The reference temperature is selected as To = -15 °C (outside temperature during the
experimental studies) and reference pressure Po = 101.325 kPa.

e The variations in the kinetic and the potential energies and exergies are ignored.

e The ideal gas laws apply for the gases operating in the system.

e Airused in the system is an ideal gas with constant specific heat.

e The relative humidity of the inlet air and hydrogen is taken as 90%.

e A 20% of the produced heat is assumed to be lost by convection and radiation.

e The generators maximum output power is set to 3.65 kW as this is the maximum value
for the experimental generator device.

e Complete combustion occurs.

4.1.1. Combustion reactions of fuels

The combustion of a fuel occurs when it burns with air. At stoichiometric ratio 1 mole of
fuel is burnt with 100% air intake accordingly to combustion product. But alternatively
different chemical equations can be written for the combustion of these fuels with different

air intakes as shown in Table 4.1 for 100%, 150% and 200% for various fuel sources.

46



‘NBE'eF + 06 + “HS + f00F
— (*jage + *g)er + Yg¥o

IN99'OE + “05LS + “HS + “0J%
— (*wose + g)see + VtgYo

NFFFT + OFHS + F00%
— (*wose+ *giga+ Y'gho

aueng Jo UonSNgUIo)

NTO'ST + “0E + "HE
+ 500« ("w9re + o)t + "HI

NBTIT + “0T + *HE
+ %00 « (*NoLE + “oie + ¥HD

“NTSL + OFHT + “0J
— (*nage+ gz +YHo

DIND J0 uonsnquio’y

INoLE + %02 + FHY + foos
= ("WoLg +0)0T + *HS)

INT'8T + 0S¥ + “H¥ + ‘oJ¢
— ("woie+ "0)ss + 'y

‘NE'BT + O°H¥ + *00%
— (*NaLEe + *0)s + *y¥o

avedoud JOo UoSNQUIOD

NGTTT + 0T + *HT + f02
— (*WosE + *0)E + HOHD

NOF'E + f0STT + ‘HT + f00
— (*Wole+ *0)5T°C + HOYHD

NY9'S + O°HE + *02
— (*N9L'E + *0)S'T + Ho*HD

|OUBLaW JO UOISNGUIOD)

SN9STT + *0F + “HE + 00z
— ("W9Le + 5009 + HOSH

*Nz6'9T + 0% + FHE + Y0JT
— ("N9LE + "0)5F + HOSHD

NBTTT + OFHE + 03T
— (*W9ie + 0)E + HOSH

|OUBLA JO UOISNGUIOD)

NFE + F0T + "He + fooe
— (*Noie + fglcg + Mgt

INSOL + T0SL0T + "He + foo8
— ("woLe+fo)seer + ¥y

NIV + 0°He + foo8
— (°N9L'E + *0)STT + *'H%)

aunosed Jo uonsnguion

NBFEET
+ 0SET + “HSTT + “0JT1
— ("jose + g)oce + ¥yl

SNTTO0T
+ “QSTOFT + “HE'TT + “0JTT
— (*wose + *g)sgeog + ¥yt

NFL99 + OFHS'TT + f00TT
— (SN9LE + 00500 + B HE T

|[asaIp JO UoNSNGUI0D

‘Nosg + 0
+ %0~ (NSLE+ F0) +FH

NTET + 0
+ g+ ("NoLe+ f0)ss0+ H

‘NBE'T+ 0°H
— (*nose+gleo+ 'y

uafoapAy Jo UuonsSNOUIoT

"NYT'9+ F0S'T + “HST
= ("WSLE+"0)ST + *HN

CNETF + “OSTT'T + “HS'T
— ("N9LE + “0)STTT + *HN

NTEE + O°HST
— (*Wore +°0)ss0 + *HN

PILOLILLIE JO UCIISNOLLIOT

SYEIUL e %D0E

ayel ne 45061

(exejul e %001)
JBWOIYI01S

SaXeIUI J1. JUaJaJLIp Japun sadA) [an) SNOLIBA J0) SUOIOLAI UONSNOWO0D 8yl T' 8|geL

47



With the use of a catalyst and under the correct conditions of temperature, ammonia reacts
with oxygen to produce NO, which is oxidized to NO2, which is considered as deleterious
emissions. The combustion characteristics of various fuel sources that will be blended for
analysis have been listed in Table 4.2. The air-fuel ratio by weight can be calculated using

the equation given in the thermodynamics book by Cengel [95] as follows:

Myir
AF = (1)
mfuel
Table 4.2: Combustion characteristics of various engine fuels
Lower . _
Storage | Storage Density | Heating A|r/_FueI Energy | Autoigniton
Fuel Formula | Temp. Pressure [kg/m?] | Value Ratio by | Content | Temp.
0, H 0
[°C] [kPa] Milkg) | Weight | MJlkg] | [°C]
Ammonia | NH; 25 101.3 600 18.8 6.05 2.64 651
Ethanol CoHsOH | 25 101.3 790 27 8.95 2.70 423
Gasoline | C7H17 25 101.3 700 425 15.29 2.58 370
Hydrogen | | 25 24821 | 175 | 120 %3 | 340 |57
(gas)
Hydrogen | |, 253 | 102 71 120 3432|340 |57
(liquid)
Diesel C12H23 25 101.3 850 45 14.32 2.77 254
Methanol | CHsOH 25 101.3 780 19.5 6.44 2.69 464

Source: [96-98]

4.1.2. Energy analysis
The energy analysis can be defined by starting from the basic principles and formulas of
thermodynamics. The general equation for the conservation of mass in a control volume

for any system can be presented as:

> tiin = Y e = o @
In equation (2) the subscripts ‘in” and ‘out’ specify the control volume for the inlet and the
outlet, respectively. If the operation is considered as steady state, then there is no
accumulation or consumption of mass which results in 1, = Mm,y;.

The common steady state form of the energy balance equation (neglecting the potential and

kinetic energy) can be written as
Q -W+ Z Minhin — Z Mouthour =0 (3)
where Q and W represent the heat transfer and work rate crossing the boundaries and m

and h represent the mass flow rate and the specific enthalpy of the streams of the system,
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respectively. The entropy is a quantity of the disorder for a thermodynamic system and the
change in entropy occurring as a result of a chemical reaction that is given by the difference

in entropy of the products and the sum of the entropies of the reactants and it is defined as

ASR = Z vp ASRP - Z 7.77- ASRT (4)
P T

The lower heating value of the fuels are used in the calculations to find the Energy output
of the combustion reaction and can be written as
Q = Nyyer(LHVfyer) (%)

As mentioned previously the mechanical power produced by the engine is converted to
electrical power by the electric generator. The electrical output power by the electric
generator can be calculated by using Equation (6) where the product of current and voltage
waveforms measured by the oscilloscope is integrated to find the real power produced by
the electric generator;

Py = % f (i.v)dt (6)
0

4.1.3. Exergy Analysis
Exergy can be defined as the amount of work obtained when a piece of matter is brought to
a state of thermodynamic equilibrium with respect to its surroundings by a reversible

process. The total exergy Ex of a system is given by:
Ex = (U = Up) + PV = Vo) = To(S = $5) + ) N(ito — 1) @
k

where U is the total energy, V is the volume, S is the entropy, Nk is the number of moles
of component k and u is the chemical potential. Subscript o are relates to values
regarding the system, superscript o presents the chemical potential of the substance
with respect to the environment. For a control volume, the exergy flow Ex; can be

written as
Bxp = (H = Hy) = T,(S = $,) + ) N(ito = 1°) ®)
k

where H represents the enthalpy and the chemical exergy is represented by the term that

depends on the chemical potentials and can be calculated for different fuel blends
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according to the methodology presented by Morris and Szargut [99]. For a mixture of

substances or fuels in this case, the chemical exergy in molar basis can be calculated as
EXmix =Z)’i aiCh‘|‘PTozyi Iny; )
i i

The total exergy flow of a mixture of ideal gases can then be written as

_ L _ r

OXf iy = Li Vi ex{" + RTy Xy Iny; + Xy ng Cp dT — (10)
T _ dT —p

To Xiyi fTO Cpi?—RlnP—o

where the first, second terms of equation (10) represent the chemical exergy of the
mixture and the third, fourth terms present for the physical exergy flow.

The total exergy in molar basis can be obtained from the definitions of total exergy and
total exergy flow and is given by

_ _ _ P
€Xmix = €Xp + RT, (P_o - 1) (12)

The exergy balance for a given system in terms of irreversibility can be written as

TT‘ - To)
T

I =Ex; — Exy; — Whyet + z Qr ( (12)
r

where the last term of equation (12) presents the exergy associated to the heat transfer between

the system and a thermal reservoir at temperature, T,. and W,,..; is the net work available.

4.1.4. Performance Analysis
The energy efficiency can be defined as an indicator of how efficiently the input is
converted to the product. The energy efficiency is defined by n,,, and it can be written as:

_ Energy output in product 1 Energy loss

Nen (13)

Energy Input B Energy input
The exergetic efficiency can be specified to evaluate exergy conversion in a process where the
first law thermodynamics is applied to define energy conversion. The evaluation of exergy
conversion defines a relation between energy losses to environment and internal irreversibilities
of the combustion process [100]. The exergetic efficiency can be written as

_ Useful exergy production

= 14
v Exergy consumption (14)
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From the concepts of exergetic efficiency, a general expression was obtained by Gallo
and Milanez [96] for combustion reactions. A combustion engine is analysed where the
expressions for the exergetic efficiencies are separately defined for compression,

combustion, expansion, exhaust, and intake that can be written as

Yep = % (15)
cp
= (16)
l:bexp = % 17)
AE
Yexn = rlxvvexhl (18)
AE
Yin = WTWM (19)

The complete closed part of the cycle, complete open part of the cycle and for the overall

exergetic efficiencies can be written as

Vchc
l/)cyc = AEx (20)
Ex
lpop =t (21)
Exfo + |VV0P|
Wp
Yoo = 22)

In these expressions AEx is the exergy variation between initial and final states,
Exg, is the exergy flow entering the cylinder. Ex; . is the exergy flow associated to the
air-fuel mixture and W5y is the brake power.

The exergetic efficiency of combustion process considers the network of the
process where the exergetic efficiency of the intake is similarly to volumetric efficiency.
The exergetic efficiency of the open part of the cycle simply combines the exhaust and
intake processes. Lastly, the overall engine efficiency neglects the conditions inside the
cylinder but to the brake conditions considered regarding the effect of engine’s frictional

losses.
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Exhaust temperature (°C)

CHAPTER 5: RESULTS AND DISCUSSION
In this chapter, the results of the experimental and theoretical analysis have been presented
and the important points have been discussed by plotting the necessary graphs gathered
from both instruments and simulations. Part 5.1 discusses the experimental results of the
gasoline engine conversion, where part 5.2 investigates the usage of each fuel blends of
ammonia separately by trailing different ratios and comparing their efficiencies both

energetically and exergetically.

5.1. Ammonia based gasoline blend in FIRMAN generator

As explained previously in Chapter 3 that the measurements have been conveyed on a spark
ignition generator by varying the fuel ratio of ammonia and gasoline blend and some
measurements have been made using the instruments introduced. The thermocouples were
placed around the exhaust to get the overall exhaust temperature under the influence of
different fuel blend ratios. The influence of changing the mass ratio of the gasoline

ammonia blend on the exhaust temperatures of the generator is plotted in Figure 5.1 from

the measured experimental data.
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Figure 5.1: The influence of changing the mass ratio of the gasoline ammonia blend
(with respect to the experimental procedure) on the exhaust temperatures of the generator
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As expected the temperature increases with respect to time as the generator kept on
operating, the measurements were made starting from 100% gasoline fuel that kept on
operating up to 30 minutes then the ammonia injection has begun in an increasing mass
flow rate manner where the injection of gasoline was reduced at the same rate the ammonia
increases. The ratios investigated starting at 100% gasoline, 80% gasoline to 20%
ammonia, 60% gasoline to 40% ammonia, 40% gasoline to 60% ammonia and 20%
gasoline to 80% ammonia with temperature measurements of approximately 369.9 C°,
399.3 C°, 431.2 C°, 455.7 C° and 480.1 C° respectively. But after this point because of the
low flame temperatures of ammonia the fuel did not ignite and the generator stopped
operating at that point. The lower flame temperature of the fuel may require a greater spark

as it will require more temperature to ignite.
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Figure 5.2: The plotted values for the voltage and current waveforms of the generator
recorded using the digital oscilloscope
Figure 5.2 shows the instant changes observed in the oscilloscope during the
experiments. The power that is generated for 100% gasoline, 80% gasoline to 20%
ammonia, 60% gasoline to 40% ammonia, 40% gasoline to 60% ammonia and 20%
gasoline to 80% ammonia is 3689.2 W, 3657.4 W, 3624.1 W, 3599.6 W, 3572.8 W,
respectively. As the generator stopped working when the gasoline supply was less than

20% the electrical properties were not measured around ratios. When the ratio of ammonia
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in the fuel blend increased the power generated by the generator slightly decreases which
is as expected.
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Figure 5.3: Effects of changing the ratio of the gasoline ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
gasoline and ammonia fuel blend experimentally

Figure 5.3 shows the exergy destruction rate, power output, overall energy and
exergy efficiencies of the generator for gasoline and ammonia fuel blend that are calculated
using the experimental findings with respect to the change in fuel ratio for gasoline and
ammonia blend. Changing the fuel ratios starting from 100% gasoline, 80% gasoline to
20% ammonia, 60% gasoline to 40% ammonia, 40% gasoline to 60% ammonia and 20%
gasoline to 80% ammonia increases the power output of the generator slightly from 3572.8
W to 3689.2 W. The same variation of molar variation resulted in a change in the exergy
destruction rate of the generator from 4.392 kW to 6.447 kW. Regarding the results for the
overall energy and exergy efficiencies of the generator reduced from 35.7 % to 28.74% and
from 44.85 % to 36.4 %, respectively. Lastly the CO2 and NOx emissions of the generator
operating with varying ratios of gasoline and ammonia blend was measure and plotted as
it can be seen in Figure 5.4.
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The reduction in CO2 emissions from 2.535 g/s to 2.4916 g/s are related with the
addition of ammonia to the combustion but at the same time the NOx emissions have
considerably increased with the addition of ammonia to the system that increases it ratio
against gasoline in the fuel blend. After the completion of experimental analysis,
theoretical analysis will be made using the EES software and mathematically modelling
the thermodynamic equation written for the energetic and the exergetic performances of

ammonia combustion with various fuel types.
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2.4916
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NH,/Fuel (%)
Figure 5.4: Effects of changing the rat_io_of the gasoline ammonia blend on CO>
emissions
During the theoretical analysis the combustion process will be modelled using
various types of fuels that can be used as combustion promoter to help ignite ammonia to
combust fully. The optimal ratio and the thermodynamic properties of each fuel blend will
be made to be used with ammonia in different types of generator to produce electricity.
The verification of the theoretical analysis will be made with the comparison of
experimental data gathered from the measured performance analysis results of ammonia
and gasoline blend where the maximum power output is set to 3.65 kW. The results and
graphs regarding each fuel blend will be investigated separately in the chapter with an

overall comparison at the end of the chapter.
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5.2. Ammonia based hydrogen blend

A parametric study is performed on the generator using hydrogen and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and hydrogen molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.5. Changing ammonia molar
flow rate from 0.01 to 0.04 mole/s increases the power output of the generator from 0.9159
kW to 3.737 kW. The same variation of molar variation resulted in an upsurge in the exergy
destruction of the generator from 2.203 kW to 9.376 kW. Regarding the results for the
overall energy and exergy efficiencies of the generator reduced from 24.91% to 24.87%
and from 29.36% to 28.5% respectively. This reduction in the efficiency can be interpreted

by the increase in the exergy destruction rate of the generator.
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Figure 5.5: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
hydrogen and ammonia fuel blend
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Figure 5.6: Effects of changing amount of hydrogen entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
hydrogen and ammonia fuel blend

Secondly for the ammonia hydrogen blend another parametric study is performed
by changing the molar flow rate of hydrogen supplied to engine on the power output,
exergy destruction rate, overall energy and exergy efficiencies of the generator is plotted
in Figure 5.6. Changing hydrogen molar flow rate from 0.02 mole/s to 0.42 mole/s the
results for the overall energy and exergy efficiencies of the generator to increase from
24.71% to 24.80% and 28.4% to 29.53%.

The increase of the efficiency can be related to the increase in the lower heating
value of the fuel blend with the addition of hydrogen fuel to the system. The same variation
of molar variation resulted in an upsurge in the exergy destruction rate of the generator
from 2.44 kW to 7.925 kW. Regarding the power output of the generator it increases from
0.971 kW to 3.321 kW. Which shows the impact of increasing the amount of ammonia fuel

entering the generator will be increasing the power output at the same time.
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Another parametric study have been performed on the generator by changing the
ratio of the hydrogen ammonia blend starting from 80% hydrogen and 20% ammonia to
20% hydrogen and 80% ammonia to plot the changes in the exergy destruction rate, power
output, overall energy and exergy efficiencies of the generator.
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Figure 5.7: Effects of changing the ratio of the hydrogen ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
hydrogen and ammonia fuel blend

The effect of changing the ratio of the hydrogen ammonia blend on the power
output, exergy destruction rate, overall energy and exergy efficiencies of the generator is
plotted in Figure 5.7. Changing the mass ratio of the hydrogen ammonia blend starting
from 80% hydrogen and 20% ammonia to 20% hydrogen and 80% ammonia increases the
power output of the generator from 1.01 kW to 3.45 kW. The same variation resulted in a
reduction of the exergy destruction rate of the generator starting from 8.229 kW to 2.534
kW. Regarding the results for the overall energy and exergy efficiencies of the generator
reduced from 24.7% to 23.8% and from 29.57% to 28.48% respectively.
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Lastly another graph was plotted regarding the influence of changing the mass ratio
of the hydrogen ammonia on NOx emissions. During the studies once again the ratio of the
hydrogen ammonia blend was changed starting from 80% hydrogen and 20% ammonia to

20% hydrogen and 80% ammonia.
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Figure 5.8: Effects of changing the rati_o c_Jf the hydrogen ammonia blend on NOx
emissions

The effect of changing the ratio of the hydrogen ammonia blend on the exhaust
emissions are plotted in Figure 5.8. Changing the ratio of the hydrogen ammonia blend
starting from starting from 80% hydrogen and 20%ammonia to 20% hydrogen and 80%
ammonia decreases the NOx emissions starting from 2.57 g/s to 0.7 g/s. The decrease
occurs by the increase in ammonia content even though it has nitrogen in its structure but
still hydrogen itself causes more NOx emissions. Eventhough the NOx emissions occur the
absence of CO: emissions reduces the negative impact towards the environment in
comparison with the fossil fuel combustion emissions of CO». The reason why there are no
CO:; emissions lies on the fact that both fuel sources have no carbon print, which was the
main aim of the studies but the reduction in power produce compared to other fossil fuel

blends with ammonia favours the other fuel types to be used as combustion promoters.
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5.3. Ammonia based gasoline blend

A parametric study is performed on the generator using gasoline and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and gasoline molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.9. Changing ammonia molar
flow rate from 0.01 mole/s to 0.1 mole/s that increases the power output of the generator
from 2.901 kW to 3.722 kW. The same variation of molar variation resulted in an increase
in the exergy destruction rate of the generator from 5.063 kW to 6.414 kW. Regarding the
results for the overall energy and exergy efficiencies of the generator both slight increase

from 29% to 29.07% and from 36.43% to 36.72% respectively.
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Figure 5.9: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
gasoline and ammonia fuel blend
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Figure 5.10: Effects of changing amount of gasoline entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
gasoline and ammonia fuel blend

Then for the ammonia gasoline blend another parametric study is performed by
changing the molar flow rate of gasoline supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.10. Changing the gasoline molar flow rate from 0.04 mole/s to 0.24 mole/s the results for
the overall energy and exergy efficiencies of the generator slightly reduce from 36.67% to
36.41% and from 28.82% to 29.01%.

The reduction in the efficiency can be related to the increase in the exergy
destruction rate from 0.4967 kW to 6.485 kW. Regarding the power output of the generator
it increases from 0.2876 kW to 3.712 kW. Which shows the impact of increasing the
amount of ammonia fuel entering the generator will be increasing the power output at the

same time.
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Another parametric study have been performed on the generator by changing the
ratio of the gasoline ammonia blend starting from 80% gasoline and 20% ammonia to 20%
gasoline and 80% ammonia to plot the changes in the exergy destruction rate, power output,
overall energy and exergy efficiencies of the generator.
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Figure 5.11: Effects of changing the ratio of the gasoline ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
gasoline and ammonia fuel blend

The effect of changing the ratio of the gasoline ammonia blend on the power output,
exergy destruction rate, overall energy and exergy efficiencies of the generator is plotted
in Figure 5.11. Changing the ratio of the gasoline ammonia blend starting from 80%
gasoline and 20% ammonia to 20% gasoline and 80% ammonia reduces the power output
of the generator from 3.427 kW to 0.2655 kW. The same variation of molar variation
resulted in a reduction in the exergy destruction rate of the generator from 5.986 kW to
0.4585 kW. Regarding the results for the overall energy and exergy efficiencies of the
generator slightly increase from 29.01% to 29.06% and from 36.41% to 36.67%
respectively. The increase in the efficiency can be interpreted by once again the quality

content that gasoline offers.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the ratio of the gasoline ammonia on CO2 and NOx emissions. During
the studies once again the mass ratio of the gasoline ammonia blend was changes starting
from 80% gasoline and 20% ammonia to 20% gasoline and 80% ammonia.
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Figure 5.12: Effects of changing the ratio of the gasoline ammonia blend on CO; and
NOx emissions

The effect of changing the ratio of the gasoline ammonia blend on the exhaust
emissions are plotted in Figure 5.12. Changing the ratio of the gasoline ammonia blend
starting from 80% gasoline and 20% ammonia to 20% gasoline and 80% ammonia
decreases the CO> emissions starting from 1.64 g/s to 1.28 g/s. The same variation of molar
variation resulted in a reduction in NOx emissions starting from 2.67 g/s to 0.69 g/s,
respectively. The reduction in CO> occurs with the increase in ammonia ratio as it has no
carbon print but at the same time the NOx emissions were effected in a negative way with
the increase in ammonia ratio as it contains nitrogen elements in the fuel. Eventhough the
occurrence of NOx emissions have increased the reduction in CO; emissions highly

benefits the environment in comparison with the fossil fuel combustion emissions.
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5.4. Ammonia based diesel blend

A parametric study is performed on the generator using diesel and ammonia blend to assess
the system performance with changing operating conditions such as changing the ammonia
and diesel molar flow rate entering the generator, varying the mass flow rate of ammonia
entering the generator. The influence of changing the molar flow rate of ammonia supplied
to engine on the power output, exergy destruction rate, overall energy and exergy
efficiencies of the generator is plotted in Figure 5.13. Changing ammonia molar flow rate
from 0.01 to 0.1 mole/s increases the power output of the generator from 2.901 kW to 3.722
kW. The same variation of molar variation resulted in an upsurge in the exergy destruction
rate of the generator from 5.063 kW to 6.414 kW. The results for the overall energy and
exergy efficiencies of the generator changed from 28.01% to 28.07% and from 36.41% to
36.50% respectively. This reduction in the efficiency can be interpreted by the increase in

the exergy destruction rate from 2.3 kw to 168 kW.
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Figure 5.13: Effects of changing amount of ammonia entering engine on the exergy

destruction rate, power output, overall energy and exergy efficiencies of the generator for
diesel and ammonia fuel blend
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Figure 5.14: Effects of changing amount of diesel entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
diesel and ammonia fuel blend

Secondly for the ammonia diesel blend another parametric study is performed by
changing the molar flow rate of diesel supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.14. Changing diesel molar flow rate from 0.0004 mole/s to 0.0016 mole/s the results for
the overall energy and exergy efficiencies of the generator slightly reduced from 28.8% to
28.78% and from 35.5% to 35.01%.

The reduction in the efficiency can be related to the increase in the exergy
destruction rate from 0.68 kW to 6.75 kW. The same variation resulted in an upsurge in the
exergy destruction rate of the and at the same time the power output of the generator it
increases from 0.465 kW to 3.76 kW. Which shows the impact of increasing the amount of
ammonia fuel entering the power generator will be increasing the power output at the same

time.
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Another parametric study have been performed on the generator by changing the
ratio of the diesel ammonia blend starting from 80% diesel and 20% ammonia to 20%
diesel and 80% ammonia to plot the changes in the exergy destruction rate, power output,
overall energy and exergy efficiencies of the generator.
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Figure 5.15: Effects of changing the ratio of the diesel ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
diesel and ammonia fuel blend

The effect of changing the ratio of the diesel ammonia blend on the power output,
exergy destruction rate, overall energy and exergy efficiencies of the generator is plotted
in Figure 5.15. Changing the ratio of the diesel ammonia blend starting from 80% diesel
and 20% ammonia to 20% diesel and 80% ammonia reduces the power output of the
generator from 3.76 kW to 0.465 kW occuring as a result of low molar flow rates. The
same variation of molar variation resulted in also a reduction in the exergy destruction rate
of the generator from 6.89 kW to 0.648 kW. Regarding the results for the overall energy
and exergy efficiencies of the generator slightly increase from 28.73% to 28.76% and from

35.05% to 35.41%.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the ratio of the diesel ammonia on CO2 and NOx emissions. During
the studies once again the ratio of the diesel ammonia blend was changes starting from

80% diesel and 20% ammonia to 20% diesel and 80% ammonia.
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Figure 5.16: Effects of changing the ratio of the diesel ammonia blend on CO2 and NOx
emissions

The effect of changing the ratio of the diesel ammonia blend on the exhaust
emissions are plotted in Figure 5.16. Changing the ratio of the diesel ammonia blend
starting from 80% diesel and 20% ammonia to 20% diesel and 80% ammonia reduces the
CO:2 emissions starting from 1.63 g/s to 1.27 g/s. The same variation of molar variation
resulted in a decrease in NOx emissions starting from 2.57 g/s to 0.71 g/s respectively. The
reduction in COz occurs with the increase in ammonia ratio as it has no carbon print but at
the same time the NOx emissions were effected in a negative way with the increase in
ammonia ratio as it contains nitrogen elements in the fuel. Eventhough the occurrence of
NOx emissions have increased the reduction in CO: emissions highly benefits the

environment in comparison with the fossil fuel combustion emissions.
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5.5. Ammonia based ethanol blend

A parametric study is performed on the generator using ethanol and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and ethanol molar flow rate entering the generator, varying the mass flow rate of
ammonia entering the generator. The influence of changing the molar flow rate of ammonia
supplied to engine on the power output, exergy destruction rate, overall energy and exergy
efficiencies of the generator is plotted in Figure 5.17. Changing ammonia molar flow rate
from 0.001 mole/s to 0.01 mole/s increases the power output of the generator from 2.98
kW to 3.72 kW. The same variation of molar variation resulted in an upsurge in the exergy
destruction rate of the generator from 5.84 kW to 7.12 kW. The results for the overall
energy and exergy efficiencies of the generator increased slightly from 27.06% to 27.17%
from 33.06% to 33.23% and respectively. This slight increase in the efficiency can be

interpreted by the increase in ammonia entering the generator.
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Figure 5.17: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
ethanol and ammonia fuel blend
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Figure 5.18: Effects of changing amount of ethanol entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
ethanol and ammonia fuel blend

Secondly for the ammonia ethanol blend another parametric study is performed by
changing the molar flow rate of ethanol supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.18. Changing ethanol molar flow rate from 0.0001 mole/s to 0.012 mole/s the results for
the overall energy and exergy efficiencies of the generator reduced from 33.06% to 33.02 %
and from 27.13% to 27.07%, respectively.

The reduction in the efficiency can be related to the increase in the exergy
destruction rate from 0.92 kW to 7.53 kW. The power output of the generator increases
from 0.48 kW to 3.68 kW. Which shows the impact of increasing the amount of ammonia
fuel entering the power generator setup will be increasing the power output at the same

time.
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Another parametric study have been performed on the generator by changing the
ratio of the ethanol ammonia blend starting from 80% ethanol and 20% ammonia to 20%
ethanol and 80% ammonia to plot the changes in the exergy destruction rate, power output,
overall energy and exergy efficiencies of the generator.
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Figure 5.19: Effects of changing the ratio of the ethanol ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
ethanol and ammonia fuel blend

The effect of changing the ratio of the ethanol ammonia blend on the power output,
exergy destruction rate, overall energy and exergy efficiencies of the generator is plotted
in Figure 5.19. Changing the ratio of the ethanol ammonia blend starting from 80% ethanol
and 20%ammonia to 20% ethanol and 80% ammonia increases the power output of the
generator from 0.49 kW to 3.70 kW. The same variation of molar variation resulted in an
upsurge in the exergy destruction rate of the generator from 0.92 kW to 7.54 kW. Regarding
the results for the overall energy and exergy efficiencies of the generator reduced from
27.13% to 27.04% and from 34.1% to 32.9% respectively. This reduction in the efficiency

can be interpreted by the increase in the exergy destruction rate.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the ratio of the ethanol ammonia on CO2 and NOx emissions. During
the studies once again the mass ratio of the ethanol ammonia blend was changes starting
from 80% ethanol and 20% ammonia to 20% ethanol and 80% ammonia.
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Figure 5.20: Effects of changing the ratio of the ethanol ammonia blend on CO2 and NOx
emissions

The effect of changing the mass ratio of the ethanol ammonia blend on the exhaust
emissions are plotted in Figure 5.20. Changing the mass ratio of the ethanol ammonia blend
starting from 80% ethanol and 20% ammonia to 20% ethanol and 80% ammonia decreases
the CO2 emissions starting from 1.60 g/s to 1.24 g/s. The same variation of molar variation
resulted in an decrease in NOx emissions starting from 2.56 g/s to 0.41 g/s, respectively.
The reduction in CO:2 occurs with the increase in ammonia ratio as it has no carbon print
but at the same time the NOx emissions were effected in a negative way with the increase
in ammonia ratio as it contains nitrogen elements in the fuel. Eventhough the occurrence
of NOx emissions have increased the reduction in CO> emissions highly benefits the

environment in comparison with the fossil fuel combustion emissions.
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5.6. Ammonia based methanol blend

A parametric study is performed on the generator using methanol and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and methanol molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.21. Changing ammonia molar
flow rate from 0.001 mole/s to 0.01 mole/s increases the power output of the generator
from 2.85 kW to 3.58 kW. The same variation of molar variation resulted in an upsurge in
the exergy destruction rate of the generator from 5.98 kW to 7.42 kW. Regarding the results
for the overall energy and exergy efficiencies of the generator slightly increases from

25.81% to 25.84% and from 32.3% to 32.5% respectively.
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Figure 5.21: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
methanol and ammonia fuel blend
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Figure 5.22: Effects of changing amount of methanol entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
methanol and ammonia fuel blend

Secondly for the ammonia methanol blend another parametric study is performed
by changing the molar flow rate of methanol supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.22. Changing methanol molar flow rate from 0.002 mole/s to 0.03 mole/s the results for
the overall energy and exergy efficiencies of the generator increases from 25.83% to
25.85% and from 32.4% to 33.2%.

The increase in the efficiency can be related to the reduction in the exergy
destruction rate from 7.61 kW to 1.53 kW. The power output of the generator it increases
from 0.67 kW to 3.67 kW. Which shows the impact of increasing the amount of ammonia
fuel entering the power generator setup will be increasing the power output at the same

time.
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Another parametric study have been performed on the generator by changing the
ratio of the methanol ammonia blend starting from 80% methanol and 20% ammonia to
20% methanol and 80% ammonia to plot the changes in the exergy destruction rate, power
output, overall energy and exergy efficiencies of the generator.
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Figure 5.23: Effects of changing the ratio of the methanol ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
methanol and ammonia fuel blend

The effect of changing the mass ratio of the methanol ammonia blend on the power
output, exergy destruction rate, overall energy and exergy efficiencies of the generator is
plotted in Figure 5.23. Changing the mass ratio of the methanol ammonia blend starting
from 80% methanol and 20% ammonia to 20% methanol and 80% ammonia decreases the
power output of the generator from 3.66 kW to 0.76 kW. The same variation of molar
variation resulted in a reduction in the exergy destruction rate of the generator from 7.59
kW to 1.47 KW. The results for the overall energy and exergy efficiencies of the generator
increased from 25.81% to 25.84% and from 32.4% to 33.02% respectively. This reduction

in the efficiency can be interpreted by the increase in the exergy destruction rate of the

generator.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the ratio of the methanol ammonia to CO2 and NOx emissions.
During the studies once again the ratio of the methanol ammonia blend was changes
starting from 80% methanol and 20% ammonia to 20% methanol and 80% ammonia.
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Figure 5.24: Effects of changing the ratio of the methanol ammonia blend on CO> and
NOx emissions

The effect of changing the mass ratio of the methanol ammonia blend on the
exhaust emissions are plotted in Figure 5.24. Changing the mass ratio of the methanol
ammonia blend starting from starting from 80% methanol and 20% ammonia to 20%
methanol and 80% ammonia reduces the CO2 emissions starting from 1.6 g/s to 1.22 g/s.
The same variation of molar variation resulted in a change in NOx emissions starting from
2.72 g/s t0 0.75 g/s respectively. The reduction in CO> occurs with the increase in ammonia
ratio as it has no carbon print but at the same time the NOx emissions were effected in a

negative way with the increase in ammonia ratio as it contains nitrogen elements in the fuel.

75



5.7. Ammonia based propane blend

A parametric study is performed on the generator using propane and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and propane molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.25. Changing ammonia molar
flow rate from 0.001 mole/s to 0.01 mole/s increases the power output of the generator
from 2.93 kW to 3.72 KW. The same variation of molar variation resulted in an upsurge in
the exergy destruction rate of the generator from 5.49 kW to 6.87 kW. Regarding the results
for the overall energy and exergy efficiencies of the generator slightly increases from

27.9% to 27.92% and from 34.8% to 35.1% respectively.
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Figure 5.25: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
propane and ammonia fuel blend
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Figure 5.26: Effects of changing amount of propane entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
propane and ammonia fuel blend

Secondly for the ammonia propane blend another parametric study is performed by
changing the molar flow rate of propane supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.26. Changing propane molar flow rate from 0.001 mole/s to 0.007 mole/s the results for
the overall energy and exergy efficiencies of the generator increased from 27.9% to 28.03%
and from 34.8% to 35.8%.

The increse in the efficiency can be related to the reduction in the exergy destruction
rate from 7.10 kW to 0.67 kW. The same variation of molar variation resulted in an upsurge
in the exergy destruction rate of the generator. The power output of the generator decreases
from 3.78 kW to 0.37 kW. Which shows the impact of increasing the amount of ammonia
fuel entering the power generator setup will be increasing the power output at the same

time.
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Another parametric study have been performed on the generator by changing the
ratio of the propane ammonia blend starting from 80% propane and 20% ammonia to 20%
propane and 80% ammonia to plot the changes in the exergy destruction rate, power output,
overall energy and exergy efficiencies of the generator.
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Figure 5.27: Effects of changing the ratio of the propane ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
propane and ammonia fuel blend

The effect of changing the mass ratio of the propane ammonia blend on the power
output, exergy destruction rate, overall energy and exergy efficiencies of the generator is
plotted in Figure 5.27. Changing the ratio of the propane ammonia blend starting from 80%
propane and 20% ammonia to 20% propane and 80% ammonia decreases the power output
of the generator from 3.78 kW to 0.37 kW as the molar flow rates of the fuels are low. The
same variation of molar variation resulted in a reduction in the exergy destruction rate of
the generator from 7.80 kW to 0.673 kW. Regarding the results for the overall energy and
exergy efficiencies of the generator increased from 27.9% to 29.97% and from 34.8% to
35.36% respectively. This increase in the efficiency can be interpreted by the decrease in

the exergy destruction rate of the generator.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the mass ratio of the propane ammonia on CO2 and NOx emissions.
During the studies once again the mass ratio of the propane ammonia blend was changes
starting from 80% propane and 20% ammonia to 20% propane and 80% ammonia.
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Figure 5.28: Effects of changing the ratio of the propane ammonia blend on CO; and
NOx emissions

The effect of changing the mass ratio of the propane ammonia blend on the exhaust
emissions are plotted in Figure 5.28. Changing the mass ratio of the propane ammonia
blend starting from 80% propane and 20% ammonia to 20% propane and 80% ammonia
decreases the CO2 emissions starting from 1.59 g/s to 1.18 g/s. The same variation of molar
variation resulted in an decrease in NOx emissions starting from 2.7 g/s to 0.74 g/s
respectively. The reduction in CO2 occurs with the increase in ammonia ratio as it has no
carbon print but at the same time the NOx emissions were effected in a negative way with
the increase in ammonia ratio as it contains nitrogen elements in the fuel. Eventhough the
occurrence of NOx emissions have increased the reduction in CO> emissions highly

benefits the environment in comparison with the fossil fuel combustion emissions.
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5.8. Ammonia based butane blend

A parametric study is performed on the generator using butane and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and propane molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.29. Changing ammonia molar
flow rate from 0.001 to 0.01 mole/s increases the power output of the generator from 2.97
kW to 3.69 kW. The same variation of molar variation resulted in an upsurge in the exergy
destruction rate of the generator from 5.97 kW to 7.32 kW. The results for the overall
energy and exergy efficiencies of the generator slightly increases from 26.22% to 26.29%
and from 31.8% to 34.5% respectively.
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Figure 5.29: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
butane and ammonia fuel blend
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Figure 5.30: Effects of changing amount of butane entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
butane and ammonia fuel blend

Secondly for the ammonia butane blend another parametric study is performed by
changing the molar flow rate of butane supplied to engine on the power output, exergy
destruction rate, overall energy and exergy efficiencies of the generator is plotted in Figure
5.30. Changing butane molar flow rate from 0.001 mole/s to 0.007 mole/s the results for
the overall energy and exergy efficiencies of the generator decreased from 26.9% to
26.86% and from 33.98% to 33.8%.

The reduction in the efficiency can be related to the increase in the exergy
destruction rate from 0.73 kW to 7.82 kW. The same variation of molar variation resulted
in an upsurge the power output of the generator from 0.78 kW to 3.75 kW. Which shows
the impact of increasing the amount of ammonia fuel entering the generator will be

increasing the power output at the same time.
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Another parametric study have been performed on the generator by changing the
ratio of the butane ammonia blend starting from 80% butane and 20% ammonia to 20%
butane and 80% ammonia to plot the changes in the exergy destruction rate, power output,
overall energy and exergy efficiencies of the generator.
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Figure 5.31: Effects of changing the ratio of the butane ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
butane and ammonia fuel blend

The effect of changing the mass ratio of the butane ammonia blend on the power
output, exergy destruction rate, overall energy and exergy efficiencies of the generator is
plotted in Figure 5.31. Changing the ratio of the butane ammonia blend starting from 80%
butane and 20% ammonia to 20% butane and 80% ammonia decreases the power output of
the generator from 3.74 kW to 0.35 kW. The same variation of molar variation resulted in
a reduction in the exergy destruction rate of the generator from 7.81 kW to 0.665 kW.
Regarding the results for the overall energy and exergy efficiencies of the generator
increased from 26.9% to 27.17% and from 33.2% to 33.96% respectively. This increase in
the efficiency can be interpreted by the decrease in the exergy destruction rate of the

generator.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the mass ratio of the butane ammonia on CO2 and NOy emissions.
During the studies once again the mass ratio of the propane ammonia blend was changes

starting from 80% butane and 20% ammonia to 20% butane and 80% ammonia.
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Figure 5.32: Effects of changing the ratio of the butane ammonia blend on CO2 and NOx
emissions

The effect of changing the mass ratio of the butane ammonia blend on the exhaust
emissions are plotted in Figure 5.32. Changing the mass ratio of the butane ammonia blend
starting from 80% butane and 20% ammonia to 20% butane and 80% ammonia reduces the
CO2 emissions starting from 1.61 g/s to 1.25 g/s. The same variation of molar variation
resulted in an deccrease in NOx emissions starting from 2.6 g/s to 0.41 g/s respectively.
The reduction in CO: occurs with the increase in ammonia ratio as it has no carbon print
but at the same time the NOx emissions were effected in a negative way with the increase
in ammonia ratio as it contains nitrogen elements in the fuel. Eventhough the occurrence
of NOx emissions have increased the reduction in CO> emissions highly benefits the

environment in comparison with the fossil fuel combustion emissions.
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5.9. Ammonia based natural gas blend

A parametric study is performed on the generator using natural gas and ammonia blend to
assess the system performance with changing operating conditions such as changing the
ammonia and propane molar flow rate entering the generator, varying the mass flow rate
of ammonia entering the generator. The influence of changing the molar flow rate of
ammonia supplied to engine on the power output, exergy destruction rate, overall energy
and exergy efficiencies of the generator is plotted in Figure 5.33. Changing ammonia molar
flow rate from 0.001 to 0.01 mole/s increases the power output of the generator from 3.03
kW to 3.74 kW. The same variation of molar variation resulted in an upsurge in the exergy
destruction rate of the generator from 6.41 kW to 8.86 kW. Regarding the results for the
overall energy and exergy efficiencies of the generator slightly increases from 26.71% to

26.73% and from 31.8% to 32.1% respectively.
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Figure 5.33: Effects of changing amount of ammonia entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
natural gas and ammonia fuel blend
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Figure 5.34: Effects of changing amount of natural gas entering engine on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
natural gas and ammonia fuel blend

Secondly for the ammonia natural gas blend another parametric study is performed
by changing the molar flow rate of natural gas supplied to engine on the power output,
exergy destruction rate, overall energy and exergy efficiencies of the generator is plotted
in Figure 5.34. Changing natural gas molar flow rate from 0.001 mole/s to 0.007 mole/s
the results for the overall energy and exergy efficiencies of the generator increased from
26.9% to 26.93% and from 31.8% to 33.8%.

The reduction in the efficiency can be related to the increase in the exergy
destruction rate from 1.10 kW to 7.84 kW. Regarding the power output of the generator it
increases from 0.67 kW to 3.67 kW. Which shows the impact of increasing the amount of
ammonia fuel entering the power generator setup will be increasing the power output at the

same time.
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Another parametric study have been performed on the generator by changing the
ratio of the propane ammonia blend starting from 80% natural gas and 20% ammonia to
20% natural gas and 80% ammonia to plot the changes in the exergy destruction rate, power
output, overall energy and exergy efficiencies of the generator.
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Figure 5.35: Effects of changing the ratio of the propane ammonia blend on the exergy
destruction rate, power output, overall energy and exergy efficiencies of the generator for
natural gas and ammonia fuel blend

The effect of changing the mass ratio of the propane ammonia blend on the power
output, exergy destruction rate, overall energy and exergy efficiencies of the generator is
plotted in Figure 5.35. Changing the ratio of the propane ammonia blend starting from 80%
natural gas and 20% ammonia to 20% natural gas and 80% ammonia decreases the power
output of the generator from 3.81 kW to 0.47 kW. The same variation of molar variation
resulted in a reduction in the exergy destruction rate of the generator from 7.81 kW t0 0.773
kW. Regarding the results for the overall energy and exergy efficiencies of the generator
increased from 27.9% to 27.97% and from 33.8% to 34.16% respectively. This increase in
the efficiency can be interpreted by the decrease in the exergy destruction rate of the

generator.
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Lastly another parametric study was performed on the generator model to see the
influence of changing the mass ratio of the natual gas ammonia on CO2 and NOy emissions.
During the studies once again the mass ratio of the propane ammonia blend was changes
starting from 80% natural gas and 20% ammonia to 20% natural gas and 80% ammonia.

—————————————————— 950

N\

\D\ 900
\\ ——Texhaust

~_ 850

B \\ \D\n\ 800
e | \D\ 750

Texhaust [OC]

MNox Mu20 [9/8]

—& " MH20

—s— Mg \N\,\\W \700
0.5———— S — e : — ————650
0.2 0.3 0.4 0.5 0.6 0.7 0.8
NH3 / Fuel

Figure 5.36: Effects of changing the ratio of the natural gas ammonia blend on CO; and
NOx emissions

The effect of changing the mass ratio of the natural gas ammonia blend on the
exhaust emissions are plotted in Figure 5.36. Changing the mass ratio of the propane
ammonia blend starting from 80% natural gas and 20% ammonia to 20% natural gas and
80% ammonia reduces the CO2 emissions starting from 1.65 g/s to 1.20 g/s. The same
variation of molar variation resulted in a decrease in NOx emissions starting from 0.44 g/s
to 2.53 g/s respectively. The reduction in CO2 occurs with the increase in ammonia ratio as
it has no carbon print but at the same time the NOx emissions were effected in a negative
way with the increase in ammonia ratio as it contains nitrogen elements in the fuel.
Eventhough the occurrence of NOx emissions have increased the reduction in CO>
emissions highly benefits the environment in comparison with the fossil fuel combustion

emissions.
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5.10. Overall comparison

This part of the chapter will be compiling all of the results gathered from the theoretical
analysis and plotting them in graphs where the difference in using a different combustion
promoter regarding its thermodynamic properties such as the exhaust temperatures, exergy
destruction rates, energy efficiencies, exergy efficiencies, CO2 emissions and NOx

emissions of each fuel blend.
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Figure 5.37: The exhaust temperatures of different ammonia fuel blends with respect to
the fuel ratio used in the theoretical analysis

One by one all of the exhaust temperatures are plotted on the graph at different fuel
ratios of different combustion promoters such as hydrogen, gasoline, diesel, ethanol,
methanol, propane, butane and natural gas which resulted in the temperature curves are
given in Figure 5.37. The ranges of these values have been discussed separately for each
blend previously in this chapter. The lower heating value of the fuel blends profoundly
effect the resulting exhaust temperature that comes out of the exhaust system where the
piping was assumed to be 0.5 meter long which is approximately the length for the exhaust
piping used in the generator used for experimental purposes that resulted in a loss of
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28.75% compared to the modelling results where the combustion occurs completely. Then
the energy efficiencies of the different fuel blends were plotted on another graph once again
with respect to the change in fuel ratio for different blends that can be seen in Figure 5.38.
Each line represent a different fuel blend and the average energy efficiency calculated for
each one of them, the reason why a bar chart is used lies within the minor changes for the
energy efficiencies with respect to different fuel ratios that have resulted as a result of the

losses of the system that did not get effected with the changes in the fuel ratio.
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Figure 5.38 : The energy efficiencies of different ammonia fuel blends with respect to
the fuel ratio used in the theoretical analysis

As the range and the losses are given for the system is specified the occurrence of
the changes are considerably minor for the energy efficiencies of hydrogen, gasoline,
diesel, ethanol, methanol, propane, butane and natural gas blends resulted in an average of
24.9%, 29%, 29.8%, 27%, 25.8%, 27.9%, 26.2% and 26.7%, respectively. The energy
efficiencies are affected by the change in the losses to the system from the exhaust and
surroundings that are changing with the change in temperature occurring from the
combustion process of different fuel blends. The difference in the efficiencies are occurring

as a result of the different lower heating values that each blend offers. The highest
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efficiency achieved were 29.8% by the diesel blend as the energy density of this fuel is one
of the highest amongst conventional fuels. The optimal ratio that will give out the most
efficient combustion in terms of energy analysis can be seen on the figure. The exergy
efficiencies of the different fuel blends were plotted with respect to the change in fuel ratio

for different blends where each line represent a different fuel blend at a different fuel ratio.
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Figure 5.39: The exergy efficiencies of different ammonia fuel blends with respect to the
fuel ratio used in the theoretical analysis

The exergy efficiencies of hydrogen, gasoline, diesel, ethanol, methanol, propane,
butane and natural gas blends have been compiled in Figure 5.39. The exergy efficiencies
are affected with the change in the temperature of the system that is profoundly affected
by losses in the exhaust that are also affected with the change in temperature occurring
from the combustion process of different fuel blends. The highest efficiency achieved were
36.5% by the gasoline blend at a blend ratio of 80% percent gasoline and 20% ammonia.
The difference in the efficiencies are occurring as a result of the different lower heating
values that each blend offers, as gasoline blend have achieved the highest and the hydrogen

blend have resulted in the lowest exergy efficiency values.
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The results and findings from the emission tests is combined on the following
figures. Figure 5.40 presents the CO2 emission analysis for all of the blends except the
hydrogen one as there are no occurrence of any types of carbon emissions from combustion
hydrogen and ammonia.
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Figure 5.40: The CO2 emissions of different ammonia fuel blends with respect to the fuel
ratio used in the theoretical analysis

In all of the blends the increase in ammonia ratio seems to decrease the amount of
CO- emitting as a result of the combustion process. For the hydrogen blend there were no
CO- emissions as both fuels has no carbon print in their chemical structures. Other than
hydrogen for all of the fuel blends the lowest emission values were observed at the 80%
ammonia and 20% secondary fuel throughout the studies. But when comparatively
discussed the lowest emissions amongst all of the blends seems to be occurring for the
diesel and ammonia fuel blend. For minimum carbon related emissions the best option
would be using fuel sources without any carbon prints such as hydrogen and ammonia that

were experimented in the studies.
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Regarding the emission analysis in Figure 5.41 the NOx emissions were compiled
for all of the fuel blends modelled and analysed in the to see ammonia’s contribution
regarding the NOx emission for the combustion of fossil types. As the occurrence of the
NOx emissions were not considered to be an issue when it comes to combusting a fuel with

no nitrogen inclusion in their formulas.

5. —@— Propane ——@—— Diesel —&—— Butane
Ny ema @ Methanol - Gasoline ——@—— Natural Gas
———--—— Ethanol ——-#—— Hydrogen

N, and NOx mass flow rate (g/s)

NHs / Fuel

Figure 5.41: The NOx emissions of different ammonia fuel blends with respect to the
fuel ratio used in the theoretical analysis

In all of the blends the increase in ammonia ratio seems to reduce the NOx emissions
occurring in the system before adding ammonia to the combustion process. This is the case
for all of the blends this time the highest values were observed at the 80% ammonia when
it was at its highest throughout the studies. The highest NOx emissions amongst all of the
blends seems to be occurring for the diesel blend but still the emissions of the hydrogen
blends is considerably higher compared to other blends as the only product for this blend
is H2O and NOx. The reduction occurs with the respect to the amount of air necessary to
burn the secondary fuel source which is more than what is needed for ammonia combustion

except the hydrogen blend.
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Another aspect is to investigate how much each fuel will cost to power the generator
and produce 3.65 kW of power for one day. The mass flow rate values used in the analysis
to generate this amount of power will be combined with the energy densities and prices of
each fuel. The fuel prices are considered regarding the listings in the province of Ontario

by the average assessments of their financial values in Canadian dollar’s as of 2018 [101].
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Figure 5.42: The cost of hydrogen, gasoline, diesel, ethanol, methanol, propane and
butane fuels to generate 3.65 kW of power for one day with respect to the fuel pricings in
Canada

Figure 5.42 represents the price of each fuel used in the modelling of combustion
with ammonia based fuel blends to generate 3.65 kW of power for one day, Where
hydrogen, gasoline, diesel, ethanol, methanol, propane and butane cost CAD 17.01, CAD
12.31, CAD 10.98, CAD 9.75, CAD 12.8, CAD 9.96 and CAD 10.15, respectively. The
results are sorted mostly similar to their fuel densities but the effect of fuel pricing also
effects the listings. The most expensive one to generate the same amount of power is
hydrogen fuel mostly because of its lower energy density compared to the others fuels and

its pricing in Canada.
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As explained back in Chapter 2 the energy density or the specific energy of a fuel
source itself is not enough to measure its contribution to combustion or assess its
performance. In order to give a better understanding for the possible contribution that
ammonia offers to be used in power generators an alternative graph is represented in Figure
5.43, showing the relation between the shaftwork of the generator with the energy density

of each fuel blend trailed in the studies.
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Figure 5.43: Shaftwork versus energy density of each fuel blend used in the studies

The shaftwork is simply calculated by using measured energy efficiencies of each
blend and the lower heating value of each fuel source. Figure 5.43 represents a different
aspect to assess the performance of ammonia fuel different than Figure 2.7. Where the
highest and lowest shaftwork values can be observed for the diesel and hydrogen fuel,
respectively. The experimental and theoretical analysis of combustion states the difference
that complete combustion offers, as the performance measures seems to be increasing with
the increase ammonia addition to the generator in the theoretical modelling of ammonia
combustion. This was not the case for the experimental analysis, but the both studies where
gasoline and ammonia fuel blend is used validates each other as both findings resulted in
similar exhaust temperatures work outputs and emissions eventhough the energy and
exergy efficiencies are changing differently as a result of complete combustion that was

stated in the assumptions for the thermodynamic analysis.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
In this chapter the main findings are gathered from the results of the experimental and
theoretical analysis of the ammonia based fuel blends, then these findings are followed by
conclusions that are derived from these main findings. Lastly some recommendations are
suggested for the future researchers that will be working on ammonia power generators in

the upcoming years.

6.1. Conclusions

The fossil fuels are labelled as one of the most important sources for transportation,
electricity generation and many other applications for many years but with the possibility
of their depletion and their negative impact towards the environment there should be some
options made available. The fuel sources without any carbon print such as ammonia and
hydrogen will be favoured as non-fossil and non-carbon dioxide emitting sources that can
be implemented in to devices that were previously designed for fossil fuel sources rather
than designing new systems which will be much more cheap and efficient at the same time.
The main findings regarding the influence of ammonia for power generators observed in
the thesis study are;

e The increase of ammonia ratio to the fuel blend during the experimental studies
have resulted in an upserge for the exhaust temperatures starting from 369.9 C°to
480.1 C°. The increase in temperature with the addition of ammonia was caused by
the higher ignition temperatures of ammonia compared to gasoline fuel.
Eventhough the temperatures are seemingly higher, the stainless steel engine block
can still withstand this temperatures without the occurrence of any temperature
related issues.

e The power output decreases from 3689.2 W to 3572.8 W with the increase in the
ammonia percentage in the fuel blend as expected with the lower heating value of
gasoline compared to ammonia. Also the engine of the generator stops working
under full ammonia content as its flame speed and temperature is not high enough
to ignite the fuel with the help of a spark plug. Another reason why the engine did
not operate with full ammonia content may also be related to the outside conditions
where the experiments took place, the low temperatures might affrected the igniton

process for ammonia fuel.
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Regarding the greenhouse emissions, a reduction was observed for CO2 emissions
ranging from 2.535 g/s to 2.4916 g/s, which shows that blending ammonia will
result in a decrease for the deleterious emissions occurring after combustion.
Eventhough these values are seemingly small when used in generators with bigger
capacities it will make a considerable difference to protect the environment.

The results gathered from the experimental studies then was later on used for the
modelling of combustion using ammonia based fuel blends, ammonia seems to be
decreasing the COz emissions in all of the fuels used. In these models the maximum
power output is set to 3.65 KW as this is the maximum power output for the power
generator used in the experiments. The losses in energy efficiency are mostly
related to the losses in the exhaust and the losses to the environment in terms of
conduction and convection. These losses are correlated to the work done by
researchers and then they are used in calculating the efficiencies of different fuel
blends with respect to their lower heating values that caused minimal changes.
The validation of the experimental studies were made with the theoratical findings
that resulted in similar exhaust temperatures, work outputs and emissions
eventhough the energy and exergy efficiencies are changing differently as a result
of complete combustion that was stated in the assumpions for the thermodynamic
analysis. The experimental and theoratical analysis of combustion states the
difference that complete combustion offers, as the performance measures seems to
be increasing with the increase ammonia addition to the generator in the theoratical
modelling of ammonia combustion.

The performance analysis of the dual fueled combustion results for the overall
energy and exergy efficiencies of the experimental setup to reduce from 35.7 % to
28.74 % and from 44.85 % to 36.4 %, respectively with the increase of ammonia
percentage in the fuel blend. The exergy efficiencies seems to decrease with the
upserge in exergy destruction for all fuels with the increase in ammonia percentage.
The reduction in the performance measures are caused as a result of the lower
energy density and lower heating values that ammonia has in comparison with
gasoline but the reduction in CO2 emissions will be worth using ammonia with a

combustion promoter.
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6.2. Recommendations for future work

Regarding the future development of ammonia generators there are still some challenges
to overcome, especially the high autoigniton temperatures of ammonia combustion. This
can be considered as the primary challenge for the possible usage of ammonia as a fuel
source for generators in the upcoming future. One of the most significant advantages
ammonia fuel offers is yielding no carbon related emissions when it combusts. There are
many ongoing studies on the field concerning the problems related to the implementation
of ammonia to daily life usage. The recommendations for the future researchers regarding
the usage of ammonia for power generators can be listed as

e A possible research subject regarding the combustion of ammonia might be
utilizing the usage of fuels like hydrogen that has no carbon print as a combustion
promoter for ammonia to yield no CO emissions.

e The life cycle assessment of the ammonia fuel may be conveyed concerning its
usage for power generators to assess the environmental impacts associated with all
the stages starting from raw material extraction through materials processing,
manufacture, distribution, use, repair and maintenance, and disposal or recycling.

e The economic analysis of the possible usage of ammonia for power generators can
be conveyed extensively to see the contribution it offers from a financial aspect
other than its effects concerning the thermodynamic properties and emissions that

was studied in the thesis research.
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