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Abstract

Greenhouse gas emissions in industrial raw material production significantly reduce the global air quality, which directly affects
the quality of life. In order to reduce greenhouse gas emissions, it is seen that country administrations encourage the devel-
opment of industrial production processes according to regulations and laws. Currently, ammonia synthesis is the industrial
process that emits the highest amount of carbon dioxide. An enormous 1.6 t of carbon dioxide is released for every tonne of
produced ammonia. In this study, in order to reduce the carbon emissions during ammonia production, an evaluation of am-
monia production processes and technology is made and sustainability is discussed.
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1 Introduction

Ammonia has had a profound global impact since the dis-
covery of ammonia synthesis from nitrogen and hydrogen
by Haber—Bosch in Germany at the beginning of the 20™
century. In order to use the ammonia as a fuel in the near
future and to reduce greenhouse gas emissions during am-
monia production, researchers are intensively working on
the improvement of existing ammonia production process-
es as well as on alternative ammonia production process-
es.” It has been reported that catalysts such as ruthenium
impact the combustion process of ammonia and energy
production by affecting the amount and type of exhaust gas
released during these processes.? Due to the fact that am-
monia contains hydrogen bonds and these hydrogen bonds
contain high energy, various studies have been carried out
on its burning. Each substance used as a fuel, such as fossil
fuels, has a certain flame-forming capacity. The flame for-
mation capacity determines the flame length of the fuel at
the end of time. The flame length resulting from the com-
bustion of ammonia is shorter than that of natural gas or
other fossil fuels.? Various studies have been conducted in
order to convert natural resources into ammonia and to
use them as fuel.* Besides being used as a raw material for
power generation, ammonia can also be used as an indus-
trial refrigerant. It has been reported that the use of ammo-
nia as a refrigerant in the condensation stages of a power
generation process causes an increase in the power gener-
ation capacity.” Considering ammonia as a raw material for
energy production has led to the development of various
production processes. Oxidation of aluminium nitride® and
solid oxide fuel cell” are some of the energy production
processes from ammonia.” Ammonia production from bio-
mass has been studied as an alternative source to ammonia
production from fossil fuels, but due to the very limited
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biomass source for ammonia production on an industrial
scale, it was not found to be preferable in ammonia pro-
duction.? To reduce greenhouse gas emissions, the current
research is focused on ammonia usage as a fuel in trans-
portation and other sectors of industries. This research rec-
ognises the necessity of an ammonia production process,
which will not only be able to produce ammonia without
subsequent CO, emissions, but will also be economically
competitive with respect to the current ammonia produc-
tion processes, which employ fossil fuels. The main demerit
of the current ammonia production using fossil fuels is high
CO, emissions, which also results in the end usage (as fuel
and in fertilization) transfer of CO, emissions.” However,
the increase in the amount of NO, is a problem that should
be minimised due to its effect on global warming. On the
other hand, carbon dioxide production occurring in the
carbon capture stage in the ammonia process with low
carbon emission has been reported in various studies.’ In
such a study, CO, capture was achieved with 90 % capacity
of efficiency as a carbon capture potential." In studies con-
ducted on the addition of organic components to increase
the combustion potential of ammonia, it was concluded
that the combustion property of the used hydrocarbon had
increased depending on the carbon chain length.’ In an-
other research study on the oxidation of ammonia, the ef-
fect of the mixture of oxygen and argon on the combustion
process was examined and pyrolysis tests were carried out
by examining the combustion behaviour of the mixture.
It has been reported in the analysis studies that this oxy-
gen-argon mixture failed to show stable behaviour for the
combustion reaction of ammonia.™

When examining the chemical structure of waste gases in
the combustion environment by mixing with high-calorie
fuels in order to monitor the combustion reactions of am-
monia, mixing with fuels with low calorific value for low
N,O emission has been determined.™ In another research
study in which ammonia can be used as fuel, a gas turbine
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was used and a research study was conducted on increas-
ing the performance thereof. In this study, the performance
obtained by adding certain proportions of hydroxy gas to
ammonia fuel was evaluated.

In another research study on the oxidation of ammonia,
a jet mixed flow reactor was used and the combustion
performance of ammonia at different temperatures was
investigated. It has been reported that the reactivity of am-
monia varies depending on the temperature.’® In order to
minimise the amount of NO, gas released during the com-
bustion of ammonia, it is aimed to increase the thermal
efficiency by feeding the unburned part of hydrogen to
the heat recovery generator. Thus, while maintaining the
thermal efficiency of ammonia during combustion, it was
determined that the amount of NO, emission decreased."”
In another study on increasing the burning capacity of am-
monia, two different test methods were developed. In one
method, the increase of burning capacity of ammonia with
the addition of a conventional hydrocarbon was studied,
and in the other comparison method, the increase in the
burning capacity of ammonia by using an oxidising catalyst
in the combustion chamber was investigated.'®

In another research study on the combustion character-
istics and energy capacity of ammonia, the combustion
characteristic of the coal-ammonia mixture was investigat-
ed. Coal-ammonia mixture has been found to have lower
carbon emission than crude coal.™

However, for the production of hydrogen, which is used as
a raw material in ammonia synthesis, various production
scenarios have been developed for the production of blue
ammonia with lower carbon dioxide emissions, while the
focus is on green ammonia production where no carbon
dioxide emission occurs.?’ In China, where ammonia is
mostly produced as a raw material, alternative processes
such as Solid Oxide Electrolysis Cell are being studied in
green ammonia production in order to reduce the carbon
emissions.?! Achieving high purity and recovery in the pres-
surised adsorption process developed for the production
and use of ammonia as a fuel is an important study report-
ed on an industrial scale.?

Since ammonia is the most important nitrogen source for
the entire fertiliser production industry, it is produced syn-
thetically to meet this demand. Due to the air pollution
problem caused by the Haber-Bosch process, which is ac-
cepted as the traditional method in ammonia production,
causing high carbon dioxide emission during ammonia
production, it has become necessary to develop various
processes to reduce carbon dioxide emissions.?® Today,
various carbon removal techniques, known as decarbon-
isation, can be integrated into ammonia production pro-
cesses in order to reduce the carbon dioxide emissions
in synthetic ammonia production processes. Ammonia
produced by a decarbonisation technique in this way is
known as blue ammonia.?® The blue ammonia production
process is one of the important solutions proposed to re-
duce the carbon dioxide emissions, as the Haber-Bosch
production process requires high investment costs.>* The
Carbon Capture Use and Storage (CCUS) cost for blue
ammonia production is 10 EUR per tonne of ammonia
production, while the Capital Expenditures (CAPEX) cost
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for the same is around 100 EUR. In contrast, there is no
CCUS cost for one tonne of ammonia produced by the
Haber-Bosch process, while the CAPEX cost is around
70 EUR for one tonne of ammonia compared to the blue
ammonia production.?® The operating cost of green am-
monia production processes, also known as the ammonia
production process with no carbon dioxide emissions, is
around $500 per tonne, which is still far from acceptable
for large-scale ammonia production (> 50 th™"). Therefore,
the use of decarbonisation processes, such as the Haber—
Bosch process, seems more attractive to manufacturers for
ammonia production.>2® Various production methods have
been developed for green ammonia production processes
in which no carbon dioxide emission occurs. These can
be listed as liquid electrolyte-based systems, molten salt-
based electrolyte systems, composite membrane-based
systems, ceramic/inorganic proton conducting solid elec-
trolyte-based systems, polymer membrane-based systems,
and O,-conducting membrane materials systems.?” How-
ever, as mentioned, these technologies are yet to be com-
mercialised, as ammonia is not produced at a scale to meet
today’s ammonia need.?

In this evaluation study, alternative hydrogen production
methods were evaluated in order to prevent the carbon
emissions during the production of hydrogen used as an in-
termediate input in the Haber—Bosch process for ammonia
production. However, it is aimed at guiding researchers for
the development of industrial processes studied for ammo-
nia production. In addition to a comprehensive compar-
ison of energy consumption and costs for ammonia pro-
duction processes, it is aimed at guiding and giving ideas
for new research by evaluating the situation regarding the
production process and storage of ammonia.

1.1 Ammonia production technologies and chemical
characterisation

Ammonia can be classified according to the amount of car-
bon it generates. In this respect, according to the carbon
gas emission released during hydrogen production, which
is one of the main stages of ammonia production, its pro-
duction can be classified in three ways: brown ammonia,
blue ammonia, and green ammonia.

Brown ammonia production is based on the use of a fossil
fuel as a raw material for hydrogen production, with an
emission of approximately 2.86 t of carbon dioxide per 1t
of ammonia?® during production (Fig. 1).

Brown ammonia, which can be described as an example of
today’s ammonia production process, is mainly based on
Haber—Bosch process. During this process, the process of
ammonia production occurs as a catalytic reaction of hy-
drogen produced as a starting product and nitrogen, which
is separated from the air by a separation unit process. Gen-
erally, the brown ammonia process requires enormous en-
ergy consumption, such as 8 MWh t~".20

However, most of the energy during the process is con-
sumed for hydrogen gas production, and 90 % of the
carbon emission in the process is due to hydrogen pro-
duction. Hydrogen gas is produced by steam reforming of
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methane. In ammonia production, the amount of carbon
dioxide (2.5-3.8 1) released as a result of reforming other
fossil fuels such as coal with steam is much higher than
that of natural gas (1.6 t).° Therefore, natural gas is used
for the production of hydrogen as an intermediate input
during the production of ammonia. Ammonia is basically
obtained by reacting the nitrogen (separated from the air
by means of a separation unit) with hydrogen, which is
separated from the natural gas or coal using an iron-based
catalyst.

Coal, fuel oil, and naphtha can be used as raw materi-
als in ammonia production. Fossil fuels such as natural gas
or coal, due to their high carbon content, cause the for-
mation of large amounts of carbon dioxide during hydro-
gen production. When natural gas is used for ammonia
production, 1.6 t of carbon dioxide is emitted per 1 t of
ammonia.?! Nitrogen, as one of the reactants in ammonia
synthesis reaction, can be obtained from the air via some
autothermal conversion mechanisms, such as secondary re-
forming. While employing such approaches, the synthesis
gas from the primary reforming process is combined with

—>

uction and process parameters

the air in the secondary reforming reactor at temperature
of around 1000 °C and pressure of around 3039750 Pa.?
There have been several future scenarios discussed for low
carbon ammonia production. In present-day ammonia
production, the two most important developments are the
blue hydrogen production process, which uses the carbon
capture technique developed to reduce the high amount
of (500 million ty™") carbon dioxide emission, and the
green hydrogen production technique, in which no car-
bon source is used for hydrogen production. Since H, is
produced by electrolysis of water, there are no carbon di-
oxide emissions.?°

The blue hydrogen production process aims to ensure ex-
tremely low carbon emissions during the production pro-
cess, which are at least 90 % lower compared to the emis-
sions during the brown ammonia production process.?
This low concentration is made possible by the application
of a carbon capture process after the hydrogen production
process. Fig. 2 shows the steps of such a hydrogen gen-
eration process. In order to produce blue hydrogen and
subsequently blue ammonia by the Haber—Bosch process,
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different decarbonisation techniques can be applied. With
such techniques, an intermediate solution to the final de-
carbonisation of ammonia production can be achieved.

For blue ammonia production, the addition of a carbon
dioxide removal unit to the Haber-Bosch process provides
90 % carbon emission removal, as well as the complete
elimination of carbon emissions with green ammonia pro-
duction, which can be shown as significant technological
advances in the development of hydrogen production.?

In the green ammonia production process, sustainable
energy is produced by using renewable resources such as
water, solar energy, and air. Commercial anhydrous ammo-
nia has a standard purity of 99.9 %. Various methods such
as decarbonisation have been developed to reduce car-
bon dioxide emissions when hydrogen and ammonia are
produced. The amount of carbon dioxide released during
the production of hydrogen, and, as a result, the amount
of ammonia released, may differ depending on the use of
natural gas or other fossil fuels as raw materials.?® As men-
tioned, hydrogen production can be carried out in different
ways. For example, there are green ammonia production
processes that do not use fossil fuels such as coal or natural
gas, only hydrogen gas is obtained by electrolysis of water,
and as a result contain no carbon compounds. Wind and
solar energy are used to produce the energy needed for
green ammonia production. Since wind and solar energy
contain no carbon source, there is no carbon emission dur-
ing the green ammonia production process. Nitrogen gas,
another raw material of the ammonia production process,
is provided by passing the air through a high-temperature
membrane-based air separation unit.

1.2 Green ammonia production and technology

1.2.1 Green ammonia production using green hydrogen
by electrolysis of water

The largest commercial production capacity in which hy-
drogen is produced by the water electrolysis method in
order to be used as a raw material in the production of
ammonia is 10 td~". It is not possible to provide such a
production capacity with the Proton Exchange Membrane
(PEM) method, which is used frequently for green ammo-
nia production. Therefore, studies are underway to de-
velop large-scale (> 10 td~") green ammonia production
methods.?® Table 1 shows energy consumption amounts
and process efficiencies of various technologies using am-
monia as an energy source.*

The production of hydrogen gas, which is needed as a
process input for ammonia production, forms the basis of
the decarbonisation of all ammonia production processes.
Since the electrical energy needed in the green ammonia
production process is obtained by using renewable energy
sources such as wind and solar energy, no carbon gas emis-
sions can occur during green ammonia production.

Nitrogen is obtained directly from the air using a separa-
tion unit. The energy used by this air separation unit is
3 % of the energy consumed by the entire process.?® To-
day, large-scale (> 50 th~") ammonia production is carried
out using coal and natural gas. A large amount of energy
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Table 7 — Process efficiency and energy consumption cost when
ammonia is used as an energy source

Ammonia fuel technology effiiir(e)rfgsls/% Eneﬂr;%\;/ost/
membrane fuel cel 0| 1300
Alkaline fuel cell 60 1.300
Solid oxide fuel cell 65 760
Internal combustion engine 40 1.000
Boilers and furnaces 90 350
Combined cycle gas turbine 60 750

(8 MWh) per tonne of ammonia is needed to produce such
ammonia. The biggest problem here is that electricity is
more expensive than natural gas in most parts of the world,
and this constitutes 85 % of the process cost.? Howev-
er, another parameter that affects production costs during
ammonia production is carbon capture technologies. Car-
bon capture technologies integrated into the system dur-
ing ammonia production are the best solution available
to reduce carbon dioxide emissions while increasing the
investment costs of the process.® In present times, with
constantly changing energy costs, production of one ton
of ammonia with the Haber—Bosch process, which is the
traditional method of ammonia production, costs approx-
imately 300 EUR, including energy costs. In contrast, the
operating cost for one tonne of ammonia (green ammonia)
using electrochemical methods is estimated to be around
1250 EUR, including energy consumption costs.?°

In regions where renewable energy sources such as wind
and solar are available, the cost of electricity has decreased
significantly in the last 10 years.?> However, there are sig-
nificant differences between the cost of hydrogen gas pro-
duced by electrolysis of water in regions where electricity
generation is provided by renewable energy sources, and
the cost of hydrogen gas production with steam reforming
that includes carbon capture and storage systems in regions
with the most efficient renewable power plant. Having the
advantage of low electrical energy costs also allows the hy-
drogen to be transported on a large scale at an affordable
cost. Fig. 3 shows the green ammonia production process
as an alternative to blue ammonia production.

Electrolysis

Separation

\ 4 \/

Hydrogen

\

Fig. 3 —Green ammonia production process and process
scheme
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The limiting parameter in green ammonia production is
the energy consumption used for hydrogen gas produc-
tion. Energy production from renewable energy sources,
such as sun and wind, is important to avoid carbon dioxide
emission. The fact that the energy needed by the ammonia
plants is located close to the ammonia production facilities
can contribute to the development of the ammonia pro-
duction process. Therefore, it is essential that green ammo-
nia production facilities are located in an area that makes
the most of wind and solar energy.

2 Discussion

As the target in green ammonia production is to prevent
carbon release in hydrogen gas production, which is one of
the main components of ammonia production, all decar-
bonisation steps in possible hydrogen production processes
are an infrastructure for green ammonia processes. During
the use of ammonia as a fuel material, a significant amount
of energy (5.2 MWht™") is released due to the release of
hydrogen in its content. Storing this energy is important
for efficient use of energy. In systems where carbon emis-
sions are sufficiently minimised, green ammonia is used
as an energy source, the energy density of 3 kWh [~ of
ammonia, using ammonia as a fuel raw material can form
the basis of clean energy production. Ammonia has been
used as an important raw material in fertiliser industry un-
til today, and causes a significant amount of greenhouse
gas emission during its production. While various process
forms are available to reduce carbon dioxide emissions,
few have worked well for application in large-scale am-
monia production. However, electrolysis of water for the
decarbonisation process targeted for ammonia production
is the focus of the studies due to zero emissions. In ammo-
nia production, it is aimed to capture and store carbon gas
on the basis of the decarbonisation process or to produce
hydrogen gas by electrolysis of water without using a fossil
fuel source. Decarbonisation is provided in two ways in
current ammonia production. One of these is the produc-
tion of hydrogen by capturing and storing carbon-derived
gases in current ammonia production. Another decarbon-
isation method is the production of hydrogen by electrol-
ysis of water through electrical energy. Since no fossil fuel
source is used in the electrolysis method, no carbon gas
emission occurs.

Greenhouse gas emissions do not only affect air quality,
but also significantly reduce the diversity of bacteria in the
soil.** However, the prediction of usingammonia as an en-
ergy source other than for agricultural purposes, reveals the
need to eliminate the ecological problems that may arise.
It requires that ammonia be stored after production in or-
der to be used as an energy source. Maintaining pressure
(1.7 MPa) and temperature (< 40 °C) conditions®" during
the storage of ammonia is the most important step of the
process, and this process is as costly as carbon dioxide
removal technologies. Therefore, any possible leakage in
ammonia storage systems will seriously damage the ecosys-
tem where it is located.

Finding affordable and effective solutions for the produc-
tion of ammonia with decarbonisation processes is vital

in terms of clean energy production. In current ammonia
production technologies, the decarbonisation process is a
potential for green ammonia production and is important
in minimising dependence on fossil fuels. Ammonia is used
in refrigeration systems as an industrial refrigerant, as well
as for fertiliser production, and it is a clean energy source
for the near future.®? It has an increasing use, especially in
applications in the food processing industry and large-scale
air conditioning systems.*> Ammonia is also an important
component in the production of additives used to reduce
NO, emissions in vehicles, and is included as an important
process component in the textile, pharmaceutical, and ex-
plosive industries.*’

The most important role of ammonia today is that it is a
raw material for inorganic fertilisers that produce food for
around half of the world’s population. There is a global
production of around 176 million tonnes of ammonia
per year. Anhydrous ammonia is mainly produced by the
Haber—Bosch process by producing hydrogen gas as a re-
sult of the steam treatment of natural gas, and then sep-
arating the nitrogen in the air with a separation process
and reacting with the produced hydrogen gas.?® During
the production of hydrogen gas for ammonia production,
a large proportion of carbon gas is emitted. During ammo-
nia production, although energy consumption constitutes a
cost problem as much as carbon gas emission, it is known
that approximately 1.8 % of the electrical energy produced
each year is consumed during ammonia production. Eighty
percent of this energy is consumed during the synthesis
of hydrogen gas from methane gas.** During this process,
approximately 500 million tons of carbon dioxide emis-
sion occurs, which constitutes 1.8 % of the global scale
carbon dioxide emission.>> Anhydrous ammonia synthesis
is the industrial process that produced the most carbon di-
oxide emissions on the earth’s surface.*® Along with the
production of cement, steel, and ethylene, it is one of the
four major industrial processes that are aimed at achieving
zero carbon emissions by 2050.%” The use of ammonia as
a future technology, as an energy carrier, and as a fuel pro-
viding zero carbon emission in this sense, is on the agenda.
Along with the fossil fuels, it is a potential fuel and also
chemical energy storage due to the energy released by the
breakdown of the chemical bond in ammonia. Combus-
tion of ammonia involves the breaking of bonds between
nitrogen and hydrogen in the presence of oxygen. With
oxygen present, ammonia provides energy by breaking
the covalent bonds between its constituents, nitrogen and
hydrogen, under the catalysis of ferric oxide-bismuth ox-
ide-manganese dioxide at approximately 300 °C.*® There-
fore, the formation of nitrogen and water as a result of the
combustion of ammonia with oxygen under the catalysis of
iron-bismuth-manganese oxide at the mentioned tempera-
ture (maximum 300 °C) is the usual result of a typical com-
bustion process.* The combustion properties of ammonia
in the form of the combustion process are very similar to
methane.*

By breaking four covalent carbon-hydrogen bonds in
methane, an energy of 188,284.52 k) mol~" is released.***!
Ammonia contains three covalent bonds between hydro-
gen and nitrogen atoms. When these bonds are broken,
46,025 k) mol~" energy is released.*? The biggest difference
between carbon hydrogen bonds in methane and nitrogen
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hydrogen bonds in ammonia is the reaction products of
carbon and nitrogen atoms in the centre.** Because when
methane is burned, carbon atoms produce carbon diox-
ide. When ammonia is burned with oxygen at 300 °C un-
der the catalysis of iron-bismuth-manganese oxide, NO, is
a by-product in addition to nitrogen and water.?®

For bulk storage, it is compressed to 1 MPa pressure or
cooled to —33 °C and stored as such. In this case, the en-
ergy density of ammonia is 3 kWh|~". Although this energy
intensity is relatively smaller than a fossil fuel, it can be
considered as an alternative to fossil fuels, as there is no
carbon gas emission as a result of its combustion. Although
the amount of NO, released as a by-product during the
combustion of ammonia is less than the amount of CO,
released during the combustion of methane, NO, gases
such as NO, turn into nitrous acid (HNO,) in the air and
cannot remain suspended in the air due to being heavier
than air, thus accumulating on the soil surface.** Therefore,
NO, has no direct effect on air quality with this aspect.**
The hydrogen produced during the process as a raw mate-
rial input during ammonia production must be able to be
stored before ammonia production. In order for hydrogen
to be stored, it is important to bring it to a temperature of
—253 °C in the pressure range of 35-71 MPa.?* However,
hydrogen is denser, more energy-intensive, and more ex-
pensive to store than ammonia. In this case, considering
anhydrous ammonia as an alternative energy source is a
challenging process that needs to be developed with to-
day’s technology.

2.1 Green ammonia production strategy and
storage infrastructure

Since it is used as a raw material in inorganic fertilisers, am-
monia storage and transportation infrastructure has been
developed. Large-scale maritime and transfer infrastructure
is available for ammonia transfer. This port and sea transfer
infrastructure can provide large-scale transfer of ammonia
as an energy source and fuel. The largest ammonia storage
facilities are located in ports where ammonia is produced
and transferred, providing an important advantage in terms
of ammonia production and consumption.”

Transferring the produced ammonia according to the con-
sumption needs brings about various scaling studies. The
amount of ammonia needed on a global scale for fertiliser
production per year is at least 2 million tonnes, and at least
twice this amount will be required for energy production.*

2.2 Ecological considerations for ammonia production

When ammonia is produced as an energy source or as a
fertiliser raw material, the ecological damage caused by
ammonia creates great problems. If anhydrous ammonia
is discharged into the atmosphere through any leakage
from the system where it is produced, it makes the soil in
which it is found barren and due to its corrosive feature,
it causes the soil to lose its agricultural properties. For this
reason, the facilities where ammonia production will be
carried out should be designed in a way to minimise the
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damage caused by the salivation of the soil under atmos-
pheric conditions by ensuring the isolation of possible am-
monia leaks. The fact that ammonia is a corrosive material
increases the damage caused by ammonia compressed
at high pressure.*® However, it can be easily detected by
odour in low concentrations that cause permanent health
problems.*”

From an environmental point of view, ammonia is a haz-
ardous chemical that creates air pollution and creates sig-
nificant ecological problems when discharged into the at-
mosphere.

The use of nitrogenous compounds in various ways deter-
mines the degree of ammonia requirement. Plants cannot
directly use nitrogen, which is present in the air. In this re-
spect, plants can take nitrogen in the form of NH; from the
soil, not in the form of N, from the air.*® Microorganisms
in the soil convert nitrogen from the air into ammonia so
that the plant can benefit from nitrogen. Therefore, syn-
thetic ammonia is produced, which provides the nitrogen
needed by plants. The nitrogen compounds required by
the plant are applied to the soil by chemical fertilization
method. Nitrogenous fertiliser production constitutes 80 %
of the fertiliser production.*® People can benefit from 17 %
of the nitrogen added to the plant as a result of chemical
fertilization. The remaining part of the nitrogen contained
in the fertiliser is removed in a form that the plant cannot
benefit from by irrigation water and evaporation method
from the soil.

When ammonia is removed from the soil by the fertiliza-
tion method, it does not pose a threat to air pollution.>
However, it can turn into greenhouse gas form by trans-
forming into nitrogen oxide compounds with the irrigation
process. Nitrous oxide formation is an important parame-
ter that directly affects the air quality problem. In addition
to all these, in the use of ammonia as an energy source as a
future technology, the release of ammonia as nitrogen gas
during the combustion process is an important develop-
ment in terms of minimising the emission problem.

2.3 Research opportunities on ammonia
production technologies

Existing research focuses on the electrochemical methods,
since no further development has been achieved on an in-
dustrial scale (> 10 td™") other than electrochemical meth-
ods for ammonia synthesis, and zero emission has been
achieved in the electrolysis method. It is essential that the
electrical energy needed during electrolysis be produced
with a zero carbon technology. In current ammonia pro-
duction, electrolitical production of hydrogen gas can be
carried out in small-scale production facilities (10 td™").
However, in order to meet the amount of ammonia need-
ed (> 100 th™") for nitrogen fertiliser used in agricultural
fields, it is important to increase the current ammonia pro-
duction by electrolysis method. The most important con-
straint in today s technology for ammonia production pro-
cess is the costs of the energy used. In order to minimise
this problem, the required energy can be produced from
renewable energy sources.
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In today’s ammonia production technologies, process tem-
perature and pressure values as well as the type of catalyst
used for the reaction are important in terms of process op-
timization. Therefore, future technology scenarios for am-
monia production are based on this type of optimization
and ultimate success is achieved in small-scale production
facilities. Although carbon gas emission is to some extent
reduced by decarbonisation technology in an ammonia
production facility, the use of renewable energy sources
such as wind and solar energy for fulfilling energy needs
is very important in terms of minimising carbon dioxide
emissions. Optimization of the use of renewable energy
sources for energy needs will contribute to the efficiency
and continuity of the process. For this reason, the use of
wind and solar energy in electrical energy production can
be envisaged as an option.

By using the traditional method (Haber-Bosch) and the
method of natural gas steam reforming, the cost of hydro-
gen production and decarbonisation during this process
is less than the cost of electricity consumption. The dif-
ference that may occur in the types of catalysts used for
ammonia production will bring some additional costs. Cat-
alyst change is directly related to the ammonia production
efficiency. For this reason, parameters such as pressure,
temperature, and catalyst change to increase efficiency
can be considered as factors that directly affect the cost of
ammonia production.

In order to use the ammonia in energy production, fuel
cell technologies are being studied. As stated in Table T,
proton exchange membrane fuel cell and alkaline fuel cell
are some of the technologies in which ammonia is used as
a fuel to produce energy.?® Table 1 also lists the energy pro-
duction efficiencies of these power generation systems. It is
clear that process efficiencies should improve the produc-
tion process characteristics of ammonia compared to fossil
fuels. However, during the production of ammonia pro-
duced with fossil fuels, 8 MWh?® of energy is needed for
1 t of ammonia, while ammonia produced by renewable
resources requires energy in the range of 9-15 MWht™'.%!

Choosing the appropriate catalyst and process parameters
as future technologies for ammonia production will sig-
nificantly affect the amount of energy consumption and
carbon emission. With the latest technology, the emission
problem has been reduced to a certain level, an example
of which is the blue ammonia process, which uses natural
gas for ammonia production, and during which 1.6 tonnes
of CO, is emitted per tonne of ammonia production. This
is paving the way for the development of new technolo-
gies, which may eliminate carbon gas emissions. However,
the liquefaction of hydrogen gas as a process input during
ammonia production and the improvement of the process
conditions to reduce the system pressure provided by the
stepped cylinders can be considered as the focal point of a
research that needs to be studied for ammonia production,
since it directly affects the amount of energy consumed.

In the anhydrous ammonia production process, storage of
ammonia is as important as its production. Since ammonia
has a low boiling point (101325 Pa, —33 °C) and it is a
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corrosive and cryogenic chemical, copper and zinc alloys
should not be used in ammonia storage systems® and its
isolation from the environment should be provided with
materials with low heat conductivity coefficient such as
glass wool.

4 Conclusion

In this study, the dependence on natural resources dur-
ing the production of blue and green ammonia as an al-
ternative to the production of ammonia as a future fuel,
and minimising the carbon emission in agricultural fields
is analysed and aimed at improving air quality and guiding
future research to meet ammonia consumption in agricul-
tural fields.

In addition to the Haber—Bosch process, where large-scale
ammonia production is carried out today, there are various
methods for the production of green ammonia in which
no carbon gas emission occurs, but are still in their basic
research stages. Ammonia is produced naturally by bacte-
ria that contain the enzyme catalyst called nitrogenase in
nature. This process takes place at room temperature and
atmospheric pressure. This biologically occurring ammonia
production process is a good example of the green am-
monia production process. Therefore, future technologies
for green ammonia production cannot be realised based
on the biological process mentioned. However, ammonia
production on an industrial scale can be developed on the
same basis. In electrochemical production technology, wa-
ter is electrolyzed using electric current and the resulting
hydrogen gas is reacted with nitrogen in the air to pro-
duce anhydrous ammonia, which is called green ammo-
nia and emits no carbon gas. The most important in this
production process is that there is no separate hydrogen
production process step. The most important advantage
of such a production process is that no carbon gas is re-
leased while hydrogen gas is formed. Because, in today’s
hydrogen production technologies, fossil fuels used in the
process of commissioning the process emit a large amount
of carbon gas, which is the most important disadvantage
of the relevant process. Green ammonia production in this
way seems possible under laboratory conditions today, but
it has been produced in pilot-scale low-capacity facilities.
For the mentioned electrolysis method, the development
of the possible electrolyte system to increase the hydrogen
gas production capacity, and the selection of the appropri-
ate catalyst can be considered as the future technology for
such ammonia production. In contemporary industry, in
addition to the use of ammonia as a fertiliser, development
studies are continuing to use it as a fuel, which releases no
carbon. Ammonia is an important alternative to fossil fuels
because of its nitrogen and hydrogen bonds and its energy
density potential (3 kWh L™"). However, the combustion
reaction of ammonia in a combustion unit does not differ
significantly from the combustion processes of fossil fuels.
Thus, it is predicted that it will create no significant invest-
ment cost for ammonia producers.
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SAZETAK

Kriticka procjena tehnologija proizvodnje amonijaka
I zelenog amonijaka
Ahmet Ozan Gezerman

Emisije staklenickih plinova do kojih dolazi tijekom industrijske proizvodnje sirovina znatno sma-
njuju kvalitetu zraka na globalnoj razini, $to izravno utjece na kvalitetu Zivota. S ciljem smanjenja
emisija, drzave potiCu razvijanje proizvodnih procesa koji su u skladu s propisima i zakonima. In-
dustrijski proces koji trenutacno otpusta najvece koli¢ine ugljikova dioksida je sinteza amonijaka:
c¢ak 1,6 t ugljikova dioksida oslobada se po toni proizvedenog amonijaka. S ciljem smanjenja emi-
sije ugljika pri proizvodnji amonijaka, u ovom je radu napravljena procjenu procesa i tehnologije
proizvodnje amonijaka te komentirana njihova odrzivost.

Kljucne rijeci
Zeleni amonijak, plavi amonijak, smedi amonijak, vodik, emisija ugljika
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