yu] =,

Ammonia has great prospects in the context of the
transition to carbon-free energy. It can be used as fuel
in gas turbines, fuel cells, internal combustion engines,
and burned together with coal. Howeuver, industrial pro-
duction of ammonia is based on the Haber-Bosh process,
which involves the use of natural gas and coal, which, in
this case, does not make it really carbon-free. This study
proposes a method to produce ammonia, which is envi-
ronmentally friendly and does not require the use of fos-
sil fuels. It is based on the approach to adjusting the con-
centration of ammonium nitrogen in a biogas reactor and
implies the sorption of ammonia from the gas phase with
a solution of monoammonium phosphate, obtaining diam-
monium phosphate, and subsequently heating it with the
release of ammonia. The factors influencing the extraction
of ammonia from waste have been considered, as well as
the influence of temperature on the release of ammonia
Jrom the solution of diammonium phosphate; the energy
efficiency of the method has been assessed. With increas-
ing temperature, the degree of ammonia and the degree of
sorbent regeneration increased. Under laboratory condi-
tions, 111 ]/g of ammonia energy was spent. The higher
the concentration of (NH,) ;HPO, in the solution, the less
energy is required to obtain a unit of ammonia mass. The
total amount of ammonia released varies depending on
the temperature. Sorbent regeneration can be carried out
using thermal energy obtained at a cogeneration plant.
The possibility of using this method to produce ammonia
at an industrial scale has been estimated by analyzing the
ways of ammonia utilization as a fuel. The potential for
ammonia production in the main livestock industries in
Europe and the United States is up to 11,482,651.15 and
11,582,169.5 tons per year, respectively. Applying this
solution also makes it possible to improve the efficiency of
biogas production from waste with high nitrogen content.
The proposed method of ammonia production could poten-
tially contribute to the development of carbon-free energy
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1. Introduction

Much attention around the world is directed at reduc-
ing CO, emissions to prevent the negative effects of global
warming. The European Union has decided to reduce green-
house gas emissions by at least 55 % by 2030 compared to
1990 levels [1, 2]. In 2019, the European Commission an-
nounced plans to adjust the EU economic course to create
a climate and carbon-neutral space in Europe by 2050 [3, 4].

Most countries have set targets for future reductions
in greenhouse gas emissions. For example, the Japanese go-
vernment has identified national (INDC) contributions at
a 26.0 % reduction in greenhouse gas emissions by the fiscal
year 2030 compared to the fiscal year 2013 [5]. The Japanese
government has also set a long-term goal of reducing green-
house gas emissions by 80 % by the fiscal year of 2050 [6]. Ger-
many plans to reduce greenhouse gas emissions by 80-95 %
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by 2050 [7]; the United Kingdom — by 80 % [8]; Japan,
France, and Canada — by 73-78 %; and Russia — by 48 % [9].

The UN estimates that cities account for up to 70 % of
global anthropogenic greenhouse gas emissions [10]. In this
regard, more than 100 cities announced their intention to be-
come carbon neutral by 2050. Some of them want to achieve
the goal earlier: Stockholm by 2040, Copenhagen by 2025,
and Liverpool by 2020 [8].

American Apple Inc. has announced a goal to reduce total
carbon dioxide emissions to zero across the entire supply and
production chain by 2030. Microsoft Corp. has announced
that it intends to achieve negative emissions by 2030, and,
by 2050, to completely eliminate the effects of carbon di-
oxide emissions over the entire time since the company was
founded in 1975 [11].

The reduction of CO, emissions into the atmosphere is
associated with the transition to carbon-free energy. This




includes the use of fuels such as hydrogen and ammonia [12].
Using the latter has a series of critical advantages. However,
the disadvantage of ammonia is greenhouse gas emissions in
its production. In order for the use of ammonia to become
a truly carbon-free solution, it is necessary to develop a method
of its production that does not involve the use of fossil fuels.

2. Literature review and problem statement

The production of ammonia is carried out through the
so-called Haber-Bosh process [12], which was invented by
German chemist and Nobel Prize winner Fritz Haber in
the early 20t century [13]. The process is based on the syn-
thesis of ammonia from nitrogen and hydrogen at tempera-
tures of 380—450 °C and a pressure of 250 atm using an iron
catalyst [14].

The use of the Haber-Bosh process has a negative impact
on the environment. For its implementation, hydrogen is
required, which is removed from natural gas or coal as a re-
sult of a reaction using compressed overheated steam. At the
same time, carbon dioxide is formed, which is about half the
emissions of the general process. The second raw material,
nitrogen, is easily separated from the air, which is 78 % of it.
However, creating the pressure required to merge hydrogen
and nitrogen into reactors consumes more fossil fuels, which
means more carbon dioxide is generated [15]. A large amount
of ammonia produced in this way worldwide (more than
235 million tons) causes 1-2 % of world energy consumption
and causes about 450 million tons of CO4 emissions per year.
This is approximately 1 % of all anthropogenic emissions and
more than any other industrial chemical reaction [13]. The
reason for this may be objective difficulties associated with
the lack of alternatives to production, and optimizing the
Haber-Bosh process will not solve the problem fundamental-
ly, which makes conducting such research impractical.

An option to overcome the corresponding difficulties
may be to obtain ammonia from waste during their decom-
position. Studies on the anaerobic digestion (AD) of poultry
waste [16] report that a high nitrogen content often causes
problems associated with its toxicity to anaerobic micro-
organisms. Nitrogen extraction and conversion into a form
of ammonia could ensure both the production of a useful
product and ensure intensification of the process of anaero-
bic processing of livestock products. Previously, no such
approach was proposed. For example, work [17] used sulfate
acid, sorption of which led to the formation of ammonium
sulfates and, in [18], iron-containing clay. Other methods
included removal with air [19], nitrogen [20], vacuum [21],
biogas recirculation, and nitrogen extraction by acid sorp-
tion [21], or adding minerals [22]. The use of sulfate acid
and the proposed technology for obtaining a decrease in
ammonia content did not provide for the further production
of ammonia from ammonium sulfates. Nitrogen blowing
and vacuuming are rather energy-consuming methods of
ammonia extraction, which requires additional research on
economic attractiveness. In addition, they did not provide
for the receipt of ammonia in the form of usable energy. Gas
recirculation is also energy-consuming, and ammonia sorp-
tion with sulfate acid also did not provide for the production
of ammonia in a form suitable for use as an energy carrier.
The addition of minerals led to the sorption of ammonia
with these minerals, the extraction of ammonia from which
was not supposed. Thus, other approaches to obtaining

ammonia during anaerobic fermentation did not provide for
the production of ammonia in forms suitable for use as car-
bon-free fuels. All these methods are effective in controlling
the nitrogen content in the bioreactor when decomposing
livestock waste; however, they did not make it possible to
ensure the production of ammonia in the form suitable for
its use as fuel.

All this suggests that it is advisable to conduct a study on
the extraction of ammonia from livestock waste for carbon-
free energy generation.

3. The aim and objectives of the study

The purpose of this study was to propose a method
of ammonia production, which is environmentally friendly,
energy-efficient, and does not involve the use of fossil fuels,
which could potentially contribute to the development of
carbon-free energy generation. This would make it possible to
obtain ammonia in a cheap and carbon-free way, which could
ensure the development of ammonia-based energy generation.

To accomplish the aim, the following tasks have been set:

— to consider a method for controlling the concentration
of ammonium nitrogen (AN) in the biogas reactor, which is
planned to be taken as a basis;

— to adapt the method of controlling the concentration of
ammonium nitrogen to produce ammonia;

— to evaluate the energy efficiency of the proposed me-
thod of ammonia production;

— to evaluate the potential of ammonia production by the
new method;

— to analyze the techniques of using ammonia produced.

4. The study materials and methods

The kinetics of the release of ammonia from the solution
of diammonium phosphate (DAP), when heated to diffe-
rent temperatures, were investigated using the installation
shown in Fig. 1.

-

Fig. 1. Installation to study the ammonia release kinetics
when heating a solution of diammonium phosphate:

1 — laboratory tripod; 2 — test tube with a solution
of diammonium phosphate; 3 — crystallizer with water;
4 — magnetic heated stirrer; 5 — bottle with a saturated

solution of sodium chloride; 6 — measuring cylinder

Test tube 2 with a DAP solution was immersed in a crys-
tallizer with heated water 3 and fixed in a laboratory tripod 1.



Crystallizer 3 was placed on magnetic stirrer 4. It provided
water heating and the same temperature value throughout
its layer. The temperature of the water in the crystallizer
was controlled with a digital thermometer. The ammonia, re-
leased during heating, entered bottle 5 filled with a saturated
solution of sodium chloride. In this case, the liquid under
pressure created by the gas entered measuring cylinder 6.
The salt solution was used to prevent the dissolution of
ammonia in water. The amount of sodium chloride solution
in measuring cylinder 6 was used to estimate the volume
of ammonia released as a result of heating. The amount of
energy required to obtain ammonia by heating DAP was
determined at the installation shown in Fig. 2.
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Fig. 2. Installation to estimate the amount of energy
needed to produce ammonia: 1 — laboratory tripod;
2 — heating wire; 3 — thermal insulation; 4 — glass tube
with diammonium phosphate solution; 5 — laboratory
power supply

The glass tube, in the middle of which there was ano-
ther glass tube 4 with DAP solution, was fixed in laboratory
tripod 1. Heating wire 2 was wound around inner tube 4.
The outer tube was coated with thermal insulation 3. The
solution was heated with heating wire 2, the voltage of
which was supplied from laboratory power supply unit 5. The
voltage and current were measured using a voltmeter and
an ammeter built into power supply unit 5. We controlled
the temperature of the solution in glass tube 4 with a digital
thermometer. Taking into consideration the voltage, electric

current, and heating time, the amount of energy spent on
ammonia production was determined.

5. Results of devising an ammonia production method

5. 1. Method to control ammonium nitrogen concentra-
tion in a biogas reactor

The proposed ammonia production technology is based
on the previously developed method for controlling the con-
centration of ammonium nitrogen (AN) directly in the biogas
reactor (BR) [23].

The essence of the developed method is to remove AN
from the liquid phase by sorption of ammonia from the gas
phase by non-volatile sorbent, which is directly in the appa-
ratus but does not come into contact with the substrate [23].

It was proposed to use as sorbent a solution of phosphoric
acid (PA) since it can react with ammonia, is non-volatile,
and, as a result of the reaction, a product is formed useful for
agriculture (ammonium phosphates) [24].

Depending on the amount of ammonia interacting with
PA, different reaction products are formed: NH;/H,POy,
(NH4),HPOy, and (NH4)3PO4;. Monoammonium phos-
phate (MAP) and DAP have practical significance [25].
Ammonium orthophosphate (NHy)3PO, has no practical
application. Given this, the replacement of the sorbent is car-
ried out with the formation of MAP (Fig. 3) or DAP (Fig. 4).

When neutralizing PA to MAP, the depth of removal of
AN from the liquid phase of BR is higher than when neu-
tralizing to diammonium phosphate since the reaction rate is
higher. When neutralizing PA to NH;H,POy, the solution is
drained at pH 4.5; and to (NH,),HPO, — at pH 8.0.

Ammonium phosphates can be obtained in solid form. Af-
ter extraction from the reactor, the resulting solution is cooled
to ambient temperature and becomes oversaturated. Due to
the introduction of primer, crystallization centers are formed,
and part of ammonium phosphates are released, which cannot
be dissolved at this temperature (Table 1) [26, 29].

The effectiveness of isolating MAP from the solution when
cooled in the form of crystals is much higher than DAP (Fig. 5).

NH/H5POy is dried at a temperature from 100 °C to
110 °C; (NHy),H,PO,; — at a temperature from 60 °C
to 70 °C. The isolated liquid can be returned to the reactor
after adding acid solution (Fig. 3, 4) [26].

The effectiveness of the proposed AN concentration
control method was shown in ammonium salt solutions that
simulate a substrate with a high concentration of the inhi-
bitor (Fig. 6) [26].
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Fig. 3. Adjustment of ammonium nitrogen concentration in a biogas reactor by sorption of ammonia
from the gas phase and obtaining a solution of monoammonium phosphate
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Fig. 4. Adjustment of ammonium nitrogen concentration in a biogas reactor by sorption of ammonia
from the gas phase and production of diammonium phosphate solution

Table 1

Ammonium phosphates solubility at different
temperatures, g/ 100 g H,0O

Sub- Temperature, °C

stance 0 10 20 30 40 50

MAP 22.7 29.5 37.4 46.4 56.7 69.0

DAP 42.9 62.9 68.9 75.1 81.8 89.2
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Fig. 5. Theoretical effectiveness of ammonium phosphates
removal from solution when cooled to a certain temperature
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Fig. 6. Decrease in the concentration of ammonium nitrogen
in a solution of 0.25 dm? as a result of ammonia sorption
from the gas phase with phosphoric acid with
a concentration of 4 mol /dm? at different pH values of
the medium and a temperature of 50 °C

The experiment was conducted as follows. A bottle con-
taining 0.25 dm® of ammonium chloride solution, alkalized

by sodium hydroxide to the required pH value, was placed in
a dry-air thermostat. The measuring cup containing 0.05 dm3
of PA solution was placed on the bottom of the bottle. The
contact area of the ammonium chloride solution and gas
phase was 71.0 cm? The contact area of the PA solution
surface and the gas phase was 15.3 cm?. Taking into conside-
ration the data in Fig. 6, sorption proceeds well across the
entire range of pH values and was most intense at pH=8.5.
In addition, the effectiveness of the proposed method to con-
trol the concentration of AN was shown directly at the AD of
chicken manure under a semi-continuous mode (Fig. 7) [26].
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Fig. 7. Concentration of ammonium nitrogen in the
experimental and control reactors during the experiment

The AD of chicken manure was carried out under ther-
mophilic conditions at a temperature of 50 °C. The HRT
in BR was 10 days; the moisture content of the substrate
was 90 %. The useful volume of the biogas reactors was
2 dm?®. The content of the device was stirred with a mechan-
ical stirrer at a rotation speed of 38.4 rpm for 15 minutes
each hour. PA concentration was 4 mol/ dm3. The contact
area of the sorbent surface with the gas phase was 0.025 m?;
that of the surface of the substrate with the gas phase was
0.035 m? [26].

The application of this method ensured a decrease in the
concentration of AN by 33.7 %, and free ammonia by 41.0 %.
At the same time, the concentration of methane in the biogas
produced in the prototype was 5 % higher than that in the
control in absolute terms, and by 8.3 % in relative terms [26].
In addition, the results of mathematical modeling showed
that the proposed method is effective enough to regulate the
concentration of AN under the conditions of liquid phase
recirculation (Fig. 8) [27].
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Fig. 8. Concentration of ammonium nitrogen in the biogas reactor in which ammonia sorption occurs from the gas phase
at the pH of the liquid phase 8.0, after the start of recirculation at its various degrees: a — at the hydraulic retention
time of 5 days; b — at the hydraulic retention time of 10 days

It was accepted that the process is carried out under
a thermophilic mode at a temperature of 50 °C, the moisture
content of the substrate — 90 %, and HRT — 5 and 10 days.
The concentration of PA is 4 mol/dm?. The ratio of sorbent
area and the substrate is 1:4.6; the diameter of the apparatus
to the depth of the substrate is 1:1.5. The concentration of AN
in BR without removal is taken equal to 3,000 mg/dm?. The
maximum degree of recirculation of the effluent is 60 %, shown
on the plots, corresponds to the complete replacement of water
used for breeding chicken manure from the native moisture
content of 75 % to 90 % [27]. The degree of removal can be
significantly increased by changing the geometric dimensions
of BR, increasing the area of contact of sorbent with the gas
phase, and the hydraulic retention time (HRT) [27].

5. 2. Adapting the method of controlling the concen-
tration of ammonium nitrogen to produce ammonia

The method of controlling the concentration of AN in BR
in the case of sorbent regeneration can be considered as an
ammonia production technology.

Regeneration is possible when the resulting sorption
product is (NH;)oHPO4. When heating the latter to a tem-
perature above 70 °C, ammonia is released:

(NH,)»HPO,—»NHH,PO,+NH;T.

In this case, the sorbent in BR is NH,H,PO, (Fig. 9).

Our experiment considered the possibility of obtaining
ammonia by heating the solution and (NH4),HPOy crystals.
It was found that a DAP solution should be heated since
during the heating of DAP crystals there was no significant
release of ammonia.

An experiment was conducted on the effect of tempera-
ture on the process of regeneration of sorbent solution. The
decomposition of (NH4)sHPO, with removal was carried out
at temperatures of 70, 80, 85, 90, 95, and 100 °C. The regener-
ation rate was maximum at the beginning of the process and
decreased over time. Higher temperatures caused a higher
rate of ammonia release (Fig. 10).
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Fig. 10. Kinetics of ammonia release from diammonium
phosphate solution at different temperatures

That means that the higher the (NH4),HPO, concen-
tration in solution, the less energy is required to produce
a unit mass of ammonia. The total amount of ammonia isola-
ted during 10 minutes of sorbent regeneration varies depend-
ing on the temperature (Fig. 11).
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Fig. 9. Adjustment of ammonium nitrogen concentration in a biogas reactor by sorption of ammonia
from the gas phase with a monoammonium phosphate solution
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Rising temperatures caused a greater ammonia yield.
Thus, with increasing temperature, it is possible to increase
the yield of ammonia as a product, which, with the use of
energy-saving technologies, can be an important factor in
justifying technologies.

5. 3. The energy efficiency of the proposed ammonia
production method

The amount of energy needed to obtain a ton of ammonia
by the Haber-Bosh method is 38 GJ. At the same time, 22.5 GJ
energy can be obtained from one ton of ammonia. Thus, the
amount of energy obtained from one ton of ammonia is much
lower than the one that was spent for its production.

During the regeneration of sorbent solution in the labo-
ratory, before gas production stopped, energy consumption
was 111 GJ /t.

It is important to note that thermal energy produced by
the cogeneration plant can be used to regenerate sorbent.
For example, at a biogas plant that processes manure from
750 thousand chickens and with the values of the technolo-
gical regime parameters used in the experiment, this is quite
feasible even with the consumption of energy of 111 GJ per
ton of ammonia. Under such conditions, one can get 364.2 kg
of ammonia per day, which requires 40.4 GJ of energy. At the
same time, the amount of heat generated with the help of
a cogeneration unit is 64.1 GJ. One can also use the heat of the
fermented substrate, which is released from the biogas plant.

5. 4. The potential of ammonia production by the
new method

The proposed method of ammonia production can be
used in the processing of many types of waste with high
nitrogen content. These wastes include chicken manure, pig
manure, cattle manure, sheep manure, horse manure, slaugh-
ter waste, excess aerobic active silt, etc.

For example, at a poultry farm with a population of
750 thousand laying hens under the conditions created in the
experiment [26], one can get 132 tons of ammonia per year.

The assessment of the potential of ammonia production at
the scale of the EU and the USA was carried out; a detailed
analysis was performed using an example of a country with
a developed agricultural sector. The total number of livestock
of animals is higher in the EU than in the USA. However, the
structure of animal husbandry is slightly different. Thus, the EU
has a much larger number of chicken heads, and in the USA —
much more heads of pigs. Fig. 12 shows the number of live-
stock in the U.S. () and EU (b) in the main livestock sectors.
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Fig. 12. Quantity of livestock in the sectors of animal
husbandry: @ — in the USA; b — in Europe

Below we consider the potential to produce ammonia
from livestock waste in the EU and the USA. To this end,
using the data given in Table 2, the maximum amount of
ammonia that can be obtained from one animal per day was
calculated (Fig. 13).

Table 2

Livestock waste parameters needed to assess the potential
of ammonia production

Total nitro- Moisture | Waste mass from
Waste gen, % dry con- one animal,
matter [28] | tent, % [29] kg/day [29]
Chicken manure 4.6 75 0.16
Pig manure 3.9 86 5.1
Cattle manure 2.6 86 55
Cow manure 29 86 55
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Fig. 13. The potential for the production of ammonia
from the waste of one animal per day

The largest amount of ammonia can be obtained from poul-
try waste both in the EU and in the USA. In the EU countries,
in comparison with the United States, pig waste has a greater
potential for ammonia production, and cattle waste in the Unit-



ed States compared to EU countries. The potential of ammonia
production in the United States and European countries in the
sectors of animal husbandry is shown in Fig. 14.
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Fig. 14. The potential of ammonia production in countries
by livestock sector: @ — in the USA; b — in Europe

When assessing the potential of ammonia production,
industrial livestock was taken into consideration; animals
that are in households of the population were not taken into
consideration. This is due to the need to be able to centrally
collect livestock waste in large quantities using the means of
mechanization and automation of the process. Poultry and
cattle have the greatest potential for ammonia production —
88,844 and 88,468 tons, respectively.

In terms of energy content, liquid ammonia contains
15.6 MJ/dm?. This is 70 % more than liquid hydrogen
(9.1 MJ/dm? at cryogenic temperatures) or almost three times
more than compressed hydrogen (5.6 MJ/dm? at 70 MPa) [30].
This may indicate that ammonia is promising in terms of its
energy use as a fuel compared to hydrogen. Ammonia is much
cheaper to store for a long time compared to hydrogen, as
well as to transport [31]. The infrastructure for the process-
ing and transportation of ammonia already exists [15, 31],
the supply chain and the rules for handling are already in
place [32]. Given this, it is possible to argue that if there is
a cheap method of ammonia production, it will be possible
to use the existing infrastructure for the implementation of
ammonia-powered energy technologies.

Ammonia has many applications in carbon-free energy.
In August 2014, a team led by Kobayashi and Iki was the
first in the world to use an ammonia turbine to drive the
generator. Their turbine was optimized for the use of ammo-
nia with the help of additional turbine blades, which create
a high-temperature mixture of fuel under high pressure. The
team uses the system with a maximum output power of 50
kW. Initially, they managed to achieve a stable output pow-
er of 21 kW using a mixture that contained 30 % ammonia
and 70 % kerosene. By September 2015, they had reached a

capacity of 41.8 kW per mixture of methane and ammonia.
Subsequently, they managed to achieve the same output
power with 100 % ammonia [33]. At the same time, given the
constant optimization processes, it is possible to achieve more
power. Given this, it is possible to assert that ammonia, both
in the mixture and in its pure form, can be used for the oper-
ation of turbines. In 2018, industrial tests were carried out on
a two-fuel turbine with a capacity of 2 MW produced by THI
Corporation, which worked on ammonia and natural gas.
It was found that the operation of the gas turbine engine is
stable in the entire range of ammonia mixing ratios from zero
to 20 %. The combustion efficiency exceeds 99.8 % for all test
conditions [34]. Thus, one of the potential methods of applying
ammonia as a green fuel is to use it to operate turbines.

In 2017, The Japanese Chugoku Electric Power Corpora-
tion successfully demonstrated the joint combustion of coal
with 1% ammonia (in terms of total energy content) at one
of the commercial coal-fired power plants (120 MW). The use
of ammonia as fuel raises concerns about an increase in NOx
emissions but, during the demonstration, it was possible to
keep them within the normal range and avoid ammonia from
entering the exhaust gases [35]. Thus, the use of ammonia in
combination with coal at power plants is possible, and emissions
resulting from the operation of such power plants do not exceed
the standards for the content of nitrogen oxides. The Japanese
manufacturer IHI Corporation announced on March 28, 2018,
that it had successfully demonstrated the joint combustion of
ammonia and coal in a 20 % ammonia fuel mixture. It is noted
that the company’s technology could be adapted to existing coal
boilers [25]. Consequently, the joint combustion of ammonia
and coal also has the potential to be applied. In addition, given
that it is possible to use existing coal-based boilers, that can
ensure a significant propagation of such technology.

Ammonia can be used in internal combustion engines.
Based on previous studies, in order for ammonia to become
a viable fuel for internal combustion engines, it must be
mixed with other fuels as combustion accelerators. To this
end, they usually chose a two-fuel approach [36]. It has
been demonstrated that internal combustion engines can
work successfully on ammonia/gasoline mixture [37—39]
and ammonia/diesel fuel [40]. Thus, as a rule, for the opera-
tion of internal combustion engines running on ammonia, a
two-fuel approach is used. Engines powered by ammonia are
characterized by lack of corrosion, low power losses, and low
lubricant consumption [41-43]. Given that road transport
creates a significant environmental burden, the use of am-
monia could reduce this load and change the environmental
footprint of road transport.

In July 2015, the Kyoto University research team suc-
cessfully demonstrated its solid oxide fuel cell, which ope-
rated directly on ammonia, with a capacity of 200 W, which,
at the time, was “the largest in the world” [44]. The Japanese
production concern ITHI announced on May 16, 2018, that it
“successfully generated a class capacity of 1 kW” using a solid
oxide fuel cell that worked directly on ammonia [45].

The U.S. Department of Energy’s Advanced Research
Projects Agency has demonstrated that ammonia is already
the cheapest and most proven technology for long-term
large-scale energy storage for more than one day [46]. Am-
monia can be used in heavily decarbonized industries such as
metallurgy and marine transport [47—49]. Given the above,
ammonia has a high potential for use while exploiting exist-
ing infrastructure.



6. Discussion of results of devising the ammonia
production method for carbon-free energy generation

The application of the proposed method has a double
effect — a decrease in AN in bioreactors, which leads to a de-
crease in their inhibition, and the production of ammonia it-
self. The need to regulate the concentration of AN during AD
is based on its ability to inhibit the process [17, 18, 50, 51].
Both AN and sulfides [52] can inhibit the process but, for the
processing of manure, AN is more harmful. The toxic effect
of AN is associated with undissociated ammonia. It has been
shown that it diffuses through cell membranes and is ionized
with the formation of ammonium ions NHj, which leads to
a pH imbalance in the middle and outside of the bacterial
cell. That negatively affects both the transport of substances
and the activity of enzymes [53]. The factors controlling pro-
cess inhibition are the solids content in the substrate, HRT,
pH, temperature, and the presence of ions that are inhibitor
antagonists [54]. Inhibition of the AD process by a high
concentration of AN can lead to significant economic losses
during BR operation. As indicated above, it is proposed to
use PA as a sorbent. Under a thermophilic mode, it is advis-
able to use PA with a concentration of 4 mol/dm? since, at
this concentration, there is neither a significant decrease in
volume due to moisture evaporation nor its increase due to
the hygroscopicity of acid [24]. Fig. 8 demonstrates that the
method is effective at reducing the content of AN in the AD
process.

The industry produces extraction PA and thermal PA.
Extraction PA is obtained by decomposition of natural phos-
phates with sulfuric acid and separation of the formed solid
phase (calcium sulfate) from the PA solution [55]. Thermal
PA is produced by electrical distillation of phosphorus and its
oxidizing followed by hydration of the resulting phosphorus
anhydride to PA [55]. As a sorbent in the BR, one can use
thermal PA or purified extraction PA.

In the case of untreated extraction PA, impurities react
with ammonia, as a result of which iron, aluminum, gypsum,
etc. enter the sediment [56]. In order to avoid the accumula-
tion of salts at the bottom of the tank with acid located inside
the BR, it is not recommended to use untreated PA.

During the regeneration of sorbent solution in the labora-
tory, before the cessation of gas production, energy consump-
tion was 111 GJ /t. This value is rather given not to compare
the proposed method with the Gaber-Bosch process but to
show that this amount of energy is already sufficient for the
production of ammonia.

Of course, it is possible to reduce the energy costs of the
method, since, during the regeneration of sorbent, the task
was not to reduce them due to any special design solutions
or the selection of technological parameters but to determine
its possibility.

Based on the peculiarities of measuring the volume of
ammonia generated by DAP heating, the amount of gas ge-
nerated is somewhat underestimated. In particular, the den-
sity of the salt solution moved from one container to another,
the levels of liquid in the container into which ammonia
fell, and the height of the salt solution transfusion into the
measuring cylinder were not taken into consideration. Con-
sequently, the amount of energy needed to obtain a unit mass
of ammonia observed during the study is overstated.

The process of sorbent regeneration with the formation
of ammonia should be optimized. To this end, it is necessary
to take into consideration the temperature and heating time

since the amount of energy spent on obtaining a unit of am-
monia mass depends on those parameters.

It is necessary to consider heating the sorbent solution
inside the BR above the AD temperature. Thus, it is theo-
retically possible to increase the concentration of sorbent
without moisture entering it. That can lead not only to an
increase in the sorption rate of ammonia from the gas phase
and, accordingly, to an increase in the depth of removal from
the liquid phase but also to an increase in the concentration
of the resulting DAP, which could reduce energy consump-
tion for ammonia production.

When assessing the potential of ammonia production, it
was assumed to use all the nitrogen contained in the litter of
animals, which is impossible. Thus, the obtained values cha-
racterize the possible limits of ammonia production.

At the same time, it is important to note that the proposed
method of ammonia production can only be used for organic,
not mineral waste. In addition, such wastes should be suitable
for AD and have a high nitrogen content. As a result of re-
search, it was found that without optimization in laboratory
conditions, 111 GJ/t of ammonia is required, which requires
additional further research in order to reduce this indicator.

Determining the potential of ammonia production allows
us to draw conclusions about the prospects of using this meth-
od under industrial conditions. Thus, the annual potential of
ammonia production in the main livestock sectors in Ukraine is
263,610 tons. This is comparable to the traditional production
of ammonia in the country in 2019 (183,000 tons). A similar
situation applies to European countries and the United States.

Our analysis of Fig. 14, 15 reveals that the largest amount
of ammonia in the analyzed countries can be obtained from
poultry farming. Probably, such a trend is relevant for
the world. Thus, the results from the anaerobic fermenta-
tion of chicken manure using the ammonia extraction me-
thod [26, 27], which were carried out earlier, can be directly
used to implement such technology.

A separate important issue is the use of ammonia since it is
anew and quite promising type of fuel, provided it is produced
carbon-free. However, its use requires additional research,
and its industrial use is only beginning to gain relevance. As
noted above, ammonia has a series of practical applications and
developed infrastructure. In addition, in the context of recent
events, in particular regarding the gas supply infrastructure,
part of such infrastructure will be left without use or used to
a lesser extent. Such infrastructure could also be adapted for
transporting ammonia obtained carbon-free biologically.

Further work will tackle the optimizing of technological
parameters to increase the economic efficiency of the pro-
posed carbon-free method of ammonia production.

7. Conclusions

1. When devising a method to produce ammonia, the
method of control of AN concentration in BR was taken
as a basis. It involves removal from the liquid phase by
sorption of ammonia from the gas phase. The sorbent is
a non-volatile substance that is directly in the apparatus but
does not come into contact with the substrate.

2. The proposed method of ammonia production is based
on ammonia sorption from the gas phase of the reactor with
MAP solution. The resulting DAP solution is drained from
the BR upon reaching a pH of 8.0 and heated above 70 °C,
accompanied by the removal of ammonia.



3. During the regeneration of sorbent solution until
the cessation of gas production, energy consumption was
111 GJ/t of ammonia. For the purpose of regeneration, the
thermal energy of the cogeneration unit can be used.

4. The use of this method to produce ammonia on an
industrial scale is feasible. In Europe and the USA, the
production potential of ammonia is up to 11,482,651.15 and
11,582,169.5 tons per year, respectively. The potential of am-
monia production in the main livestock sectors in Ukraine

is up to 263,610 tons per year, which is comparable to the
production of ammonia in the country in the traditional way.
Ammonia as a fuel can be used as a single component of fuel,
as well as in two-fuel systems. Ammonia can be used in tur-
bines, for direct combustion, in particular in boilers, for the
operation of internal combustion engines, in solid oxide fuel
cells, and in other devices and technologies. Engines running
on ammonia are characterized by lack of corrosion, low power
losses, and low lubricant consumption.
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