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Abstract. The relevance of this study is determined by the fact that over the years the trend of finding new types
of raw materials and technologies for their processing into biogas is growing rapidly. Not only people in European
countries but all over the world tend towards the advantages of its production. For Ukraine, the development of
infrastructure and a detailed study of this industry will later become a necessary stimulus for the reconstruction
of the economy in the post-war period. The aim of the work is to analyze the biomass potential of fallen leaves
for biogas production, taking into account the possibilities of technological development of this field in Ukraine.
Several methods and approaches were used to achieve the goal. In particular, the physicochemical basis of the
process of anaerobic fermentation of organic matter to obtain biogas was studied. A mathematical model of the
process of obtaining biogas in a reactor from fallen leaves was also developed.And at the very end, the calculation
of the economic efficiency of using a biogas plant for utilization of fallen leaves in a bioreactor was carried out.
Summarizing the main results, it is possible to highlight the development of the patent-protected design of the
bioreactor, the engineering methodology and the mathematical model for calculating the methane tank for the
production of biogas from fallen leaves. First of all, the potential of biomass of plant origin for biogas production
was analyzed and this led to the conclusion that the use of fallen leaves is a promising direction, but the significant
advantages of using the raw material base are ignored. One of the main environmental problems of Ukraine
remains the utilization of fallen leaves and other organic matter of plant origin. At the same time, the conducted
research produces not only a number of solutions to this issue, but also turns the problem into an economically
profitable solution and eliminates all ecologically unjustified processing methods
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INTRODUCTION
The study of biogas technologies will create a powerful  biogas consists in processing waste of organic origin.
stimulus for the entire civilized world in the transition At the same time, the entire raw material base is quite
to renewable energy sources, since the production of  diverse and under normal conditions is absolutely not

Article’s History:
Received: 01.05.2023
Revised: 10.07.2023
Accepted: 29.08.2023

Suggested Citation:
Danylyshyn, V., & Koval, M. (2023). Analysis of biogas production and prospects for the development of biogas
technologiesin Ukraine.Ukrainian Black Sea Region Agrarian Science,27(3),90-102.d0i:10.56407/bs.agrarian/3.2023.90.

‘Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)



involved, and when decomposed in the usual environ-
ment, it has a negative environmental impact. Unlike
exhaustible sources such as oil or coal, the use of agri-
cultural waste, food waste and wastewater will contrib-
ute to the transition to a more sustainable energy sector.

The utilization of organic waste and its successful
processing will allow solving a number of environmen-
tal issues closely related to global warming, the mani-
festations of which are increasingly being observed on
the planet. First of all, the active use and installation of
biogas plants will contribute to the reduction of green-
house gas emissions, namely methane. This malignant
formation is observed during the natural decomposi-
tion of organic materials. The use of biogas technol-
ogies that capture and use methane can significantly
reduce its emissions into the atmosphere, helping to
reduce the greenhouse effect. On the other hand, the
development of such technologies makes it possible
to use organic waste effectively, which earlier would
simply have been thrown away or subjected to a long
process of natural decomposition. Instead, organic mat-
ter can be turned into a valuable resource - biogas and
organic fertilizers. This helps to reduce waste, improve
the management of agricultural waste and ensure sus-
tainable development.

The analysis of the latest publications, which have
already dealt with the research of similar aspects in this
field, helped to understand the topic better, as well as
to find problems that require additional and more thor-
ough study. A publication by N. Pryshliak (2019) notes
that India has an important place in the research, de-
velopment and propagation of renewable energy tech-
nologies. Biogas production turned out to be a prom-
ising technology for processing agricultural waste into
energy, including livestock, industrial and municipal
waste. In 2017, gas consumption by the population of
Ukraine amounted to 11.2 billion m?, while the poten-
tial value of biogas production from livestock waste is
1.5 billion m? (13% of all consumed by the population).

According to Y. Gontaruk (2022), given Ukraine’s
negative trade balance and the country’s great potential
in the agricultural sector, the situation can be improved
by focusing on the production of biogas from agricul-
tural waste. One of the main producers of biogas can
be sugar factories, the production of which can be re-
structured by building biogas plants. If the by-products
of sugar mills are fully processed, they could produce
about 790 million m* based on their capacity in 2020,
resulting in 473.7 million m? of biomethane. This would
make it possible to reduce the import of natural gas and
provide sugar factories with their own source of energy.

According to L. Sakun et al. (2020), the most produc-
tive types of raw materials for biogas power plants are
waste from farms and agricultural enterprises (silage,
pulp, manure, litterfall, etc.), wastewater and household
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waste from landfills. Ukraine has great potential due
to high rates of development and low saturation of the
agricultural market, which is the main source of bioen-
ergy raw materials.

As noted by D. Tokarchuk et al. (2020), the use of
biogas plants in Ukraine is effective for solving the
problems of waste utilization, including crop produc-
tion, improving the ecological situation, increasing soil
fertility, reducing energy dependence and developing
the economy locally. In addition, there is a significant
group of raw materials in the perspective of application
for biogas production, consisting of fresh grass, beet
leaves, grass silage, corn and cereals, the output part of
methane from which is from 270 to 330 l/kg.

Publication of M.K. Devi et al. (2022) is devoted to
a review of recent advances in biogas production us-
ing agro-industrial waste. The work considers technical
and economic aspects of this process. Biogas produced
from agro-industrial waste can reduce greenhouse gas
emissions, cumulative energy demand and environ-
mental problems. During biogas production, some ad-
ditives are added to the reactor to improve the biogas
production process.

European scientists A. Sobczak et al. (2022) consid-
ered the economic conditions for biogas production on
the example of Poland and Germany.Agricultural biogas
plants that have been built in Western Europe, particu-
larly in Germany, for over 20 years have been designed
to use substrates derived from crops, mainly corn. To-
day, the trends have changed — the price of technolo-
gies that allow gas production mainly from agro-food
industry waste is high. In general, the new plants will
be more modern and better meet the objectives of the
environmental policy of the European Union.

The purpose of this work was to study the peculiar-
ities of the utilization of fallen tree leaves and the pro-
duction of biogas from them as an alternative source
of energy, as well as the development of the necessary
technologies for the successful distribution of individu-
al biogas equipment within Ukraine.

MATERIALS AND METHODS

The methodological basis of the researched topic was
the application of theoretical and experimental regu-
larities in the biochemical processes of anaerobic fer-
mentation. During the multi-stage process of fermen-
tation of organic compounds, the gradual destruction
of carbon bonds occurs due to interaction with various
groups of microorganisms.

In the process of biogas production research,an im-
portant aspect is the study of the materials involved in
the researched object. That is why, for a deeper analy-
sis, a comparison of the components of different types
of organic waste was carried out, which will eventu-
ally become the necessary raw material base for the
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production of an alternative source of energy, namely,
biogas. In particular, raw materials collected on the ba-
sis of farm waste, vegetation residues, animal manure,
as well as other organic products in the form of fallen
leaves, grass, and sawdust were considered. A biogas
plant was described as a research object for a complete
technological review. The type of plant is based on the
anaerobic fermentation process, which takes place in a
special reactor. An anaerobic reactor looks like a closed
container in which optimal conditions are created for
the decomposition of organic substances by microor-
ganisms without air access. After the fermentation pro-
cess, biogas, consisting mainly of methane and carbon
dioxide, is collected in the reactor and fed to the collec-
tion system, where it is stored in special containers, gas
holders, where it can be used later for energy produc-
tion or other purposes.

The following theoretical methods of scientific
knowledge were used in this study of biogas: analysis
of theoretical models, system analysis, optimization
methods, kinetic modeling, genomic sequencing, gas
chromatography and thermodynamic modeling. While
analyzing various theoretical models, it was possible
to get an idea of the processes taking place in biogas
plants. At the same time, for more accurate results,
mathematical models, physico-chemical calculations
and analytical methods were applied. System analysis
made it possible to investigate production processes
from the point of view of energy and mass balance,
as well as to evaluate the efficiency of the system and
the relationships between components. Its application

included energy and mass balance analysis, as well as
evaluation of the system’s efficiency and the intercon-
nections between its various components. The optimi-
zation method for process parameters is used to derive
the optimal operating mode and maximize biogas pro-
duction. Kinetic modeling helps to predict the speed
and efficiency of biological processes depending on the
studied parameters. In this study, it was involved in the
development of mathematical models that essentially
described the kinetics of biological processes, namely
fermentation and methanogenesis in biogas plants. Ge-
nome sequencing allows studying microorganisms in-
volved in the biogas process. Thanks to this method, it
was possible to identify and categorize microbial com-
munities and investigate their functional role in the
biogas process. Gas chromatography (GCh) was used
to analyze the composition of biogas and control the
quality of production. In this work, the content of the
following gases was investigated: methane, carbon di-
oxide, hydrogen. Thermodynamic modeling using ther-
modynamic models helped to study the thermal param-
eters and energy efficiency of biogas plants, as well as
the conditions of optimal heat balance in biogas plants.

RESULTS
The key point affecting the rate of anaerobic fermenta-
tion is the conversion of acetic acid into methane dur-
ing the decomposition of polymer-containing waste,
which is limited to the hydrolysis stage. Figure 1 shows
a scheme of methanogenesis, which shows the decom-
position of organic substances.

Lipids

[ OM(Polymers) |  100% ChOC
| I
Proteins | Carbohydrates |
Hydrolysis
21% 40% 5%
‘ Amino acids, sugar | < N

‘ Acidogenesis |

v 20%

‘ Fatty acids |

‘ B-oxidation ‘
v =0% 4%

| Volatile fatty acids and alcohols |

\ Acetogenesis |

35%
v

Acetate

21%

Methanogenesis |

30%

100% ChOC

Figure 1. Complete scheme of methanogenesis

Note: ChOC - chemical oxygen consumption
Source: developed by the authors
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To carry out the entire complex process of trans-
formations, hundreds of types of microorganisms are
involved, while the main role remains for bacteria. The
quantitative and qualitative composition of microflora
largely depends on the composition of fermented or-
ganic matter and environmental conditions. However,
hydrolytic, fermentative, synthetic and methanogenic
microflora predominate, which successively carry out
the above-mentioned stages of anaerobic fermentation.
In the course of studies of this process and design of
plant models, empirical models of the process based
on microbial kinetics and equations of the homeostat
theory are used.

The Mono model is considered one of the most fa-
mous. It reflects the specific growth rate of microorgan-
isms and the half-life of organic matter, which depend
on many conditions of the fermentation process (1):

dx _ Pmax XL, dl _ —PmaxX'L
dl ~ Ki+L ' dt y(Kg+L) '

1)

where y =dx/dt - mass conversion coefficient into bio-
material; dx/dl - growth of microorganisms, day?; X -
microbial population density, kg/m?; L - saturation of
the substrate, kg/m; dl/dt - change in biomass density,
day*; P - the highest rate of reproduction of micro-
organisms, day™; K, - the half-saturation threshold of
the substrate concentration, at which the rate of the
process reaches half the maximum level; K, - indicator
of biomaterial decomposition.

This model has limitations in working with differ-
ent types of substrates. Another attempt to mathemat-
ically describe the process of methane fermentation is
the model presented by Muyang (2):

L (g_pta) i
P= 1+10(PK-PH) (a '81+K,)’ M3’ (2)

where P - specific rate of biogas removal; L - list of
initial organic compounds, kg; K. - period of complete
interchange of initial material, day; a, f — coefficients
that depend on the nature of the carbohydrate compo-
nent, the type of substrates and the content of organic
nitrogen in the waste; pK and pH - constants, depend-
ing on the temperature regime, day™.

The above Muyang model demonstrates the influ-
ence of the organic composition of the original sub-
strate on the intensity of the fermentation process by
distinguishing between the hydrocarbon fraction and
the content of organic nitrogen compounds. For a wid-
er class of input substrates, taking into account the
volume rate of biogas and essential parameters of the
methane fermentation process, the Kanto model (3)
is used:

G- o

wT—1+K
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where V - speed of the output volume of biogas,
m?/(m*-day); B, - the maximum amount of biogas release
from a unit of organic matter of the established com-
position after an infinite duration of exposure, m*/kg;
S - concentration of organic matter in the source ma-
terial, kg/m; T - exposure time, day; u — the greatest
growth of microorganisms during the fermentation
process, day?; K - kinetics.

The highest growth of microorganisms (u) is de-
scribed by a linear dependence of temperature values
from 30 to 60°C. In his research, Hashimoto derived an
empirical formula that describes the dependence of the
process temperature on the kinetic parameter K and the
exposure time in regimes involving tolerant (T =45°C)
and thermophilic (T=60°C) regimes (4):

K=[-0.95 - 0.51+0.01(T) +0.0004(T2)]. (4

The calculation of biogas yield according to the
Hashimoto model can be determined by formula (5):

_ Bo'So-Mp

T (awE)”

YV * Vimax (5)
where K - kinetic parameter; B, - the maximum output
of biogas from a single given organic substance un-
der the condition of an infinite exposure index, m3/kg;
S, — initial content of organic matter in biomass, kg/m;
M_ - growth rate of microorganisms in a given fermen-
tation process, day™.

Then, in the initial substrate, the dependence of the
values of the kinetic parameter on the concentrations
of organic matter is described as follows (6):

K=0.5+0.03exp (0.058). (6)

The balance of bacteria in the fermented sub-
strate (7):

dx
E_:u'x_D'xv (7)

where x - bacterial density, kg/m?; D - rate of dying,
day!; u - rapid growth, day.

In his work, Hill expanded the Kanto model by add-
ing the coefficient K, which takes into account the loss
of microorganisms in the fermentation process (8):

K(1+Kq-6)

— BoSo[q _ __ K(1+Kq'6)
v-V= [1 6-u—(1-K26)-(1-K) b (8)

)
where 6 — time of exposure of the substrate in the
methane tank; 6 = V—VS.The loading speed of the methane
tank with organic matter is indicated % where VS - the
period of obtaining volatile solids from the farm, which
depends on the number of animals and their diet; V -
methane tank capacity.

In the above mathematical models of anaerobic fer-
mentation, there is a mathematical parameter S, which
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indicates the concentration of organic matter in the
source material and gives the values of empirical coef-
ficients that take into account individual cases of biogas
extraction from the components of the source substance.

Empirical engineering and mathematical models
are most often used in the production of biogas, provid-
ed that regression dependencies are derived taking into
account the characteristics of a certain type of biomass.
Therefore, when using these models, it is advisable to
conductexperimentstodetermine empirical coefficients.

In order to implement the process of processing
waste into gas inside the biogas plant, several impor-
tant measures must be taken. First, it is necessary to
ensure the access of nutrients to the bacteria, constant
oxygen-free and temperature conditions, the correct ra-
tio of solid particles in the substance and high-quality
mixing. Secondly, monitor the ratio of carbon and ni-
trogen in the mass, the fermentation time and timely
loading and unloading of raw materials, as well as the
absence of inhibitor substances in the content.

During the multi-stage fermentation process of
methanogenesis, the destruction of carbon bonds occurs.
Various groups of microorganisms contribute to this, so
the biogas production process is carried out in four stages:

« the stage at which complex molecules of biopol-
ymers (proteins, lipids, polysaccharides) are hydrolyzed
to simpler monomers (amino acids, carbohydrates, fatty
acids);

= the stage at which the resulting monomers
undergo fermentation to simpler substances, such as
lower acids and alcohols, with the formation of carbon
dioxide and hydrogen;

« acetic acid production stage: acid, hydrogen and
carbon dioxide are produced, which in turn are direct
precursors of methane;

= stage of methanogenesis: the decomposition
of complex organic substances with the formation of
methane as the final product (Abbasi et al., 2012).

Anaerobic fermentation for the production of bi-
ogas is a complex biotechnological process, which
requires interaction and fulfillment of the following

conditions for the effective course of methane fermen-
tation of organic substances: the appropriate temper-
ature regime of the process; weak alkaline reaction of
the environment; the presence of methane-forming
bacteria; oxygen-free environment.

One of the important factors of an effective fer-
mentation process is the temperature regime of the
fermenting biomass. The natural release of biogas
takes place at a temperature from 0°C to 98°C, taking
into account the process of optimized processing of or-
ganic substances for the purpose of removing biogas
and biofertilizer while maintaining three temperature
regimes: psychrophilic (20-25°C); mesophilic temper-
ature regime (25-40°C); thermophilic temperature re-
gime (more than 40°C) (Mao et al., 2015).

Depending on the selected mode, for a high-qual-
ity fermentation process in the bioreactor, the same
temperature level should be maintained and biomass
should be regularly mixed. Also, when choosing a ther-
mophilic mode, it is worth considering its significant
advantages compared to others - with accelerated
decomposition of raw materials, the complete destruc-
tion of disease-causing bacteria, as well as obtaining
a larger amount of biogas at the output. Disadvantag-
es include high energy consumption, initial low-qual-
ity biofertilizer, and significant sensitivity to minimal
temperature changes. Due to these negative factors, a
mesophilic temperature range is used for European fer-
mentation chambers.

Another important factor in methane fermentation
is the dependence of the content of raw materials be-
tween nitrogen and carbon. A lack of nitrogen and an
excessive indicator of the C/N ratio will lead to limita-
tions in the process of methane formation (Table 1). At
the same time, a small indicator of the mentioned ratio,
in turn, will lead to the formation of a large amount of
ammonia, which is toxic to bacteria. Experiments have
shown that the level of the ratio of carbon and nitrogen
from 10 to 20 (depending on the origin of the raw ma-
terials) stimulates to achieve the highest degree of gas
formation (Kougias et al., 2014).

Table 1. C/N ratio of organic waste that can be a raw material for obtaining biogas

Raw material for biogas

Nitrogen, %

The ratio of carbon to nitrogen, C/N

Animal manure

Cattle 17;1.8 16-25
Chicken 4-6 7-10
Horse 2 25
Swine 4 6-12
Sheep 4 33
Household waste
Feces 6-7 6-10
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Nitrogen, %
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Table 1, Continued
The ratio of carbon to nitrogen, C/N

Household waste

Kitchen waste 2 29
Potato peels 1.5 25
Cabbage 4 13
Tomatoes 3 13
Vegetation waste
Corn cobs 1 57
Cereal straw 1.0 50
Wheat straw 0.5 100-150
Corn straw 0.7 51
Oat straw ID 50
Soy 1.3 33
Alfalfa 2.8 16-17
Beet pulp 0.3-0.4 140-150
Others
Grass 4 13
Sawdust 0.1 200-500
Fallen leaves 1.0 50

Source: developed by the authors based on P.G. Kougias et al. (2014)

The process of processing organic substances into
biogas is called methane fermentation. Based on an-
aerobic fermentation by splitting biomass with bac-
teria (methanogens). There are 4 types of bacteria in-
volved in the formation of biogas (Fig. 2).

| group aerobic
hydrolysis

Il group
acid-forming

Bacteria groups

11l group hydrogen-
producing

IV group methane-
forming

Figure 2. Bacteria involved
in the process of biogas formation
Source: developed by the authors

Metabolites from all groups of bacteria provide
nutrients to each subsequent group. In particular, the
first group of bacteria uses enzymes to convert organ-
ic compounds (proteins, carbohydrates, and fats) into
low-molecular compounds (water, fatty acids, and ami-
no acids). Acid-forming bacteria convert these low-mo-
lecular compounds into unstable fatty acids (acetic,

formic, propionic), ethanol, carbon and gases (carbon
dioxide, hydrogen, hydrogen sulfide, ammonia). Hydro-
gen-producing bacteria are responsible for the conver-
sion of higher fatty acids into acetic and formic acids,
carbon dioxide, and hydrogen. The fourth group of bac-
teria (methane-forming) process acetic and formic acids
into methane (Vindis et al., 2009).

The process of anaerobic fermentation is accom-
panied by a number of biochemical reactions, and the
process of biogas formation itself consists of three se-
quences:

| stage - hydrolysis - is the decomposition of or-
ganic substances (9):

(C.H, 0

6 1075

)yn+nH,0=nCH, 0

6 1276’

©)

[l stage - acetonogenesis - is the reproduction of
acid-forming bacteria (10):

6H,,0,+2CH,0=2CH,COOH+4H,+2C0,;  (10)

[1l stage — methanogenesis - is the reproduction of
methane-forming bacteria (11):

CH,COOH=CH,+CO,4H,+C0,=CH,+2H,0. (11)

At the initial stage of anaerobic fermentation,
hydrolytic bacteria enzymatically split polymers into
low molecular weight formations. Polymers (multi-
molecular compounds) are converted into monomers
(monomolecular). A feature of the described hydrolysis
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process is time-consuming and dependent on extra-
cellular enzymes, namely protease, amylase and lipase.
In the bioreactor, hydrolysis is also influenced by the
potential of hydrogen ions.

At the stage of acetogenesis, acid-forming bacteria
are engaged in splitting. This stage of methane fermen-
tation is called oxidation, during which the potential
of hydrogen ions decreases. Individual molecules pene-
trate into the bacterial cell and continue to split there.
Aerobic bacteria partially participate in this process
by consuming residual oxygen to create the anaerobic
conditions necessary for methanogenic bacteria, some
of which become anaerobic. At this stage, such gases
as unstable fatty acids (acetic, formic, butyric, propion-
ic), low-molecular alcohols (ethanol, methanol), carbon,
carbon dioxide, hydrogen, hydrogen sulfide,and ammo-
nia are formed. In addition, hydrogen-producing bacte-
ria utilize organic fatty acids to produce acetic, formic
acids, carbon dioxide, and hydrogen for methanogene-
sis. Such bacteria are very sensitive to temperature, as
they reduce the amount of carbon (as part of organic
acids) (Bacenetti et al., 2013).

The last stage of methane production by meth-
anogenic bacteria involves splitting into carbon diox-
ide and water from formic and acetic acids, hydrogen
and carbon. At this stage, 90 percent of all methane is
formed, while only 70% is produced from acetic acid.
It should be noted that methane-forming bacteria are
exclusively anaerobic. Thus, the process of anaerobic
fermentation is influenced by four factors:

« biological (the composition of the fermented
mass, the composition of the microflora, the living con-
ditions of organisms);

« physical (fermentation temperature, biogas plant
pressure, hydraulics);

« chemical (concentration, acidity of the environ-
ment, volume and composition of the formed biogas);

= organizational and technological (volume of
loading biomass, residual substances).

Modern biogas plants consist of the following main
elements:

= system of preparation and supply of raw materi-
als to the bioreactor;

« bioreactor with raw material mixing and heating
systems;

« system of unloading and transportation of fer-
mented waste;

« biogas storage and use system (Meyer et
al.,2018).

The main unit of a bioenergy plant for biogas pro-
duction is a methane tank (bioreactor). The main re-
quirements of methane tanks include: technological,
hydraulic, thermal and economic. The main criteria
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when choosing a bioreactor design are the possibility of
its practical application, economic feasibility and con-
venience of its maintenance and operation. As of 2023,
the market offers a variety of bioreactors by design. The
classification of methane tanks is shown in Figure 3.

Design of biogas reactors
egg-shaped
écylindrical

E—
trench

x:“b“

elastic

| Reactor shape
reactor

> horizontal

- Tank placement - vertical

| —— single-chambered

T two-chambered

| __» concrete
—= fiberglass

\ metal
L mechanical

— hydraulic

— Cameras number

—1 Construction material

m Mixing

bubble

heated with hot water

— - steam heating under

pressure
\ electric heating
Figure 3. Classification

of biogas reactors by structural features
Source: developed by the authors

— Heat exchange

A biogas plant is a complex of constructions and
technical support combined into an autonomous pro-
cess of anaerobic fermentation for the production of
biogas. It can be installed both indoors and outdoors,
fixing it with a foundation or the ground. Essential re-
quirements for its structure are compliance with her-
meticity and corrosion resistance, the installation of a
hatch in the model is provided for.

Biogas complexes can be divided into one- and
two-staged. The first ones are more common and ba-
sic, because they are suitable for many substrates. The
second ones are more complicated due to an additional
hydrolysis reactor. They are used for rapidly decompos-
ing working material that is easily oxidized (Tabatabaei
& Ghanavati, 2018). The basic equipment of the biogas
plant is shown in Figure 4,and a detailed description of
the depicted construction nodes is given below.



Danylyshyn and Koval

Figure 4. Structure of the biogas plant
Notes: 1 - receiving container; 2 — heating system; 3 — mechanical stirrers; 4 — biomass supply system; 5 - fermenter;
6 - gas holder; 7 - dome; 8 - gas removal and gas supply system with condensate removal and sulfur purification system;
9 - separator; 10 - liquid fertilizer storage tank; 11 - automation system, visualization of processes and management;
12 - heating point; 13 — generator
Source: developed by the authors

Maximum automation and minimum manual work
is the basic principle of this installation. The material for
reducing the volume to be processed enters the receiv-
ing container (1). This container is used for pre-settling,
heating (2) and thorough mixing (3). The raw material is
fed to the fermenter (5) several times a day. The ferment-
er (5) is a sealed, gas-tight tank. To maintain a stable
temperature, the inside of the methane tank is equipped
with a heating system (2). In the cold season, the biore-
actor is insulated from the outside to prevent heat loss.
Continuous mixing of the substrates using a low-speed
mechanical stirrer (3) ensures complete and thorough
mixing of the raw materials. Physicomechanical meth-
ods applied to substrates use different types of mixing
systems, such as mechanical, hydraulic or pneumatic.

Fermented substrate is automatically discharged as
often as it is fed. The operation process of the biogas
plant is generally controlled by an automation system
(11). The produced biogas is collected and stored in a
gas holder (6). They are used as a gas-tight element for
the fermenter, which serves as a gas storage tank. The
outer dome roof (7) is UV resistant, fire resistant and
easily scalable. The design of the biogas plant ensures
high flexibility of this element and reliable fixation of
the plant. Biogas is transported through the pipeline
(8), which is equipped with an automatic condensate
drain and a safety device that protects the gas holder

(6) from exceeding the allowable pressure. The gas
holder (6) continuously supplies biogas to the cogen-
eration plant or the biogas preparation plant. Then the
processed substrate is fed to the separator (9). The me-
chanical separator works 4-6 times a day to separate
the fermentation residues into solid and liquid fertiliz-
ers. All equipment is controlled by the automation sys-
tem (11). The design of the biogas plant minimizes the
need for manpower during operation. The heating point
(12) in the biogas plant helps ensure energy-efficient
use of biogas, which is a renewable energy source. It
allows you to make the most of the potential of biogas
by converting it into thermal energy. The generator (13)
is designed to convert the mechanical energy obtained
from the movement of the engine into electrical energy.
In a biogas plant, a generator uses biogas as a fuel to
drive an engine that rotates the generator and produc-
es electricity (Misak et al., 2014).

Signals regulating the operation of the entire plant
are sent to the central programmed logic controller.
The controller regularly polls all elements of the com-
bined technological chain and displays the information
on the monitor screen. All constructions and compo-
nents, as well as drives and parameter sensors are dis-
played on the monitor screen. All operating parameters
of the biogas plant are displayed on the monitor in the
central control room. The control room has a central

Ukrainian Black Sea Region Agrarian Science, 27(3), 90-102

97



98

Analysis of biogas production...

control panel, from which all parts of the biogas plant
can be switched between automatic and manual modes
of operation, as well as controlled locally or remotely
(Geletukha et al., 2013).

The analysis of the results obtained in the
above-described experiment led to a number of con-
clusions regarding the technological aspects of biogas
production. In particular, the first and most important
is the correct preparation of the substrate. This stage
involves the preparation of raw materials used for bi-
ogas production. This may involve dissolving, grinding
or enzymatically treating the feedstock to facilitate the
biogas fermentation process. Next, the substrate that
has been prepared is subjected to the fermentation
process. In this stage, microorganisms, such as bacte-
ria or anaerobic fungi, decompose organic substances
in the substrate and release biogas. Biogas, which is
formed during fermentation, is collected and stored in
special containers or tanks. It can be a gas holder or
compressed gas cylinders. It should also be taken into
account that biogas often requires processing and pu-
rification before use. This includes removing contami-
nants such as moisture, hydrogen sulfide, or other im-
purities that may adversely affect the quality of the gas
or equipment. Well, at the very end comes the effective
use of the final product. Purified biogas can be used
to produce heat, electricity or in processes that require
gas as a fuel. This may include the use of biogas in a
boiler room for heating,a combustion plant for electric-
ity production or use in manufacturing processes.

A general overview of the sphere of biogas produc-
tion in Ukraine leads to the following conclusions. The
development of biomass processing technologies for
biogas production is constantly being improved. The
use of highly efficient biogas plants, optimization of
fermentation processes and purification of biogas al-
low to increase production efficiency and reduce envi-
ronmental impact. The production of biogas from the
biomass of fallen leaves can have significant economic
benefits. This can create new workplaces, attract in-
vestment and promote the development of rural and
forest areas. The use of biomass for biogas production
in Ukraine can help achieve energy independence, re-
duce greenhouse gas emissions,and develop a sustain-
able energy sector.

DISCUSSION
Many scientists were engaged in the study of anaero-
bic fermentation and establishment of regularities for
the calculation of biogas plants. However, given the
chemical complexity of realizing the interaction be-
tween groups and species of bacteria and the diversi-
ty of substrate components, the laws of the methane
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fermentation process are extremely complex and large-
ly unexplored. In the practice of research, the develop-
ment of anaerobic fermentation technologies is based
on empirical models of the process, which in turn are
based on the equations of microbiological kinetics and
the theory of the homeostat.

An example for the discussion of this thesis is
the study of authors S. Ma et al. (2021), in which, us-
ing detailed sequencing of digestate samples from
56 full-scale biogas plants (BGPs) processing differ-
ent feedstocks, they presented a microbial anaerobic
fermentation (AF) gene catalog containing more than
22.8 million genes with attached information on their
role in cellular processes. The results confirm the pres-
ence of a core microbiome in AF and show that the type
of raw material (cattle manure, poultry manure, pig
manure) has a significant effect on the breakdown of
carbohydrates by hydrolysis, oxidation of volatile fatty
acids and methane production. In addition, 2,426 ge-
nomes assembled from metagenomic data from full-
scale BGPs were also provided. Compared to previous-
ly published catalogs of microbial genes from various
ecosystems, including soil, marine environments, gut,
and animal rumen, BGP is an artificial highly anaerobic
ecosystem where AF is carried out by a complex com-
munity of anaerobic microorganisms. Therefore, their
gene list not only serves as a valuable reference base
for rapid analysis of microbiome data in AF, but will
also provide a rich source of microbial genes for the
study and use of anaerobic microbiota.

A study published by K. Pilarski et al. (2020), de-
scribes the process of yielding methane obtained
from corn silage, pig manure, potato waste, and sugar
beet pulp. An original methodology for determining
the Biochemical Methane Potential Correction Coef-
ficient (BMPCC) based on biomass conversion calcu-
lations at industrial and laboratory scales is also pre-
sented. BMPCC is a tool that can be used to increase
the efficiency of biogas plants and avoid unnecessary
losses. The calculated BMPCC values showed that the
amount of methane produced in the laboratory was
overestimated compared to the amount of methane
according to specifications. Differences were ob-
served for each substrate.

In the study of M. Fugol et al. (2023), the authors
studied the use of enzyme additives in anaerobic fer-
mentation and concluded that in the case of corn si-
lage, the use of additives increased the efficiency of
the adsorption process compared to the control in the
range of 17 to 62%, depending on the additive used.
In the case of silage, igniscum produced more biogas
and grass silage showed a decrease in biogas produc-
tion efficiency compared to the control (no additives)



sample, but it increased methane production in corn
and grass silage. It is noted that bio-additives lead to
improved energy performance, but this depends on the
agricultural substrates and additives used.

The work published by scientists S. O’'Connor et
al. (2021) confirms that small-scale anaerobic fermen-
tation is a promising renewable energy technology for
agriculture. Bioenergy is profitable due to the possibil-
ity of producing biofertilizers and reducing emissions
into the atmosphere. Issues related to plant design,
energy use, political implications and barriers were
discussed. This study examines the current state of
small-scale anaerobic fermentation technology in Eu-
rope, identifying process flow and performance charac-
teristics, the impact of European Union policies, recent
developments and the challenges they face.

At the same time, S. Cinar et al. (2022) in the
course of their research concluded that process opti-
mization is already a prerequisite for market viability
in all sectors. This statement is also relevant to an-
aerobic fermentation in bio-plants. The benefits of
using renewable energy plants can be extended by
more technologically advanced and less expensive
systems, with the overall goal of minimizing costs and
maximizing process efficiency. With the help of data
science and predictive analytics, traditional methods
of process optimization and operational excellence,
statistical process management can be taken to a
new level. The more perfect the optimization of the
process, the more transparent and more sensitive the
system becomes. In the study, laboratory results were
compared with several separate machine theory pro-
cedures (logistic and linear regression, K-NN, decision
trees, random forests, direct vector machines (SVM
and XGBoost)) to detect and predict a wide range of
possible temperature fluctuations on process stability.
According to measured by the accuracy of the models
calculated according to the principle of the error ma-
trix, SVM provided the best accuracy - 0.93.

Based on the conclusions made as a result of re-
search, it can be said that the problem of producing
biogas from secondary material for energy supply is ur-
gent, that is why the works of international and Ukrain-
ian scientists are dedicated to it. At the same time, the
introduction of innovations to reduce the negative
impact on the environment has not been implement-
ed sufficiently. The methods of waste processing with
electricity generation need to be optimized primarily
at the regional levels. This implies a clearly expressed
need for conducting additional research in this field
and carrying out specific calculations of economic and
environmental benefits from waste processing for the
production of biogas in Ukraine and its regions.

Danylyshyn and Koval

CONCLUSIONS

The main sources of biogas production are products,
plant and animal husbandry waste. As a result of the re-
view, it was established that the problems of the ration-
al use of animal waste were considered in many scien-
tific works, but at the same time, due attention was not
paid to the processing of plant waste, in particular, the
disposal of fallen leaves and dry grass. This confirms
the perspective in the use of biological leaf waste and
the hypothesis that the raw material base itself is not
used enough.

In autumn, an ecological problem in the cities of
Ukraine is the utilization of fallen leaves. The most
common methods of utilization of fallen leaves in
Ukraine are: in the best case, it is unloading solid
household waste at suburban landfills; at worst it is
burning, which leads to atmospheric pollution (pro-
hibited by law). Removal of leaves to landfills requires
significant costs, and when burned, harmful substanc-
es are released (nitrogen oxide, carbon monoxide,
benzopyrene, formaldehydes, and others). That is why
it is appropriate to consider that the most acceptable
solution to the problems with the utilization of fallen
leaf residues is biodestruction under anaerobic condi-
tions. Such a means of processing foliage is not only
environmentally safe, but also economically justified,
because the biogas formed in the process of methane
fermentation can be considered an alternative source
of energy, and fermentation waste can be considered
a valuable biofertilizer.

The analysis of scientific and technical literature
made it possible to determine the main factors affecting
the process of anaerobic fermentation in the production
of biogas from fallen leaves, which requires technolog-
ical improvement of the equipment in order to ensure
the maximum value of the final product and to sub-
stantiate the cost-effective utilization of organic waste
with the production of biogas and organic fertilizers.

Having considered the modern designs of gas biore-
actors, we can conclude that the main criteria for choos-
ing a methane tank for the disposal of fallen leaves are
the possibility of using it in practice, its economic fea-
sibility and the convenience of its maintenance during
operation. To obtain biogas from fallen leaves, the most
optimal design is an egg-shaped bioreactor. Its shape
reduces hydraulic resistance when mixing raw materi-
als and allows you to avoid stagnant areas thanks to
aerodynamic design. Optimizing the technical param-
eters of bioreactors will lead to the maximization of
the amount of biogas from a unit volume of biomass
(foliage) and will increase productivity indicators. Their
formation is influenced by the system of mixing and
heating the substrate. When choosing a mixing system,
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it is necessary to take into account its effect on the rate
of methane formation and the fermentation time of bi-
omass in the methane tank. To reduce the influence of
environmental temperature fluctuations and achieve
thermal stability in methane tanks, you can resort to
thermal insulation of the walls of the bioreactor at the
same time as heating the biomass.

The development of biogas plants in Ukraine is
an important step on the way to sustainable develop-
ment and the use of renewable energy sources. Work is
needed to improve fermentation and gasification pro-
cesses to produce more biogas from different types of
organic matter. Further experiments can be aimed at
optimizing the fermentation conditions, increasing the
efficiency of the reactors and reducing the processing
time. Another important aspect of research is the use of
new types of raw materials. In experiments, it is possi-
ble to develop methods of utilization of various types

focus on the development of effective systems for waste
management and monitoring of gas emissions from bi-
ogas plants, including methods of removing hazardous
substances. It is important to conduct an evaluation
analysis of costs for biogas production and develop
business models and financing strategies. In addition,
such research can contribute to political support and
regulation of the development of biogas plants. Focus-
ing on the development of effective mechanisms will
stimulate development in the biogas industry, in par-
ticular, it will have an impact on tax incentives, support
for government programs and development strategies.
It is expected that these areas of research will con-
tribute to the further development of biogas plants in
Ukraine, providing a sustainable source of energy, re-
ducing greenhouse gas emissions, and promoting the
country’s economic development.

of raw materials, such as agricultural waste, municipal ACKNOWLEDGMENTS
waste and other organic materials. For each raw mate-  None.
rial, it is necessary to determine the optimal conditions
for its transformation into biogas and to investigate CONFLICT OF INTEREST
the effectiveness of this process. It is also possible to  None.
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AHoTauifl. AKTYyanbHiCTb LbOro AOCNIOXKEHHS 3YMOBNEHA TUM, WO 3 POKAaMW TEHAEHLiS NOLWYKY HOBMX BUAIB
CMPOBWHM | TEXHONOTI N9 ix nepepobku B Bioras cTpiMKo 3pocTae. [Jo nepesary oro BUpOOHULTBI CXMNAIOTLCS
He NvLIe B EBPONENCbKMX KpaiHax,a My BCeCBiTHIX MacwTabax.Jns YkpaiHu po3BUTOK iHPPaCTpyKTypu Ta fileTaNnbHe
[OCNIAXKEHHS i€l ranysi 3roqoM cTaHe HeobXiZHUM CTUMYNOM Ans BifOyAOBU €KOHOMIKM B NICNSBOEHHMIA Yac.
MeToto pob60TH € NpOBEAEHHS aHani3y NnoTeHuUiany biomacu onanoro AUCTa Ansg BUpobHMLTBA 6iorasy, BpaxoBytoum
MOXMBOCTI TEXHONOTIYHOrO PO3BUTKY AaHOiI chepu B YKpaiHi. Jns [OCATHEHHS NOCTaBAEHOI METU 3aCTOCOBAHO
Kinbka MeToaiB Ta miaxoniB. 30KkpeMa, 6yno BMBYEHO (i3MKO-XiMi4Hi OCHOBM Mpouecy aHaepobHoro 6pomiHHS
OpraHiku gns oTpuMaHHsa 6iorasy. Takox 3aiMcHIOBanacs po3pobka MaTteMaTMYHOI MoAeni nNpouecy OTpUMaHHS
6iorasy B peakTopi 3 omanoro nAucta. | Ha cam KiHeub, NPOBEAEHO PO3PaXyHOK €KOHOMIiYHOi e(eKTUBHOCTI
3acTtocyBaHHs 6iorasoBoi yCTaHOBKM Ans yTunisauii onanoro nucra B 6Hiopeaktopi. IiLcyMOBYOUYM OCHOBHI
pe3ynbTaTi, MOXHa BUAINUTU pOo3pobKYy MAaTEHTHO 3axXMLLEeHOi KOHCTPYKLIii BiopeakTopa, iHXeHepHOi MeToaMKM
Ta MaTeMATMYHOI MoAeNi po3paxyHKy MeTaHTaHKy Ans BupobHuuTBa Biorasy 3 onanoro aucts. MNepepycim 6yno
npoaHanizoBaHo noTeHuian 6ioMacu POCIMHHOIO MOXOMKEHHS AN BMpOOGHMUTBA Giorasy i ue npueeno ao
BMCHOBKY, L0 3aCTOCYBaHHS OMANIOro NUCTS € NepPCNeKTUBHUM HANPSIMKOM, MpOTe 3HA4YHI NepeBaru BUKOPUCTAHHS
CMPOBMHHOI 6a3m irHopytoTbcsl. OQHIE 3 OCHOBHMX EKONOTiYHMX NPo6aEM YKPATHCbKOI AEPXKABM 3aMLWAETHCS
yTUNi3aLisg onanoro AUCTS Ta iHWOI OpraHikM poOCAMHHOIO NMOXOMXKeHHs. B ToW e yac, npoBefeHe AOCNiIAXKEHHS
NPOAYKYE He NuLle psif, BUPIiLLEeHb LbOro NUTAHHS, a8 M NepeTBOPHE NpobaeMy Ha EKOHOMIYHO BUTIAHE PilleHHS i
HiBE/IOE BCi €KOMOriYHO He BUMMNPaBAaHi MeToan nepepobku

KntouoBi cnoBa: rasronbaep; aHaepobHe 6poaiHHA; OpraHiyHi Biaxoan; CMpoBMHa; biopeakTop
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