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Chemical composition, energy content,
and nutrient digestibility of rye grain in broiler chickens
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Abstract. The development of livestock farming is always associated with the search for new
dietary components that increase feed efficiency or reduce feed costs. The maximum use of regional,
conventional feed in the feeding of farm animals is quite relevant today. Furthermore, certain
feeds, the production of which is accompanied by low greenhouse gas emissions, help reduce the
carbon footprint of the diet as a whole. The purpose of this study was to determine the nutritional
value of rye grain of the modern hybrid KWS Tayo and the digestibility of nutrients in poultry. The
chemical composition of grain, digestibility of nutrients in broiler chickens, and total energy content
were investigated. The chemical composition of feed, compound feed, and litter was determined
according to the Wende method. Nutrient digestibility studies were conducted on broiler chickens
of the ROSS-308 cross. For the physiological experiment, 5 chickens aged 22 days were selected.
The experiment was carried out using a complex method, by replacing part of the basic diet. The
experiment consisted of 2 parts. In the first experiment, the nutrient digestibility of the main diet
was determined - compound feed containing 5% rye grain; in the second, the main diet with an
additional 5% rye grain was used. The calculation was made on the assumption that the digestibility
of nutrients in the main diet was the same in both experiments. The compound feed was balanced
according to the recommendations of the cross developer. The energy content of rye grain was
calculated in J of metabolisable energy by the regression equation, based on the data on the content
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Chemical composition, energy content...

of digestible protein, fat, fibre, and NFES determined in the physiological experiment. The average
dry matter content of the rye samples was 87.4%. The content of the main nutrients in the grain of
natural moisture was as follows: crude protein - 8.87 £ 0.484%; crude fat - 1.63£0.105%; NFES -
73.95%0.494%, and crude ash - 0.53%0.109%. The nutrient digestibility of rye grain was as follows:
crude protein - 76%,; crude fat - 82%, crude fibre — 8%; NFES - 81% and organic matter - 78%. The
total energy value of rye grain was 12.420£0.2573 MJ/kg of metabolic energy for poultry. Nutritionists
can use the nutritional and nutrient digestibility data of rye grain to develop practical recipes for

poultry compound feed
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Introduction

The development of livestock farming is always
associated with the search for new dietary com-
ponents that increase feed efficiency or reduce
feed costs. The maximum use of regional, conven-
tional feed in the feeding of farm animals is quite
relevant today. Chernozem soils cover up to 60%
of Ukraine’s territory. Sod-podzolic soils, which
are found mainly in Polissia and contain up to
1.5% humus, are quite common. Grey forest soils
in the southern part of Polissia and in the west
and right bank of Ukraine also contain low hu-
mus content of up to 3% (Raza et al., 2019). Oats
and rye are conventional cereals that provide
high yields under the prevailing soil and climat-
ic conditions. Oats are a fairly conventional crop,
but the situation with the use of rye in livestock
feeding requires additional scientific research in
Ukraine. Due to the rising cost of logistics, the
existing local raw material base should be used
as much as possible in feeding. The use of rye
grain in livestock feeding will help reduce the
carbon footprint of diets and the cost of logistics
of feed components in conventional areas of its
cultivation, as well as stimulate the development
of livestock production.

According to the International Feed Industry
Federation (n.d.), cereals, mainly maize, wheat,
and sorghum, are the main components of poul-
try diets. Together with protein components, they
form the basis of compound feed and meet the
poultry’s needs for essential nutrients and en-
ergy. The issue of using cheap local energy and

protein sources is now very acute, as livestock
production is expected to increase by 60% by
2050 amid population growth.

To meet the need for feed, a considerable
number of alternative energy sources are be-
ing researched, including wheat, barley, and rye.
D. Bederska-tojewska et al. (2017) found that rye
(Secale cereale) is resistant to fungal diseases, has
a high tolerance to low temperatures, drought,
and soil acidity, and provides high yields.

R. Lazaro et al. (2004) recognised rye as one
of the crops with the most negative impact on
performance when fed to poultry. The high con-
centration of soluble non-structural polysac-
charides in rye increases the viscosity of feed
masses in the gastrointestinal tract. Rye contains
non-starchy polysaccharides, which leads to a de-
crease in the absorption of nutrients in the diet.
This is conditioned by the fact that poultry have
few or no endogenous enzymes capable of hydro-
lysing these non-starch polysaccharides. J.D. La-
torre et al. (2014) found that exogenous carbo-
hydrates are used as feed additives to reduce the
negative effects of polysaccharides. D. Boros &
M.R. Bedford (1999) showed that the nutritional
value of rye for broiler chickens can be improved
by breeding and growing rye varieties and hybrids
with lower levels of anti-nutrients and by select-
ing suitable feed enzymes that can hydrolyse and
reduce the viscosity of feed in the gastrointestinal
tract and increase nutrient absorption. The work
of breeders E. Makarska et al. (2007) focuses on
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the development of new rye varieties and hybrids
with reduced concentrations of antinutrients.
They achieved reductions in alkylresorcinols,
trypsin inhibitors, and ergot damage.

According to the findings of A. Arczews-
ka-Wlosek et al. (2019), modern rye hybrids can
be used at the level of 20% of the diet of broiler
chickens aged 22 to 42 days of life, without any
negative impact on growth performance. The ad-
ditional use of enzyme additives (xylanase) has
a positive effect on live weight gain and feed
digestibility in chickens aged 1 to 21 days. Fur-
thermore, according to L. Riedesel et al. (2022),
rye is characterised by a low carbon footprint, and
breeding in recent years has reduced this figure
by 13-23% (rye is 8% lower than wheat).

Many researchers are investigating the effec-
tiveness of feeding different levels of rye grain in
broiler diets and their impact on growth and de-
velopment.The effectiveness of feed additives and
their impact on the gastrointestinal tract of poul-
try are widely covered. Therewith, little is known
about the digestibility of various components
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of rye without the use of enzymes. This will allow
for a better understanding of the selection of the
best set of enzymes when formulating diets for
broiler feeding, as well as assessing the effective-
ness of their use in the future. Thus, the study of
the digestibility of rye grain nutrients in broiler
chickens is quite relevant.

The purpose of this study was to determine
the nutritional value of rye grain of the modern
hybrid KWS Tayo and the digestibility of nutri-
ents in poultry.

Materials and Methods
Studies of the chemical composition and digest-
ibility of nutrients of rye grain of the KWS Tayo
hybrid were conducted in 2023-2024 in the re-
search laboratory of feed additives of the PD. Ps-
henychnyi Department of Animal Nutrition and
Feed Technology of the National University of Life
and Environmental Sciences of Ukraine in physi-
ological experiments on broiler chickens of the
ROSS-308 cross, using a complex method, by re-
placing part of the main diet (Table 1).

Table 1. Scheme of physiological experiment to determine
the digestibility of rye grain nutrients in broiler chickens

Experiment Feeding Experimental periods Age, days
preparatory 22-25
first BR
accounting 26-30
transitional 31-33
second 95% BR + 5% rye grain preparatory 34-37
accounting 38-42

Note: BR - basic ration (compound feed including 5% rye grain)

Source: developed by the authors of this study

All experimental studies were conducted fol-
lowing the modern methodological approaches
and corresponding requirements and standards
that follow DSTU ISO/IEC 17025:2005 (2006). The
animals were kept and all manipulations were
performed following the provisions of the Proce-
dure for conducting experiments and experiments
on animals by scientific institutions (European

convention for the protection of vertebrate ani-
mals..., 1986; Law of Ukraine No. 249, 2012).

The physiological experiment was conduct-
ed on 5 broiler chickens aged 22-42 days. The
chickens were kept in individual cages. The area
per head was 0.2 m?, the feeding front was 25 cm,
and the watering front was 3 cm. The experiment
consisted of 2 parts. In the first experiment, the
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nutrient digestibility of the main diet was deter-
mined - compound feed containing 5% rye grain;
in the second, the main diet with an additional
5% rye grain was used.

Each experiment consisted of a preparatory
and a main period. During the preparatory peri-
od of the experiment, the chickens were accus-
tomed to the consumption of the test feed and
new housing conditions, and the level of feed
consumption was established. During the ac-
counting period, careful records were kept of the
feed consumed by each animal, its residues, and
the litter produced. The litter was collected from
each animal separately in a corresponding con-
tainer, weighed, and the samples were stored in
glass jars, preserved with hydrochloric acid solu-
tion. Every day, samples of the feed and food con-
sumed were taken into jars stored in the refrig-
erator. Between the first and second experiments,
a 3-day transition period was introduced, during
which the feed intake of the second experiment
was checked. The nutrient digestibility of rye
grains was calculated using two experiments.
The calculation was made on the assumption
that the digestibility of nutrients in the main diet
was the same in both experiments.

The chemical composition of the compound
feed was determined according to the Wende
method. Laboratory analyses of feed and litter
were performed according to current method-
ologies that follow Commission Regulation (EC)
No. 152/2009 (2009) laying down methods of

sampling and laboratory testing for official feed
control. Dry matter was determined by drying in
an oven, total moisture - at 65 * 2 °C, hygroscopic
moisture — at 103 * 2 °C, using a Labexpert 3030
drying oven (Ukraine). The following was deter-
mined in dry matter:

» Crude ash - by burning the sample in a muf-
fle furnace at 550 * 20 °C.A muffle furnace SNOL-
8.2/1100 (Lithuania) was used for combustion.

» Nitrogen was determined according to the
Kjeldahl method. Gerhardt Turbotherm TT-625
(Germany) was used for ashing the feed, and Ger-
hardt Vapodest 300 (Germany) was used for dis-
tillation. Nitrogen was converted to crude protein
by multiplying by a factor of 6.25. Urine nitrogen
was separated from faecal nitrogen using the
Dyakov method.

» Crude fat was determined according to the
Soxhlet method using Gerhardt Soxtherm SOX 412
(Germany). Diethyl ether was used as an extractant.

» Crude fibre was determined according to
the Henniberg and Stoeman method by washing
the sample in dilute sulphuric acid and potassium
hydroxide using the Gerhardt FibreBag-System
FBS6 (Germany).

> Nitrogen-free extractables were deter-
mined by calculating the difference between the
organic matter content and the sum of crude pro-
tein, crude fat, and crude fibre.

In the first experiment, the nutrient digesti-
bility of the base compound feed was determined,
the composition of which is presented in Table 2.

Table 2. Composition of basic compound feed for experimental broiler chickens, %

Component Content
Rye grain (hybrid KWS Tayo) 5.00
Wheat grain 32.00
Maize grain 30.15
Soybean cake 19.00
Meat meal 12.00
Table salt 0.16
Limestone 0.40
DL-methionine for feed 0.29
Premix* 1.00

Note: the premix contained capillary wormwood (Artemisia capillaris) powder (Ibatullin et al., 2022)

Source: developed by the authors of this study
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In the second experiment, chickens were fed a
diet consisting of 95 parts of base compound feed
and 5 parts of rye grain. The chemical composi-
tion and nutritional value of the compound feed
is presented in Table 3. The compound feed was
balanced according to the recommendations of the
cross developer. The diets of experiments 1 and 2
differed in nutritional value by = 1.83%.The energy
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content of rye grains was calculated in J of meta-
bolic energy using the regression equation, based
on the data on the content of digestible protein,
fat, fibre, and nitrogen-free extractive substances
(NFES) determined in the physiological experiment:

ME = (17.84 dP + 39.78 dF + 17.71 dF +

+17.71 ANFES) x 10°. (1)

Table 3. Nutritional value of 100 g of compound feed
for broiler chickens in the first and second experiments

Indicator First experiment Second experiment
Metabolic energy, MJ 1.300 1.235
Crude protein, g 20.65 20.06
Crude fat, g 4.56 4.41
Crude fibre, g 2.62 2.61
Nitrogen-free extractive substances, g 58.64 59.42
Calcium, g 0.91 0.86
Phosphorus, g 0.64 0.63
Sodium, g 0.26 0.24
Lysine, g 1.06 1.03
Methionine + cystine, g 0.83 0.80
Tryptophan, g 0.22 0.21

Source: developed by the authors of this study

The biometric processing of the data ob-
tained during the study was performed using
MS Excel 2013 software with built-in statis-
tical functions. The results are presented as
mean * standard deviation (x * SD). Differences
between groups of birds were calculated using

the t-test. The following significance levels were
used for the study: p < 0.05,0.01, and 0.001.

Results and Discussion
The results of the study of the chemical composi-
tion of rye grain are presented in Table 4.

Table 4. Chemical composition of rye grain

Content, %

Indicator
in the dry matter of the feed in terms of natural humidity
Water 12.56 + 0.456
Dry matter 100 87.44 + 0.456
Crude protein 10.14 £ 0.581 8.87 £ 0.484
Crude fat 1.86+0.112 1.63+0.105
Crude fibre 2.82+0.252 2.47 +0.231
Nitrogen-free extractives 84.57 +0.437 73.95+0.494
Crude ash 0.60 £ 0.122 0.53 £0.109

Source: developed by the authors of this study
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The average dry matter content of the rye
samples was 874 g/kg, and the moisture con-
tent was 126 g/kg. The crude protein content
was 101.4 g/kg in dry matter and 88.7 g/kg in
natural moisture feed. M. Nilsson et al. (1997)
obtained an analogous crude protein content in
rye grain - 87 g/kg. However, most researchers
report 3-35% more crude protein compared to
the results obtained in the laboratory. Thus, in
the feed nutrition guide for the Polissia Zone of
Ukraine, the crude protein content of rye grain
is 91 g/kg, which is 2.6% higher (Karpus et
al., 1994). For the natural and climatic zone of
the Forest-Steppe of Ukraine, the crude pro-
tein content is 102 g/kg, which is 15.0% higher
(Karpus et al., 1995). For the Steppe zone, this
figure is 117 g/kg, which is 31.9% higher than
the data obtained in this experiment (Karpus et
al., 1993). 1. Ibatullin & O.M. Zhukorskyi (2016)
indicate a possible fluctuation in crude protein
content from 90 to 110 g/kg with an average in
Ukraine of 98 g/kg, but this figure also exceeds
the one obtained in the experiment by 10.5%.
Comparable data were obtained in studies of
rye grain by D. Boros et al. (1995) and T. Anto-
niou & R.R. Marquardt (1981), where the crude
protein content ranged within 94-99 g/kg. Some-
what higher values of crude protein content in
rye grain were obtained by American scientists
M.E. Ensminger et al. (1990) and M.H. Jurgens &
K.Bregendahl (2007) - within 120 g/kg, which is
35% higher than the value obtained in this study.

The study of crude fat in rye grain showed its
content of 18.6 g/kg dry matter and 16.3 g/kg nat-
ural moisture. The crude fat content of rye in the
Polissia zone of Ukraine is 27 g/kg, which is 65%
higher (Karpus et al., 1994). In the Forest-Steppe
zone, researchers report a slightly lower fat con-
tent of 15 g/kg (Karpus et al., 1995). A comparable
figure for rye was obtained in the Steppe zone of

Ukraine - 16 g/kg (Karpus et al., 1993). Research-
ers from the USA M.E. Ensminger et al. (1990) and
M.H. Jurgens & K. Bregendahl (2007) report the
same crude fat content in rye grain as in the For-
est-Steppe zone of Ukraine - 15 g/kg. I. Ibatullin
& O.M. Zhukorskyi (2016) indicate a possible
crude fat content of up to 29.9 g/kg.

The crude fibre content of the natural mois-
ture feed was 25 g/kg. This figure was slightly
lower than previously published feed chemical
composition data. In the Polissia zone of Ukraine,
this figure was 34 g/kg, or 36% higher (Karpus et
al., 1994). In the Forest-Steppe zone of Ukraine,
the crude fibre content is reported to be 45 g/
kg, which is 80% higher than the research data
(Karpus et al., 1995). For the Steppe zone, the fig-
ure is 28% higher - 32 g/kg (Karpus et al., 1993).
I. Ibatullin & M.O. Zhukorskyi (2016) provide
data on the possible crude fibre content in feed
ranging within 20-47 g/kg, with the average for
Ukraine being 33.7 g/kg. Researchers from the
USA M.H. Jurgens & K. Bregendahl (2007) cite a
fibre content of 22 g/kg.

The studied rye grain samples contained
739.5 g/kg of nitrogen-free extractive substanc-
es. This indicator corresponded to the highest
possible values for Ukraine (Ibatullin & Zhukor-
skyi, 2016). However, the analysis of most of the
data shows that the figure is 5-9% higher than
the existing data. Thus, for the Polissia zone it is
675 g/kg, for the Forest-Steppe - 681 g/kg, and for
the Steppe - 676 g/kg (Karpus et al., 1993; 1994;
1995). Other researchers cite a slightly higher
value of nitrogen-free extractive substances pre-
viously published for Ukraine, but lower than the
one obtained by the laboratory - 700 g/kg (Ens-
minger et al., 1990; Jurgens & Bregendahl, 2007).

The results of the study of nutrient digesti-
bility of rye grains and the calculated digestibility
coefficients are presented in Table 5.

Table 5. Nutrient digestibility coefficients of rye grain, %
Experimental animal No.

Nutrient
1 2

x+SD
3 4 5

Crude protein 77.96 76.09

75.44 75.72 74.40 7592+ 1.164
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Table 5. Continued

Experimental animal No.

Nutrient x + SD
1 2 3 4 5
Crude fat 85.90 84.96 80.58 79.93 79.08 82.09 +2.782
Crude fibre 13.82 8.59 8.73 6.47 4.01 8.33+3.240
Nitrogen-free 83.40 81.28 80.71 78.97 80.52 80.98 + 1.432
extractives
Organic matter 79.91 78.04 77.19 76.09 76.59 77.56 +1.342

Source: developed by the authors of this study

Crude protein digestibility averaged
75.92%. The fluctuations in the index among
the experimental broiler chickens ranged with-
in 74.40-77.96%. There is a limited amount of
data in the literature on the digestibility of rye
nutrients for poultry, but I. Ibatullin et al. (2015)
reported a slightly lower crude protein digesti-
bility of 69%. Comparing the data obtained with
the experiments conducted on monogastric an-
imals, such as pigs, the digestibility coefficients
of crude rye protein range within 80-82% (Kar-
pus et al., 1993; 1994; 1995). M. Ensminger et
al. (1990) reported a comparable crude protein

digestibility rate in pigs of 76%. The digestibil-
ity of crude fat averaged 82.09%, crude fibre -
8.33%, and nitrogen-free extractive substanc-
es - 80.98%. The data differ slightly from the
digestibility coefficients for rye grain reported
in the literature. I. Ibatullin et al. (2015) report
crude fat digestibility coefficients of 25%, which
is 57% lower, crude fibre digestibility of 3%,
which is 5% lower, and nitrogen-free extractive
substances of 85%, which is 3% higher than the
data obtained.

The results of calculating the energy value of
rye grain are presented in Table 6.

Table 6. Energy content of rye grain, MJ of metabolisable energy

Chemical Energy content, MJ
Nutrient composition, x +SD
g/kg 1 3 4 5

Crude protein 88.93 1237 1207 1197 1201 1180  1.205 +0.0206

Crude fat 16.29 0557 0551 0522 0518 0512  0.532+0.0202

Crude fibre 2473 0061 0038 0038 0028 0018 0.036+0.0159

Nitrogen-free 742.40 10.965 10.687 10.612 10.383 10.587 10.647 +0.2107
extractives

Total energy content, 12.819 12482 12369 12131 12297 12.420+0.2573

MJ

Source: developed by the authors of this study

The total energy value of the rye grain was
12,420 MJ of metabolisable energy. The largest
share of rye energy was provided by easily digest-
ible carbohydrates of nitrogen-free extractive
substances - 10,647 MJ, which was 85.7%. Crude

protein energy accounted for 9.70%, or 1,205 MJ.

Crude fat accounted for only 4.28%. Considering

the low digestibility of raw fibre, it accounted for
only 0.32%.

The total energy value of rye grain calculat-
ed from the nutrient digestibility data obtained
in these experiments differs slightly from that
of other researchers. M. Ensminger et al. (1990)
reported a 10.6% lower metabolisable energy
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content for poultry in rye grain - 11.099 MJ/kg.
M.Jurgens & K. Bregendahl, (2007) noted energy
value of rye grain for poultry comparable to the
findings of previous researchers — 11.103 MJ/kg.
I. Ibatullin & O.M. Zhukorskyi (2016) report fluc-
tuations in the energy value of rye grain with-
in 11.34-14.22 MJ/kg, with an average value of
13.85 MJ in Ukraine, which is 12% higher than
the data obtained.

Thus, the analysis of the chemical composi-
tion of a modern rye hybrid, its energy value, and
nutrient digestibility allows revising the previ-
ously existing standards for its introduction into
animal diets and compound feed. Lower crude
fibre levels by 28-80% compared to previously
published data, and low alkylresorcinols in mod-
ern rye hybrids (Milczarek et al., 2020; Janisze-
wski et al., 2021; Grabinski et al., 2021) require
further investigation.

The results of the chemical composition of
rye grain showed that the content of the main
nutrients, such as crude protein, crude fat, and
crude fibre was lower than in the literature. The
largest deviations were recorded in crude fibre
content, which is 28-80% lower than previously
published data, which may affect animal diets.
The nutrient digestibility analysis confirmed that
rye grain has good protein and carbohydrate di-
gestibility, but low fibre digestibility. The findings
underline the need to revise the standards for rye
grain inclusion in animal diets.

Conclusions
The data on the chemical composition, energy
value, and digestibility of nutrients of rye grain
of the hybrid KWS Tayo in broiler chickens were
obtained. 1 kg of rye grain contained: water -
12.56 = 0.456%; dry matter — 87.44 £ 0.456%;
crude protein - 8.87 * 0.484%; crude fat -
1.63+0.105%; crude fibre - 2.47%0.231%; nitro-
gen-free extractive substances - 73.95*0.494%,
and crude ash - 0.53 £ 0.109%. The nutrient

digestibility of rye grain was as follows: crude
protein - 76%; crude fat - 82%; crude fibre - 8%;
nitrogen-free extractive substances - 81%; and
organic matter - 78%. The total energy value of
rye grain was 12.420 MJ/kg of metabolisable en-
ergy for poultry. The obtained data on the chem-
ical composition, energy value, and digestibility
of nutrients of modern rye hybrid grain will be
the basis for further research on the maximum
levels of inclusion in poultry compound feed. Re-
search also needs to be conducted on the impact
of rye grain on the carbon footprint of broiler
chicken compound feed.

The obtained findings confirm the possibility
of using rye grain as an effective component of
diets for broiler chickens, which has a significant
potential in meeting their energy needs. Howev-
er, the low digestibility of crude fibre can limit
the share of rye in compound feed, especially for
young poultry. The study also points to the need
for more experiments on combining rye with oth-
er feed ingredients and enzyme preparations to
ensure the best balance of nutrients. Specifically,
this applies to determining the optimum levels
of rye inclusion in diets depending on the age
group of the poultry and the conditions of hous-
ing. Further research is needed to determine the
maximum and effective levels of this component
in broiler chicken compound feed, at different
age periods, in combination with enzyme prepa-
rations, their impact on productivity, product
quality, feed consumption and costs, production
efficiency, and carbon footprint of diets.
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XimiuHui cKnap, eHepreTUYHa NOXXUBHICTb
Ta NnepeTpaBHICTb NOXXUBHMX PEYOBUH 3ePHa XXUTa y Kyp4yaT-6poinepis
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AHoTauifA. Po3BMTOK TBapMHHMLTBA 3aBXAM MOBM3YETHCA 3 MOLYKOM HOBMX KOMMOHEHTIB PaLlioHy,
AKi MigBULLYIOTb ePeKTUBHICTb rofiBni, abo 3HWMXKYKTb BapTiCTb KOpMY. MakcMManbHe BUKOPUCTAHHS
perioHanbHUX, TpPaaULLIMHUX KOPMIB B FOAiBII CilbCbKOrOCNOAAPCbKUX TBAPUH € [OCUTb aKTyalbHUM B HaLl
yac. Kpim Toro, okpeMi KopMu, BUPOBHMLTBO SIKUX CYNPOBOAXKYETLCS HEBUCOKMMU BUKMAAMMU MAPHUKOBUX
rasis y atMmocgepy cnpusioTb 3HUKEHHIO KAPHOHOBOrO CAiay paLioHy B LinoMy. MeToto AocnigkeHb byno
BM3HAUYUTM NOXMBHICTb 3€pHa XMTa cydacHoro riopuay KBC Talio Ta nepeTpaBHiCcTb NOXUBHUX PEYOBUH
y ntvui. JocnifxeHo XiMiYHUMIA cKnag 3epHa, NepeTpaBHiICTb NOXMBHUX PEYOBUMH Y KypyaT-bpoiinepis,
po3paxoBaHa 3arasibHa eHepreTMyHa MOXMBHICTb. BU3HauYeHHS XiMiYHOro ckiafy KopMiB, KOMBiKOpMIB
Ta nocnigy nposoamnu metonom Benpe. [locnifxeHHs nepeTpaBHOCTI MOXMBHUX PEYOBWMH MPOBOAMIM
Ha KypuyaTtax-bpoinepax kpocy «POCC-308». ins disionoriyHoro gocnigy 6yno BigibpaHo 5 kypuat
BikoM 22 pobwu. [locnia npoBoAunM CKNagHUM MeTOAOM, LWSXOM 3aMiHW YaCTMHU OCHOBHOTO PaLLioHY.
Hocnin cknapascs i3 2 yacTuH. Y nepwioMy AO0CAiAi BM3HAYaNM NepeTpaBHICTb MOXMBHUX PEYOBMUH
OCHOBHOrO paLioHy — KOMBIKOpMY 40 SIKOro BXOAMNO 5 % 3epHa XuTa; y ApYyroMy — OCHOBHOTO paLioHy
3 BBEAEHHAM [04aTKOBO 5 % 3epHa »uTa. Po3paxyHoK BiBCS 3 YMOBOL, LLO NEpPEeTPaBHICTb NOXUBHUX
pe4yoBMH OCHOBHOIO paLioHy Mig Yac obox pocnigis 6yna ogHakosot. Kombikopmu 6ynm 36anaHcoBaHi
3a pekoMeHAauissMu po3pobHMKa Kpocy. EHepreTuyHy NOXMBHICTb 3epHa XuTa po3paxoByBanu y [k
00OMiHHOI eHeprii 3a piBHSHHAM perpecii, 33 AaHUMUM BMICTy NepeTpaBHUX NPOTEiHY, XKM1PY, KNiTKOBUHM Ta
BEP, BU3HaueHuMu y disionoriyHomy pocnigi. CepenHiii BMICT Cyxoi pe4oBUHM Y AOCNIAHMX 3pa3KaX XKUTa
ctaHoBuB 87,4 %. BMiCT OCHOBHMX NOXMBHUX PEYOBWH Yy 3€pHi HaTypasbHOI BONOrocCTi ByB HacTynHWUM
cuporo npoteiHy — 8,87 £ 0,484 %; cuporo »xupy - 1,63 0,105 %; BEP - 73,95 £ 0,494 % Ta cupoi
30im - 0,530,109 %. [NepeTpaBHICTb NOXMBHMUX PEYOBMH 3€PHA XWUTA CKNaJana: CMporo npoTeiHy -
76 %; cuporo xupy - 82 %, cupoi knitkoBuHu - 8 %; BEP — 81 % Ta opraHiyHoi pe4yoBuHu - 78 %.
3aranbHa eHepreTMYHa LiHHICTb 3epHa uTa cknana — 12,420 £0,2573 M[x/kr o6MiHHOI eHeprii ons
nTuui. JaHi NOXMBHOCTI i NepeTpaBHOCTI NOXMBHUX PEYOBMH 3€PHA XWUTa MOXYTb BUKOPUCTOBYBATUCh
HYTPMLIOHICTaMM 33 CKNaAaHHS NPAaKTUYHUX peLenTiB KOMBIKOpMIB ans NTuui

KniouoBi cnoBa: rogisnsg; nTMUA; KOMMNOHEHTUM KOMOIKOPMIB; KapOOHOBWMI cCnifl; epeKTUBHICTb
BMKOPUCTaHHSI KOpMY

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4

U

198


https://orcid.org/0009-0005-0237-7009
https://orcid.org/0000-0003-0961-6613

i Received 28.02.2024 Revised 30.05.2024 Accepted 26.06.2024

11 ”‘;“’ ] h
Repor Scientific Reports of the National University

of Life and Environmental Sciences of Ukraine

Ah Journal homepage: https://scireports.com.ua/en

UDC635.21:631.526.3:631.56 DOI: 10.31548/dopovidi/3.2024.20

ific

Vol. 20, No. 4
2024

Suitability of potato tubers of different varieties for processing

Oksana Zavadska*

PhD in Agricultural Sciences, Associate Professor

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-5409-0115

Natalia lliuk

PhD in Agricultural Sciences

Open University of Human Development “Ukraine”

03115, 23 Lvivska Str., Kyiv, Ukraine
https://orcid.org/0000-0002-3296-4790

Alla Ivanytska

Senior Researcher

Ukrainian Institute of Plant Variety Expertise

03041, 15 Horikhuvatskyi Shlyakh, Kyiv, Ukraine
http://orcid.org/0000-0003-3987-4728

Svitlana Semenenko

PhD, Researcher

Institute of Vegetable and Melon Growing of the National Academy of Agrarian Sciences of Ukraine
62478, 1 Institutskaya Str., Selektsiyne village, Kharkiv region, Ukraine
https://orcid.org/0000-0002-6606-1151

Volodymyr Mykhailyn

PhD in Agricultural Sciences

Institute of Vegetable and Melon Growing of the National Academy of Agrarian Sciences of Ukraine
62478, 1 Institutskaya Str., Selektsiyne village, Kharkiv region, Ukraine
https://orcid.org/0000-0002-0819-022X

Abstract. Drying is one of the most common ways to process potato tubers. To produce high-quality
dried products, the quality of raw materials is crucial, and it depends on the varietal characteristics. The
purpose of this study was to investigate the suitability of potato tubers of five varieties for convective
drying without blanching. The study employed the experimental method according to the developed
research scheme, the laboratory method was used to determine the organoleptic, morphological, and
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biochemical quality indicators of fresh tubers and dry products, and the statistical method was used
to process the research results mathematically. It was found that tubers of the Povin variety contained
the greatest amount of dry matter and starch (24.6% and 18.4%, respectively), while vitamin C was
found in Sante and Povin (over 11 mg%). The lowest amount of sugars was accumulated in the tubers
of the Koroleva Anna variety - 0.32%. It was found that with an increase in the dry matter content of
tubers, the starch content increases substantially (r=0.98), and the sugar content significantly affects
the degree of darkening of dry products (r=0.74). The nitrate content of tubers of all varieties did not
exceed the maximum permissible concentration. It was found that when potato tubers are used for
convective drying, 17.1-24.5% of dry products can be obtained and 4.1-5.8 kg of prepared raw materials
can be consumed. The dry matter content of the tubers and the amount of waste substantially affect
the yield of the finished product. The most suitable for convective drying without blanching are the
Koroleva Anna tubers, which provide a 24.5% yield of finished products with a tasting score of 5 on a
5-point scale. When using other varieties of tubers for convection drying, blanching or other methods
should first be used to stabilise the colour. The materials of this study are of practical value for vegetable
growers, breeders, and specialists of processing enterprises when choosing a potato variety for drying

Keywords: varietal characteristics; quality; tasting; darkening; drying; dry products

Introduction
Potato tubers, due to their high content of valua-
ble compounds for consumers, their cost-effective-
ness,and versatility,are of great global importance
for food security. Ukraine is one of the world’s
five largest potato producers, growing 20-22 mil-
lion tonnes of tubers annually. The breakdown of
the tubers harvested is as follows: consumption
by households is 33% (6.1 million tonnes); use for
feed purposes is 20% (3.8 million tonnes); seeds
are 27% (5 million tonnes); and processing is
1.0%. The number of fast-food outlets has grown
considerably in Ukraine. In addition, due to Rus-
sia’s aggression and frequent power cuts, demand
for convenience foods, including dry mashed po-
tatoes, has increased. Most potato products (over
90%) are imported. Only the creation of high-qual-
ity domestic products will help to displace import-
ed products. Furthermore, the production of potato
products will provide value-added products, filling
the budgets of local communities and the coun-
try as a whole, which is important in the post-war
reconstruction. Selecting potato varieties suitable
for a particular processing method will not only
guarantee quality products, but also reduce pro-
duction costs (Davydenko et al., 2020). According

to H. Campos & O. Ortiz (2020), the versatility of
potato tubers is determined by the content of a
significant number of biochemical parameters.
They accumulate about 26% of dry matter, of which
80-85% is starch and almost 3% is protein. Tuber
carbohydrates are a valuable source of energy for
the human body, while the protein is equivalent in
quality to that of milk, eggs, and beef, and is supe-
rior to that of cereals, soybeans,and beans.M.M. Is-
lam et al. (2022) note that the dry matter, starch,
and reduced sugars content of tubers are crucial
for the production of quality potato products.
Drying tubers is a relevant area of their pro-
cessing. According to S. Chikpah et al. (2022), this
is the way to preserve the biological valuable
elements contained in fresh raw materials. Since
the drying process removes free and some bound
moisture, dry products are a stabilised concen-
trate of nutrients that can be easily transported
and stored for a long time. In addition, the dry
products do not contain any artificial or chemi-
cal preservatives, dyes, flavours, and after a short
soak, they restore their properties. Dried tubers
are used to produce dry mashed potatoes, chips,
flakes, as additives for bakery products, etc.
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There are many common points in the pro-
duction technology of dried products. Specifically,
both our long-term research and the studies of
scientists from other countries have confirmed
that their quality will significantly depend on the
quality of raw materials, which is primarily deter-
mined by varietal characteristics, the content and
ratio of macro- and microelements, drying meth-
ods, etc. O. Zavadska et al. (2020) found that one
of the most common, cost-effective methods of
drying vegetables, including potato tubers, is the
convective method, which uses heated air. The
quality and yield of dry products in convection
drying depends primarily on the air temperature
and the thickness of the cut pieces.

The most common defects in raw and pro-
cessed tubers include darkening of the flesh. It is
the appearance of food that affects commercial
competitiveness and decisions about the suitabil-
ity of its consumption. Furthermore, darkening of
tubers can lead to a decrease in their nutrition-
al and biological value. Scientists from different
countries are investigating the causes of tuber
flesh darkening and suggesting solutions to pre-
vent it. Thus, S. Gunko et al. (2023) found a direct
correlation between potassium content and the
degree of darkening of potato tubers, namely, with
an increase in potassium content in tubers, their
resistance to darkening during heat treatment in-
creases. Furthermore, the researchers argue that
the ability to accumulate minerals in tubers is
considerably influenced by varietal characteristics.

E. Wszelaczynska et al. (2023) note that the
tendency to darkening of tubers increases signif-
icantly due to stress factors arising during their
cultivation and storage. Long-term storage leads
to a 22% increase in total sugars and a 49% in-
crease in reducing sugars. As noted by R. Hus-
sain et al. (2022), it is the increase in the content
of inverted sugars, including glucose, in tubers
during their heat treatment (drying) that causes
darkening of their flesh due to the appearance of
dark-coloured melanoidins as a result of the re-
action of sugars with amino acids. The conversion
of starch to glucose also occurs during storage at

low temperatures. A. Amjad et al. (2019) believe
that the deterioration of tuber quality and an in-
crease in the tendency to darkening is caused by
non-compliance with the recommended temper-
ature and humidity conditions during storage. The
colour change of raw and cooked potatoes is also
substantially affected by the temperature and
duration of heat treatment (Syabana et al., 2022).

To prevent colour changes or to obtain tubers
that are more resistant to darkening, research-
ers suggest using biostimulants and hydrogels,
which will reduce the effects of stress factors dur-
ing plant cultivation. G. Bobo-Garcia et al. (2020)
note that the main enzyme regulating the tuber
darkening is polyphenol oxidase. To reduce its ac-
tivity, the researchers suggest using a variety of
substances: chelating agents, inhibitors, natural
extracts, and physical treatment.

Thus, darkening of the flesh of potato tubers
is one of the key problems affecting the quality,
nutritional value, and profitability of potato prod-
ucts. Therefore, the search for ways to solve this
problem is relevant. Before drying, blanching of
tubers is often used to prevent darkening of the
finished product, but it leads to partial leaching
and loss of nutrients and additional energy con-
sumption, which increases production costs.

The purpose of this studywas to investigate the
suitability of potato tubers of different varieties for
drying without additional processing. To fulfil the
stated purpose, the tasks were identified as follows:

> to assess the quality of freshly harvested
tubers and predict their suitability for processing;

» to determine the amount of waste in pre-
paring tubers for drying and the yield of dried
products;

» to assess the quality of dried products and
the resistance of tubers to darkening without
blanching before drying.

Materials and Methods
The study was conducted in 2022-2023. To ful-
fil the purpose and complete the objectives of
the study, five potato varieties that are common
in production were selected, namely: Svitanok
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Kyivskyi, Koroleva Anna, Povin, Sante, and Tsyhan-
ka. The Ukrainian variety Svitanok Kyivskyi, listed
in the Register of Plant Varieties and recommend-
ed for the Polissia zone (State register of plant
varieties..., 2020), was used as a control.

The economic, biological, and organoleptic
analyses of potato tubers were performed in the
scientific and educational laboratory of the Prof.
B.V. Lesyk Department of Technology of Storage,
Processing, and Standardisation of Crop Produc-
tion of the National University of Life and En-
vironmental Sciences of Ukraine according to
generally accepted methods (Skaletska & Podpry-
atov, 2014). Freshly harvested tubers were evalu-
ated for the content of the main biochemical pa-
rameters. Specifically, the dry matter content was
determined by drying to a constant weight in an

Zavadska et al.

oven, starch - by specific weight, total sugars - by
the cyanamide method, and vitamin C- by using a
2,6 dichlorophenolindophenol solution. A nitrate
tester was used to determine the nitrate content.

To evaluate the suitability of potato tubers for
drying, average samples of each variety weigh-
ing 4 kg were selected. Preparation of tubers for
processing included weighing them, thoroughly
washing, cleaning, and re-weighing (the differ-
ence was used to determine the amount of waste).
The prepared tubers were cut into identical slic-
es no more than 0.5 cm thick, evenly placed on
the trays of a convective dryer DEXDFD-510P (TM
DEX, DEXkee Elec-Technology Co. LTD, China) and
loaded into the dryer chamber preheated to 60 °C
(Fig.1).Therawmaterials were dried untiltheywere
ready, which was determined organoleptically.

Figure 1. General view of tubers prepared for drying and the convection dryer DEXDFD-510P

Source: photographs taken by the authors of this study

The dry products were evaluated for a set
of organoleptic and technological indicators, and
their resistance to darkening was determined.
The organoleptic evaluation of dry potatoes and
the degree of their darkening were assessed on a
5-point scale according to the following grada-
tion: 5 points - pieces are light, clean, white, or
straw yellow, fully matching the colour of the raw
material; 4 - up to 20% of the surface is slightly
darkened; 3 - up to 40% of the surface is dark-
ened; 2 - up to 60% of the surface is significantly
darkened; 1 - pieces are darkened on the surface
by more than 60%.

Determination of swelling dynamics and swell-
ing coefficient of dried products. A 5 g sample was
taken from the middle sample, 50 g of distilled
water was added, and the sample was kept for
one hour (60 min). After 20 min and 40 min of
swelling, intermediate weighing was performed.
The swelling coefficient was calculated as the
ratio of the product weight after 60 minutes to
the initial weight of the sample. The results were
processed mathematically, and the least signifi-
cant difference (LSD), correlations,and confidence
intervals were calculated using generally accept-
ed methods. The study was conducted following
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the Convention on the Trade in Endangered Spe-
cies of Wild Fauna and Flora (1973) and the Con-
vention on Biological Diversity (1992).

Results and Discussion
The formation of the chemical composition of
potato tubers is a complex and lengthy process.
It depends on a set of factors, the coincidence of
which allows obtaining valuable or, conversely,
unsuitable raw materials for processing. The yield
and quality of dry products are substantially af-
fected by the dry matter content of raw materi-
als - high dry matter content ensures the prof-
itability of processing and improves the quality
of the finished product (Furrer et al., 2018). Ac-
cording to A. Mazur (2013), an increase in the dry
matter content of tubers by only 1% increases the
yield of dried products by 1 kg per 100 kg of raw
material, and the profitability of processing by 10-

20%. French fries, crisps, or dried products made
from tubers that contain little dry matter will be
soft and watery (Amjad et al., 2019). However, too
high a content of dry matter will cause dryness,
density, and brittleness of the finished products
(Zavadska et al., 2021). The most suitable tubers
for drying are those containing at least 21% dry
matter, including 14-16% starch and no more
than 0.4% monosugars.

According to the results of the study, during
the growing season, 19.5-24.6% of dry matter was
accumulated in the tubers of the potato varieties
under study (Table 1). The difference between the
variants in this indicator reached 5.1%. It can be
concluded that the dry matter content of tubers of
all varieties, except for Tsyhanka, was suitable for
drying. The highest dry matter content was found
in tubers of the Povin variety - 24.6%, which is
2.2% greater than in the control.

Table 1. The content of the main biochemical parameters
in potato tubers of different varieties, average for 2022-2023

Content in tubers

Variety

dry matter, % starch, % sugars (total), % vitamin C, mg % nitrates, mg/kg**
Svitanok
Kyivskyi 22.4 +0.8* 16.7+0.4 0.36+0.04 89+22 138+24
(control)

Koroleva Anna 23.1+0.5 17.6 £ 0.2* 0.32+0.03 85+14 116 £18
Povin 246+0.7 18.4 +0.3* 0.57+0.04 9.6+2.1 138+ 16
Sante 21.9+0.6 15.2+0.3* 0.40 £0.03 11.4+1.6 131 +£26

Tsyhanka 19.5+0.4* 13.7 £ 0.2* 0.62+0.02 11.0+1.8 107 +12

Note: * — values of biochemical parameters are mean values * standard deviation (n = 3); ** — maximum

permissible concentration (MPC) - 250 mg/kg
Source: developed by the authors of this study

K.Beals (2019) found that the basis of the dry
matter of potato tubers is starch. Its share of the
total dry matter content ranges within 70-80%.
This pattern was confirmed in the present study.
The starch content in tubers of the varieties under
study ranged within 13.7-18.4%, which was 70-
76% of the dry matter weight. The highest content
of this element, as well as dry matter, was found in
tubers of the Povin variety - 18.4%, which is 1.7%
greater than in the control. The correlation analysis

revealed a strong direct correlation between dry
matter and starch content - r=0.98, which con-
firms the data of A. Furrer et al. (2018) and previ-
ous findings of the authors of the present study.
According to E.Wszelaczynska et al.(2023), the
amount of sugars in tubers significantly depends
on the varietal characteristics, their physiologi-
cal state, growing conditions, and storage time.
A.Amjad et al. (2019) found that freshly harvested
tubers are typically characterised by a low sugar
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content, averaging 0.5-0.6% per raw weight. The
present study confirmed the dependence of sug-
ar accumulation on varietal characteristics. Under
the same growing conditions, the difference be-
tween the variants under study was substantial.
Thus, in the tubers of the Koroleva Anna variety,
they contained 0.32%, while in the Tsyhanka va-
riety almost twice as much - 0.62% (0.26% more
than in the control). According to this indicator, tu-
bers of the Tsyhanka variety were unsuitable for
drying without preliminary blanching and were
predictably more prone to darkening compared to
other variants under study.

O. Kulen et al. (2020) proved that potato tu-
bers also contain biologically valuable substanc-
es and vitamins, namely riboflavin, thiamine,
pyridoxine, pantothenic and nicotinic acids, carot-
enoids, etc. However, only vitamin C, which can
accumulate from 5 to 40 mg% in tubers, depend-
ing on the variety and growing conditions, has bi-
ological value. Ascorbic acid oxidises quickly and
is quite sensitive to temperature, and therefore
its amount is significantly reduced during heat
treatment. In tubers of the varieties under study,
the content of this element ranged within 8.9-
11.4 mg%. Over 11 mg% of ascorbic acid was ac-
cumulated by fresh tubers of the Sante and Povin
varieties. K. Hamouz et al. (2009) found that even

30
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the colour of tubers affects the content of this
vitamin. The present study did not reveal such a
pattern. Clearly, longer studies with more varie-
ties are needed to confirm or refute this claim. As
for the nitrate content, there was no significant
difference between the variants, with an accumu-
lation of 107-138 mg/kg. Tubers of Svitanok Ky-
ivskyi and Povin varieties accumulated the most
nitrates — 138 mg/kg. However, in none of the ex-
perimental variants did the actual nitrate levels
exceed the MPC.

According to the previous findings of the au-
thors of this study, the morphological character-
istics of raw materials are also important for pro-
cessing (Zavadska et al., 2020). A. Mazur (2013)
noted that the number of eyes in tubers suitable
for processing should not exceed 7-8 and their
depth should not exceed 1.5 mm. According to
morphological parameters, tubers of all varie-
ties under study met the requirements. The most
suitable for processing in terms of the number of
eyes were the Koroleva Anna (4.8 pcs.) and Povin
(6.4 pcs.) tubers. The best performance in terms of
the depth of the eyes was also achieved by tubers
of the Koroleva Anna variety (0.57 mm) and Povin
(0.87 mm). The amount of waste during tuber
cleaning ranged within 15.0-23.3% and depend-
ed on the varietal characteristics (Fig. 2).

Waste, %

Dry product yield, %

= === Weight of raw materials
to produce 1 kg of dry matter, kg

Tsyhanka

Figure 2. Amount of waste, yield of dry products, and required weight
of fresh raw materials to produce 1 kg of dry potato tubers of different varieties

Note: * — control
Source: developed by the authors of this study

The largest amount of waste was obtained
when cleaning tubers of Svitanok Kyivskyi (23.3%)

and Tsyhanka (23.2%) varieties, while the smallest
amount was obtained from Koroleva Anna (15.0%,
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which is 8.3% less than in the control). This indi-
cator was influenced by the number and depth
of the eyes, as well as the presence of growths,
mechanical damage, and pest damage. The yield
of dried products significantly depended on the
dry matter content of the raw materials and the
amount of waste and ranged within 17.1-24.5%.
Clearly, the largest amount of dry products was
obtained from the Koroleva Anna variety tubers -
24.5%, which is 4.1% more than in the control
variant. The calculations showed that 4.1 kg of
6

-

o=, N wWhA~O
/

Svitanok Koroleva Anna Povin Sante

Kyivskyi

fresh raw materials are required to produce 1 kg
of dry products of this variety. The lowest yield
of finished products was obtained using tubers of
the Tsyhanka variety, which contained the lowest
amount of dry matter - 17.1%, which is 3.3% less
than the control. To produce 1 kg of dry prod-
ucts of this grade, 5.8 kg of raw materials were
required. An important technological indicator of
the quality of dried products, including potatoes,
is their ability to recover, which is characterised
by the swelling coefficient (Fig. 3).

Surface and shape of pieces, points

Recovery coefficient

- - - - -

Colour, points

= = Total tasting score, points**

Tsyhanka

Figure 3. Recovery factor, degree of darkening, and tasting evaluation
of dried products from potato tubers of different varieties

Note: * — control; ** — on a 5-point scale
Source: developed by the authors of this study

The results indicate that the best recovery rate
was observed in samples of dry products of Korole-
va Anna and Svitanok Kyivskyi varieties — the swell-
ing coefficient was 4.0 and 3.8 units, respectively,
the lowest was for the Sante variety (3.0). The most
intensive recovery of dry products of all varieties
occurred within 20 min from the beginning of
soaking. To identify variants resistant to darkening

of the flesh, the tubers were not blanched before
drying. According to the study results, resistance to
darkening significantly depended on the varietal
characteristics. The most resistant to darkening
without blanching before drying were the Korole-
va Anna tubers. Dry and reconstituted products of
this variety had a pleasant characteristic uniform
cream colour, without darkening - 5 points (Fig. 4).

Figure 4. General view of dried (A) and reconstituted (B) products
from potato tubers of different varieties during tasting
Note: 1 — Svitanok Kyivskyi; 2 — Koroleva Anna; 3 — Povin; 4 — Sante; 5 — Tsyhanka

Source: developed by the authors of this study
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The organoleptic properties of dry and recon-
stituted products significantly depended on vari-
etal characteristics, which is confirmed by C. Sev-
erini et al. (2010). Overall, the highest score in the
finished product tasting was given to samples
of the Koroleva Anna variety - 5.0 on a 5-point
scale. The dry products of this grade were charac-
terised by high resistance to darkening, fully re-
tained the colour of the raw material, had a firm,
elastic texture, and a uniform piece shape. During
the tasting, the dry products of the control varie-
ty Svitanok Kyivskyi received quite high scores -
4.7 points on a 5-point scale. The least suitable
for convection drying without blanching are
Povin tubers. Dry samples of this variety received
2.3 points in the tasting.This low score was caused
by the substantial darkening of dry and reconsti-
tuted products (1.8 points on a 5-point scale).

This study confirmed the findings of other re-
searchers on the effect of sugar content in tubers
on the degree of darkening of dry products, which
is apparently caused by their interaction with
amino acids and the formation of melanins (Bo-
bo-Garcia et al., 2020; Hussain et al., 2022), The
correlation analysis revealed a significant direct
relationship between these indicators - r = 0.74.

Thus, the findings of the present study sug-
gest that the choice of potato variety substan-
tially affects the quality of dry products and the
efficiency of their production. The most suitable
tubers for drying are those that accumulate the
maximum amount of dry matter and starch, the
minimum amount of sugars, have a small number
of shallowly set eyes, and are highly resistant to
darkening during heat treatment.

Conclusions
It was found that during the growing season, differ-
ent amounts of reserve substances were accumu-
lated in potato tubers of different varieties under
the same growing conditions. The highest amount
of dry matter and starch was contained in tubers
of the Povin variety - 24.6% and 18.4%, respec-
tively. The correlation analysis revealed a strong
direct correlation between these indicators -

Zavadska et al.

r=0.98. The dry matter content substantially in-
fluenced the yield of dried potatoes.

The amount of nitrates in the tubers of all the
variants under study did not exceed the MPC and
was even substantially lower than the established
norm. The lowest amount of nitrates was accumu-
lated in tubers of the Tsyhanka variety during the
growing season - 107 mg/kg. There was no effect
of varietal characteristics on nitrate accumulation.

The number of eyes and their depth also de-
pended on the variety characteristics and affected
the amount of waste and dry product yield. The
smallest number of eyes was formed by tubers of
Koroleva Anna and Povin varieties — 4.8 pcs./tuber
and 6.4 pcs./tuber, respectively. The depth of their
occurrence in tubers of these varieties was the
smallest. The lowest waste in preparing tubers
for drying and the highest yield of finished prod-
ucts were found in these variants - the amount of
waste was 15.0% and 16.2%, and the yield of dry
products was 24.5% and 22.8%, respectively. The
calculations revealed that to produce 1 kg of dry
products of these varieties, 4.1 kg and 4.4 kg of
fresh raw materials are required.

The dry and reconstituted pieces made
from Povin tubers were the most prone to dark-
ening and upon tasting received 2.3 points and
1.8 points on a 5-point scale, respectively. When
using tubers of this variety for convection drying,
blanching, or other methods should be used to
prevent discolouration.

Dry products from Koroleva Anna and Svi-
tanok Kyivskyi tubers had the best recovery
rate, with a swelling coefficient of 4.0 units and
3.8 units, respectively. The most intensive recov-
ery process occurred within 20 min after soaking.

Thus, according to the complex of studied
indicators, the most suitable for convective dry-
ing without blanching are tubers of the Koroleva
Anna variety, which accumulate 23.1% dry matter,
17.6% starch, and 0.32% sugars during the grow-
ing season. The amount of waste when using tu-
bers of this variety will be 15%, the yield of dry
products will be 22.8%, and its tasting score will
be 5.0 points on a 5-point scale.
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AHoTauif. CywiHHS — OQMH 3 HaMMoWMpeHilnX cnocobis nepepobku 6ynbd kaptoni. Ans oTpUMaHHS
AKICHOI CyleHOi NpoayKLuii BupiwanbHe 3HAYeHHS Ma€ SKiCTb CMPOBWMHM, SiKa CYTTEBO 3aJE€XWUTb Bif,
copToBMX 0CO6MBOCTEN. METO AOCNIAKEHHS BYN0 BUBUYEHHS NpUAATHOCTI Bynbb KapTonai Mgt copTis
D0 KOHBEKTMBHOIO CylliHHA 6e3 npoBeaeHHs GnaHwysaHHA. [in Yac npoBeneHHs AocnigkeHb 6yno
BMKOPUCTAHO METO[, eKCNEPUMEHTY, 3riAHO 3 po3pobieHO0 CXEMOI0 A0CNIAXKEHb, NabopaToOpHMIA MeToA, -
NS BU3HAYEHHS OPraHoNenTUYHUX, MOPAONOriYHUX i BiOXIMIYHMX MOKA3HMKIB AKOCTI CBixXMX Bynbb Ta
CyX0i NpoAyKLii, CTaTUCTUCTUYHUIA — AN MaTeEMATUUYHOI 06pobKKM pe3ynbTaTiB AOCNiAKeHb. BuseneHo, Wwo
Hanbinblie cyxoi peqyoBUHM Ta KPOXMant Mictunm bynbbu copty «loBiHb» - 24,6 Ta 18,4 % BignosigHo,
a BiTaminy C - «CaHTe» Ta «[loBiHb» (noHagd 11 mr%). HaimeHwe uykpiB HakonuyyBanocs y 6ynbbax
copty «KoponeBa AHHa» - 0,32 %. BusBneHo, Wwo 3i 36inblweHHaM BMicTy B Bynbbax Cyxoi peqyoBMHM
CYTTEBO 3poOCTa€e BMicT Kpoxmanto (r = 0,98), a BMICT LyKpiB iCTOTHO BM/AMBAE HA CTYMiHb MOTEMHIHHSA
cyxoi npoaykuii (r=0,74). BmicT HiTpaTiB 6ynbbax BCix COPTiB He NepeBuLLYyBaB rPaHUYHO AOMYCTUMOI
KOHLLeHTpaLii. BctaHoBNEHO, WO NpY BUKOPUCTAHHI A1 KOHBEKTUBHOTMO CYLiHHA Bynb6 KapTonai MoxHa
otpumatu 17,1-24,5 % cyxoi npopykuii 1 BuTpatntn 4,1-5,8 Kr niarotoBneHoi cupoBmHU. Ha Buxia rotosoi
NpoAyKLii CyTTEBO BNMBAE BMICT CyX0i pe4oBMHM Y Bynbbax Ta KinbKicTb Biaxoais. HainpuaaTHiwmmm ans
KOHBEKTWMBHOrO CyLiHHS 6e3 npoBeaeHHs 6naHwyBaHHS € 6ynbbu copTy «KoponeBa AHHa», BUKOPUCTaHHS
AKux 3abesneunTb BMXiA roTOBOi NpoAykuii Ha piBHi 24,5 % 3 perycrauiHoi ouiHkow 5 6anie 3a 5-Tn
6anbHO Wkanow. lNpu BUKOPUCTAHHI ANS KOHBEKTUBHOIO CYLWiHHS 6ynbb iHWMX AOCNiAXYBAHUX COPTiB
HeobXxifHO nonepenHbO MPOBOAMTM ONAHLIYBAHHA YW 3aCTOCOBYBATM iHWI cnocobu ans crabinizauii
3abapBneHHs. MaTtepianu CTaTTi CTaHOBASATb NPAKTUYHY LLiHHICTb 115 OBOYiBHMKIB, CenekuioHepis, haxisuis
nepepobHUX NiANPUEMCTB Nif Yyac BUBOpPY COPTY KapTonai ANs CyLIiHHA

KniouoBi cnoBa: coptoBi 0c060BOCTi; SKiCTb, AerycTaLis; NOTEMHIHHS; CYLLiHHS; CyXa NPOAYyKLia
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Abstract. The growing number of cases of adverse effects of medicines on the liver leads to
hepatopathology and the development of complications such as cirrhosis, necrosis, liver failure, and
liver carcinoma. Therefore, the purpose of this study was to determine the characteristic structural
changes in the liver of rats with tetracycline damage and to find out the corrective effectiveness of
milk phospholipids. The study performed histological examination of sections from different parts
of the liver in experimental rats, which were stained with haematoxylin and eosin according to the
conventional method. It was found that in case of artificial modelling of tetracycline-induced hepatosis
in rats, the general architecture of the liver is preserved. At the same time, large-scale damage to
hepatocytes and the development of fatty and granular dystrophy were recorded in the affected
animals. Some of the damaged cells were destroyed, followed by lysis of fragments of the destroyed
cells. The described microscopic changes were most pronounced in the areas of the liver under its
capsule. As a result, there was partial or complete disorganisation of the liver lobes in all lobes of
the organ. The use of milk phospholipids in the form of a biologically active additive “FLP-MD” as a
corrective therapy in sick rats prevented the development of hepatocyte dyscomplexity, contributed
to a substantial reduction in the count of destroyed cells in a state of dystrophy with isolated cases
of disordered organisation of the liver laminae. This suggests a pronounced stimulatory effect of
milk phospholipids on the processes of hepatocyte regeneration and repair in tetracycline-induced
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liver damage in rats. In case of separate administration of a milk phospholipid-based supplement
to clinically healthy animals, the microscopic structure of liver samples did not differ from that of
the control group. The findings of this study are of practical value for pathologists, clinicians, and
therapists in case of development of drug-induced hepatopathology in animals, especially when
using tetracycline antibiotics, and for determining the strategy in the treatment of such patients

Keywords: histological examination; corrective therapy; dystrophy; hepatopathology; complications;

milk phospholipids

Introduction

The liver ensures the stability of the body’s in-
ternal environment, supporting vital functions
such as immunity, haematopoiesis, haemostasis,
energy production, and detoxification of toxic
substances. However, many pharmaceuticals can
be hepatotoxic, leading to liver damage and even
functional failure.

Tetracycline drugs are known for their abil-
ity to cause liver damage, which indicates the
relevance of investigating their effects on this
organ. According to P.B. Watkins et al. (2021),
over 900 drugs provoke the development of
hepatotoxic reactions, which often leads to the
withdrawal of these drugs from therapeutic use.
Damage to functional Lliver cells is usually ac-
companied by an increase in the activity of liv-
er-specific enzymes in the blood, which reflects
substantial structural and functional pathological
changes in hepatocytes.

S. Thakur et al. (2024) found that individ-
ual differences, age, gender, xenobiotic intake,
chronic or acute pathological processes, as well
as environmental and genetic factors increased
the risk of developing severe liver disease, such
as cirrhosis, necrosis, liver failure, and cancer.
M. Martin-Grau & D.Monleon (2023) analysed the
results of metabolic studies of sex differences in
the development and progression of pathological
fat accumulation in the liver, the role of metabol-
ic profiles in understanding the mechanisms and
identifying sex-dependent biomarkers, and how
this evidence may help in the future treatment of
patients with fatty liver disease in its toxic damage.
N.V. Bergasa (2022) found that 5% of all clinical

complications and half of acute liver failure cases
are the result of drug-induced hepatocyte damage.
H.Jaeschke & A.Ramachandran (2024) clas-
sified hepatotoxicity according to the severity
and intensity of hepatocyte damage in the case
of synthetic drugs, including antibiotics, against
the background of simultaneous assessment of
hepatic biomarkers. M. Sherman (2021) distin-
guished between distinct stages of liver damage,
which are assessed as initial damage and severe
disease. The stage of pathological changes in the
liver parenchyma and their clinical manifestation
depends on various specific and non-specific risk
factors, the duration of their action on the organ
and the aggressiveness of the lesion factor.
H.Jaeschke & A.Ramachandran (2024) argued
that hepatotoxicity can also manifest itself in the
form of mitochondrial dysfunction, decreased cel-
lular respiration, or changes in the intensity of
fatty acid oxidation.According to N.K.Bjornsson &
E.S.Bjornsson (2022) and M. Machiels et al. (2022),
hepatocellular, cholestatic, or mixed liver damage
is distinguished. It was noted that, considering
the significance of the full functioning of the liv-
er for the body as a whole, damage to hepato-
cytes would inevitably affect the functional state
of other organs and their systems. At the same
time, V. Gryshchenko et al. (2019) reported on the
general consequences of hepatopathology devel-
opment due to the use of tetracycline hydrochlo-
ride, namely damage to the plasma membrane
and intracellular membranes of hepatocytes.
Another prominent target of possible therapeu-
tic effects is opened for doctors - the restoration
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and protection of cell membranes. This area of
treatment is called membrane therapy. Since the
lipid component of hepatocyte cell membranes
is represented by essential phospholipids, the
use of these biologically active substances in the
treatment of patients with diffuse liver damage
is of great interest to scientists and clinicians.
D. Wupperfeld et al. (2022) found that essential
phospholipids increased hepatocyte membrane
fluidity, prevented apoptosis, and increased the
intensity of hepatocellular export, which substan-
tially improved the functional state of the liver.

A.Ortega-Alonso & RJ.Andrade (2018) inves-
tigated structural and functional changes in the
liver upon liver disease, which helped to improve
the diagnosis of hepatotoxicity of certain groups
of xenobiotics and the effectiveness of corrective
therapy. Assessing the unique signs of liver dam-
age, F. Ezquer et al. (2022) argued that it is possi-
ble to quickly and accurately detect pathological
changes in the liver and determine their severity.
To counteract the pathological events that occur
in drug-induced liver damage by means of cellu-
lar and molecular mechanisms associated with
the therapeutic effects of membranotropic and
hepatoprotective agents, it is important to reduce
oxidative damage and the intensity of the inflam-
matory response, increase the regeneration of
functional liver cells, restore energy balance, and
maintain a suitable level of adenosine triphos-
phate (ATP) production in hepatocytes. Such a
comprehensive effect on the recovery processes
in damaged hepatocytes will help to ensure effec-
tive therapeutic support in case of drug-induced
hepatopathology, which will reduce the risk of
chronic liver damage and prevent the occurrence
of complications that threaten animal health.

The relevance of the present study lies in the
need for an in-depth investigation of the mecha-
nisms of hepatotoxicity, especially using models
that can reflect microstructural changes in the
liver. This will enable a prompt and reliable as-
sessment of the degree of damage to the organ
and help to find innovative approaches to its pro-
tection and treatment.

Pototskyi & Gryshchenko

The purpose of this study was to determine
the nature of structural changes in the liver pa-
renchyma during the experimental reproduction
of tetracycline injury in rats and the corrective
effectiveness of milk phospholipids.

Materials and Methods
The experimental studies were conducted at the
laboratories of the Faculty of Veterinary Medicine
of the National University of Life and Environ-
mental Sciences of Ukraine during 2022-2023.To
determine the corrective efficacy of milk-derived
phospholipids in the form of a biologically active
additive (BAA) “FLP-MD” on the microstructure of
the liver parenchyma, laboratory rats (males) of
the Wistar line with a body weight of 210 + 40 g
(n = 24), which M. Martin-Grau & D. Monle-
on (2023) explained as sex differences in the oc-
currence of hepatopathology and the specific fea-
tures of the course in animals of different sexes.

The laboratory animals were kept in standard
vivarium conditions at an indoor temperature of
22-24 °C and were fed a standardised complete
food diet with free access to water. All necessary
surgical interventions in the experiments were
performed according to the ARRIVE guidelines,
following the guidelines of Council Directive
2010/63/EU (2010) on the protection of animals
used for scientific purposes.

According to the proposed scheme of V. Gry-
shchenko et al. (2019), tetracycline-induced hepa-
tosis was reproduced in laboratory rats. For this, a
4% solution of tetracycline hydrochloride at the
rate of 0.25 g/kg body weight was administered
daily intragastrically to the animals for 7 days
using an oral gavage tube. The “Self-Rehabilita-
tion” group (n=6) was formed from these animals.
Animals that received a 1% solution of dietary
supplement “FLP-MD” containing milk phospho-
lipids intragastrically for seven days before intra-
gastric administration of tetracycline hydrochlo-
ride and for the next two days after the antibiotic
administration were classified as animals of the
“Correction” group (n = 6). The daily dose of the
supplement corresponded to 13.5 mg/kg body
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weight (Litvinenko et al., 2009). Animals were in-
tragastrically injected with an equivalent volume
of distilled water to the volume of antibiotic and
supplement formed the “Control” group (n=8). A
separate group of healthy animals received only
a phospholipid-containing dietary supplement,
the main components of which (phospholipids)
were produced from milk (the “Preparation” group,
n=6) in the dose specified above. At the end of
the experiment, immediately after the animals
were euthanised, liver samples were taken.

Notably, additional studies were aimed at in-
vestigating the dynamics of liver microstructure
recovery in the “Correction” group and comparing
the results with the “Self-Rehabilitation” group.
This helped to assess not only the direct effect
of phospholipids on the affected tissue, but also
to determine their potential ability to accelerate
regeneration processes. Furthermore, the study
considered the possible side effects of the die-
tary supplement on other organs, which helped to
draw more comprehensive conclusions regarding
its safety and effectiveness.

At least 5 pieces of liver from different parts
of the parenchyma - from its peripheral and cen-
tral parts — were obtained from each animal. All
pieces of the organ were to be fixed in formalin
and then embedded in paraffin. Histological sec-
tions were prepared using a MS-2 sled microtome
(Ukraine) and subsequently stained with Carazzi’s
haematoxylin and eosin (Goralskij et al., 2015).
The prepared histological specimens were exam-
ined and photographed using a microscope mod-
el MC 100 LED (Austria).

Results and Discussion
In laboratory rats of the control group, the micro-
scopic structure of the liver corresponded to the
typical microstructure of this organ in mammals.
Specifically, the liver was constructed from indi-
vidual lobules. In the centre of each lobule is a
central vein surrounded by hepatocytes (Fig. 1a).
The wall of central veins is represented by a
single layer of endothelial cells (Fig. 1b). Rows
of hepatocytes extend from the central veins to

form the liver lobules. Intrahepatic blood capillar-
ies passed between adjacent liver laminae. Their
wall was also represented by a single layer of en-
dothelial cells. Apart from the central vein, micro-
graphs of liver samples showed the location of
triads, including an artery, a vein, and a bile duct.

Figure 1. Liver of a rat in the control group
Note: a — 1 — central vein; 2 — hepatocytes. Carazzi's
haematoxylin and eosin, x300; b — 3 - central vein;
4 - central vein endothelium; 5 - liver lamina; 6 —
endothelium of intrahepatic blood capillary; 7 -
hepatocyte; 8 — bile capillary. Carazzi's haematoxylin
and eosin, x400
Source: authors’ photo

Hepatocytes are polygonal cells character-
ised by a large, homogeneous cytoplasm and a
large, rounded nucleus, which usually contains
a single nucleolus. In functional liver cells in
preparations obtained from clinically healthy ex-
perimental rats (“Control” group), the nuclei were
located in the centre of the cell, and sporadic bi-
nucleated hepatocytes were observed. In the liver
laminae, bile capillaries passed between adjacent
hepatocytes (Fig. 1b).
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As reported by S. Thakur et al. (2024), the liver
is one of the crucial internal organs that protects
the body from the negative effects of various tox-
ins, acting as a universal metabolic barrier. Fur-
thermore, in the liver, the enzymatic systems of
hepatocytes fully or partially neutralise toxic sub-
stances, specifically, tetracycline antibiotics. The
morphological and functional picture of the tis-
sue microsection of the liver parenchyma contains
common elements that are found in other struc-
tures of the mammalian body. These include lym-
phatic and blood microvessels, interstitium (Loose
connective tissue), and functional cells (hepato-
cytes), which reflect not only the functional ten-
sion of the organ itself, but also may indicate the
body’s overall response to a pathological factor.

There are thin, hardly visible strips of fibrous
connective tissue between the lobes of the liver
(Fig. 2). In some places, they form overgrowths,
which housed the hepatic triads, including the he-
patic triad artery, hepatic triad vein, and bile duct.

Figure 2. Hepatic triad in a rat
of the control group
Notes: 1 — artery of the hepatic triad; 2 — vein of the
hepatic triad; 3 - bile duct. Carazzi's haematoxylin and
eosin, x400
Source: authors’ photo

In clinically healthy rats, which were addi-
tionally intragastrically administered milk phos-
pholipids in the form of the BAA“FLP-MD” (“Prepa-
ration” group), the microscopic structure of the
liver did not differ from that of the control group.
Analogously, lobules and hepatic triads of typi-
cal microscopic structure with all their structural
elements were found in the organ (Fig. 3a; 3b).

Pototskyi & Gryshchenko

The above suggests the absence of toxic effects
of the BAA “FLP-MD” on specialised liver cells in
the experimental rats of the corresponding group.

Figure 3. Liver of a rat treated with milk
phospholipids in the form of the BAA “FLP-MD”
(“Preparation” group)

Note: a — 1 — central vein; 2 — hepatocytes. Carazzi’s
haematoxylin and eosin, x300; b — 3 — central vein;
4 - central vein endothelium; 5 — liver lamina; 6 —
endothelium of intrahepatic blood capillary; 7 -
hepatocyte. Carazzi's haematoxylin and eosin, x400

Source: authors’ photo

As reported by R. Ramachandran &
S. Kakar (2009), the diagnosis of drug-induced
liver injury is extremely challenging due to in-
sufficient clinical information and difficulties in
identifying the effects of non-prescription prepa-
rations and toxins.

In the modelling of hepatosis in experimen-
tal rats (“Self-Rehabilitation” group), it was found
that the general architecture of the liver was
preserved (Fig. 4a). Analogously to the control,
lobules and hepatic triads of typical microscopic
structure with all their structural elements were
found in the liver. However, distinct microscopic
changes were found in the liver lobules, which
primarily involved damage to hepatocytes.
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Figure 4. Rat liver in the model of tetracycline-induced hepatosis (“Self-Rehabilitation” group)

Note: a — 1 - central vein; 2 -

hepatocytes. Carazzi's haematoxylin and eosin, x300; b — 3 — liver lamina; 4 -

disorganisation of liver laminae; 5 — separation of hepatocytes from each other; 6 — granular dystrophy of
hepatocytes; 7 — destruction of hepatocyte; 8 — hyperplasia of Kupffer cells. Carazzi's haematoxylin and eosin,
x400; ¢ — 9 - liver capsule; 10 — destruction and lysis of hepatocytes. Carazzi's haematoxylin and eosin, x400

Source: authors’ photo

In case of tetracycline-induced hepatosis in
laboratory rats, hepatocytes were separated from
each other in many parts of the liver.A considera-
ble share of liver cells were in a state of fatty and
granular dystrophy. Some of the dystrophically
altered hepatocytes were destroyed with subse-
quent lysis of fragments of destroyed cells. The
destruction and lysis of hepatocytes was particu-
larly pronounced in some areas of the liver un-
der its capsule. All these changes led to partial or
complete disorganisation of the liver laminae in
all lobes of the organ (Fig. 4b; 4c). Comparable mi-
croscopic changes in the liver parenchyma were
also observed by H.Y. Yong et al. (2020), specifi-
cally, the steatogenic effect of tetracycline hydro-
chloride, which was associated with a decrease
in the intensity of mitochondrial 3-oxidation of
fatty acids by affecting the expression of genes
related to lipid metabolism. Furthermore, accord-
ing to these researchers, tetracycline reduces the
expression of acylcarnitine transferase |, respon-
sible for carnitine acylation in mitochondrial fatty
acid transport, which leads to a decrease in -ox-
idation of fatty acids. Subsequently, this leads to
an increase in the intensity of triacylglycerol and
cholesterol biosynthesis. The researchers suggest
that the direction of fatty acids to the synthesis of
triacylglycerols is the result of the inhibitory ef-
fect of the antibiotic as part of the mechanism of
tetracycline-induced steatosis with a characteris-
tic high content of lipid molecules in hepatocytes.

At the same time, D. Pessayre et al. (2012)
noted that a frequent mechanism for the devel-
opment of drug-induced hepatopathology is the
development of reactive metabolites that exhibit
direct toxicity or immune reactions. These patho-
logical phenomena provoke damage to the mi-
tochondrial membrane. Tetracycline has a direct
cytotoxic effect, which is expressed in damage
to the mitochondrial membrane or inhibition of
the mitochondrial energy-producing function
through various mechanisms. Such mechanisms
may include blocking coenzyme A or inhibiting
the activity of mitochondrial 3-oxidation enzymes,
electron transport in the respiratory chain, or ATP
synthase. It is also possible to destroy mitochon-
drial DNA, inhibit its replication, or block the syn-
thesis of mitochondrial protein. Tetracycline has
many different effects on mitochondrial function.
A severe impairment of oxidative phosphoryl-
ation reduces the hepatic ATP pool, which leads
to functional disorders or cell necrosis. This drug
is capable of secondary inhibition of f3-oxidation,
provoking steatosis, and can also block the catab-
olism of pyruvate, which causes lactoacidosis. Like
the previous researchers, they point to a substan-
tial impairment in f-oxidation of fatty acids in
this situation, which leads to liver fatty acidosis.
At the same time, insufficient gluconeogenesis
and increased use of glucose as an alternative to
the inability to oxidise fatty acids, combined with
mitochondrial toxicity of accumulated free fatty
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acids and lipid peroxidation products, can dras-
tically reduce energy production, which can lead
to irreversible consequences. Therefore, scientists
recommended that all new drugs be tested for mi-
tochondrial side effects. The microscopic structur-
al changes in the liver parenchyma, along with the
cytotoxic side effects of tetracycline drugs already
known from the literature, convince of the need to
use corrective therapy with reparative properties
in animals suffering from drug-induced hepatosis.

Furthermore, a distinct activation of fixed
hepatic phagocytes (Kupffer cells) was recorded
everywhere in the liver parenchyma, which was
morphologically manifested by a considerable
increase in their count, i.e., hyperplasia of these
cells (Fig. 4b). We assume that this activation of
hepatic phagocytes was caused by the need to
eliminate fragments of destroyed hepatocytes
from the organ. Histological examination of the
liver samples of the “Self-Rehabilitation” group
animals revealed no microscopic changes in the
central veins, intrahepatic blood capillaries, as
well as arteries, veins, and bile ducts of the he-
patic triads. Therewith, no manifestations of any
inflammatory reaction in the liver were recorded.

As noted in the previous study by V.A. Grysh-
chenko et al. (2018), most cellular functions are
determined by the physicochemical properties
of the lipid component of biological membranes,
which is mainly represented by phospholipids. In
this study, the development of a deficient level of
phospholipids of both the total fraction and indi-
vidual phospholipids (phosphatidylethanolamine,
phosphatidylcholine, sphingomyelin, phosphati-
dylserine, phosphatidylinositol, and other repre-
sentatives) was noted, which is important for elu-
cidating the molecular basis of the pathogenesis
of the pathological process in the drug-induced
form of hepatopathology. Overall, this suggests
the expediency of searching for biologically active
substances that eliminate the negative effects of
xenobiotics at the cellular level.

That is why a separate group of sick animals
was administered milk phospholipids in the form
of the BAA “FLP-MD” (“Correction” group). When

Pototskyi & Gryshchenko

these rats were administered corrective therapy
in the form of a phospholipid-containing dietary
supplement, the overall liver architecture was
also preserved (Fig. 5a). In this parenchymal or-
gan, as in the control group, lobules and hepat-
ic triads of typical microscopic structure with all
their structural elements were detected. There-
with, microscopic changes were found in some
liver lobules, which consisted of damage to the
microstructure of hepatocytes. However, in liver
samples from animals of this group, in contrast to
the microscopic picture in the modelling of hepa-
tosis (“Self-Rehabilitation” group), no hepatocyte
dyscomplexity was recorded in case of treatment
with milk phospholipids. The count of liver cells
in the state of fatty and granular dystrophy was
noticeably lower (Fig. 5b).

Figure 5. Liver of a sick rat in the case of
corrective therapy (“Correction” group)
Note: a — 1 — central vein; 2 — hepatocytes. Carazzi's
haematoxylin and eosin, x300; b — 3 — central vein;
4 - liver lamina; 5 — disorganisation of liver laminae;
6 — fatty and granular dystrophy of hepatocyte; 7 -
destruction of hepatocyte; 8 — hyperplasia of Kupffer
cells. Carazzi's haematoxylin and eosin, x400

Source: authors’ photo
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Notably, only single hepatocytes were de-
stroyed, while the disruption of the orderly organ-
isation of the liver lLaminae was substantially less
pronounced than in the case of tetracycline-in-
duced hepatosis in animals (“Self-Rehabilita-
tion” group). This fact suggests a positive effect
of phospholipids on the processes of hepatocyte
regeneration and repair, which is consistent with
the findings described in other studies.

Specifically, D.O. Melnychuk et al. (2014) re-
ported the efficacious influence of milk phospho-
lipids of the BAA “FLP-MD” in the restoration of
quantitative indicators of pigment metabolism
(unconjugated bilirubin, bilirubin glucuronide,
bilirubin sulphate, stercobilin,and urobilin), which
were studied in the liver,whole blood, contents of
the caecum and faeces under conditions of ex-
posure to ecopathogenic factors (cadmium and
ionising radiation). Therewith, the components of
the phospholipid-containing dietary supplement
had a reparative effect on damaged membrane
structures with simultaneous restoration of bile
secretion and bile-forming functions of the liver.

At the same time, X. Zhang et al. (2018) pro-
vided evidence that the use of nanocarriers can
exacerbate the side toxic effects of drugs, and
therefore serious attention should be paid to
the safe use of nanotechnology in drug deliv-
ery. M. Mitrovic et al. (2022) described potential
mechanisms of the corrective effect of omega-3
phospholipids. Moreover, the results of preclini-
cal studies showed that omega-3 phospholipids
had a more pronounced antisteatotic effect on
the liver compared to the use of omega-3 fatty
acids administered as triacylglycerols alone. This
antisteatotic effect is likely to involve numerous
internal mechanisms that involve not only the liv-
er, but also the intestines and adipose tissue. The
need for further research on the possible impact
of omega-3 phospholipids on progressive fatty
liver disease was noted.

As stated in their studies by M.Yin et al. (2021)
and D. Wupperfeld et al. (2022), the main functions
of phospholipids are cell membrane repair, anti-
oxidant action, protection of mitochondrial and

microsomal enzymes from damage, as well as
slowing down collagen synthesis, and increas-
ing collagenase activity. The complex effect of
phospholipids, according to D. Wupperfeld et
al.(2022), was responsible for their physiological
antifibrotic effect. In these animals, hyperplasia
of Kupffer cells was also markedly pronounced
(Fig. 5b). Microscopic changes in the central
veins, intrahepatic blood capillaries, as well as
arteries, veins, and bile ducts of the hepatic triads
were not observed. There were no signs of any
inflammatory reaction in the liver.

Thus, the use of milk phospholipids in the
form of the BAA “FLP-MD” (“Correction” group) as
a corrective therapy in rats with tetracycline-in-
duced liver damage contributed to a noticeable
reduction in dystrophic changes in the liver pa-
renchyma, prevented the destruction of hepat-
ocytes and disorganisation of hepatic beams in
the liver lobules.

Conclusions
In the experimental studies, the corrective ef-
fectiveness of milk phospholipids in the form of
the BAA “FLP-MD” was determined by analysing
microstructural changes in liver samples from
experimental rats. Specifically, the liver paren-
chyma of the control group was found to have a
typical microscopic structure inherent in healthy
animals. In clinically healthy rats, which were
additionally intragastrically administered milk
phospholipids in the form of the BAA “FLP-MD”
(“Preparation” group), the microscopic structure
of the liver did not differ from that of the con-
trol group. Analogously, lobules and hepatic tri-
ads of typical microscopic structure with all their
structural elements were found in the organ. In
the modeling of tetracycline-induced hepatosis
in experimental rats (“Self-Rehabilitation” group),
it was found that the general architecture of the
liver was preserved. However, distinct microscopic
changes were found in the liver lobules, which
primarily involved damage to hepatocytes. There-
with, a considerable proportion of liver cells were
in a state of fatty and granular dystrophy. Some of
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the dystrophically altered hepatocytes were de-
stroyed with subsequent lysis of fragments of de-
stroyed cells. The destruction and lysis of hepato-
cytes was particularly pronounced in some areas
of the liver under its capsule. All these changes
resulted in partial or complete disorganisation of
the liver lobes in all lobes of the organ. In the
case of application of corrective therapy in the
form of milk phospholipids of the BAA “FLP-MD”
to sick rats (“Correction” group), no hepatocyte dy-
scomplexity was recorded, only sporadic hepato-
cytes were destroyed, a noticeably smaller count
of liver cells were in a state of fatty and granular
degeneration, while the disordered organisation
of the liver laminae was substantially less pro-
nounced than in the case of tetracycline-induced
hepatosis modelling in animals (“Self-Rehabilita-
tion” group). This fact suggests a positive effect
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of milk phospholipids on the processes of hepat-
ocyte regeneration and repair in tetracycline-in-
duced liver damage in rats.

In the future, it is planned to investigate the
biochemical markers of the effectiveness of milk
phospholipids on the structural and functional
state of the liver in experimental hepatopathology.
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AHOTAaLifA. 3poCcTaHHa BMNAaAKiB HEFATUBHOTO BM/IMBY JiKAPCbKMX NpenapaTiB Ha NeYviHKy Npu3BOANUTb
[0 renatonaTtonorii i po3BUTKY YCKNaAHEHb, TAKMX SK LMPO3, HEKPO3, NEYiHKOBA HELOCTATHICTb i
KapuuMHoMa neyiHkW. ToMy MeTow Ui€i pob6oTn Byno BU3HAYEHHSI XapaKTePHUX CTPYKTYPHUX 3MiH
y nNeviHui wWypiB 3a TETPAUMKIIHOBOrO YpPaXKeHHS Ta 3ACYBaHHS KOPUryBanbHOi edeKTUBHOCTI
docdonininis mMonoka. NpoeeaeHo rictonoriyHe AOCAIAXKEHHS 3pi3iB 3 Pi3HUX AINSHOK NEYiHKK y
niafocnigHUX Wypis, aKi bapbyBanu reMaToKCMAIHOM Ta €03MHOM 33 3araibHOMPUINHATOI METOAUKOIO.
BcraHoBneHo, WO Yy pasi WTY4YHOro MOLENOBAHHS B LLYPiB TeTPaLMKNiHIHAYKOBAHOrO renatosy
3aranbHa apXiTeKTOHiKa neyiHky 36epiraeTbcs. BogHo4ac y xBopux TBapuH 3adikcoBaHO MacwTabHe
NMOLWKOAXKEHHS TenaTouMTiB Ta PO3BMTOK XXMPOBOI i 3e€pHUCTOI AMCTpodii. YacTMHA NOLKOAXKEHMX
KNiTUH 3a3HaBana pyMHYBaHHA 3 NOAaNbIMM Ni3MCOM (parMeHTiB 3pyMHOBaHMX KAiTUH. OnucaHi
MiKPOCKOMiYHi 3MiHM Haibinblie NposBAAAMCA Ha AiNSHKaX nediHkW nig ii kancynoto. Y pesynbstari
BiAMiyanacb YactkoBa abo NOBHA Ae30pradisauis NevyiHKOBMX MAACTMHOK B YCiX 4acTOYKaX Opray.
3acTocyBaHHS XBOPUM LiypaM docdoninigis Monoka y Burnsai 6ionorivHo akTMBHOI fo6aBku «FLP-
MD» B 9KOCTi KOpWUryBanbHOi Tepanii 3anobirano po3BUTKY AMCKOMMAEKCaLii renaTtoumTie, CNpUsao
iCTOTHOMY 3MEHLUEHHI KiNIbKOCTi 3pYyMHOBAHUX KNITUH Yy CTaHi ANCTPOdii 3 MOOAMHOKMMM BMNALKAMM
NMOpyLEeHHs BMOPSAKOBAHOI OpraHisauii nevyiHkoBMX nAacTMHOK. Lle cBigunTb npo BUpaxeHui
CTUMyNoBanbHUiA BNMB docdoninifis Monoka Ha Npouecu pereHepalii Ta BiAHOBNEHHS renaToLuTisB
33 TeTPAUMKNIHIHAYKOBAHOrO YpPaXEeHHs MNedviHkM B WypiB. Y BUMNAAKYy OKPEMOro 3acTOCyBaHHS
KNiHIYHO 340pOBMM TBapMHaM Giofo6aBkM HA ocHOBI docdoniniaie Monoka MikpockoniyHa 6ynoBa
3pa3kKiB NeyiHKM He BiApi3HANAca Bif TAaKOi Yy TBAPUH KOHTPOAbHOI rpynu. Pesynbratm pocnigxeHHs
MalTb MPAKTUYHY LIHHICTb AN NikapiB-natoMopdonorie, KAiHILMCTIB | TepaneBTiB 33 PO3BUTKY B
TBapuUH MeLMKAMEeHTO3HOi GOopMM remaTtonaTonorii, 0CO6AMBO y pa3i 3acTOCYyBaHHS aHTMOGIOTMKIB
TETPaLMKNIHOBOI Fpynu, Ta AN BU3HAYEHHS CTpaTerii y NiKyBaHHI TaKUX XBOPUX

KniovoBi cnoBa: rictonoriuHe [OCNiIKEHHs; KOpUryBanbHa Tepanis; AucTpodis; renatonaTonoris;
ycKnagHeHHs; docdoninign Monoka
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Abstract. The relevance of this study lies in the need to optimise supply cycles and volumes in
value chains, which helps to reduce costs and increase the profitability of agricultural enterprises.
The purpose of this study was to investigate and optimise the costs of initial material flows in
the production subsystems of corporate vertically integrated structures of the agricultural complex
under conditions of non-stationary demand. To fulfil this purpose, the study investigated the
relationship between the amount of raw material stock stored in the production subsystem and
the time of its consumption, based on which an extended model of the economic order quantity
(EOQ) was considered, which, apart from the defined costs, also considers the costs of raw material
shortages associated with the inability to fulfil deliveries and losses associated with supply failures
caused by the unpredictability (stochasticity) of the order flow itself. It was found that in continuous
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production systems there is an opportunity to reduce the costs associated with failures by using an
additional regular supply batch. For this, the mathematical “point-of-order” model was built based
on the theory of mass service, which allows determining not only the best point to order, but also
the optimal amount of the safety stock. A model for optimising the volume of material flows was
proposed, which combines the model of the economic order quantity order adapted for use in product
subsystems of corporate integrated structures of the agricultural complex and the “point-of-order”
model, which allows calculating the minimum size of the insurance stock of raw materials using the
tools of operations research. As an example, the material flow was optimised for Kivshovata Agro
LLC. The findings of the study, such as the use of analytical tools and models for determining the
economic order quantity and safety stock, can be used by the management of agricultural enterprises
to improve the efficiency of material flow management

Keywords: production systems; economic order quantity; demand; queuing system; stock management

Introduction

One of the most pressing issues in value chain
management is optimising the number of cycles
and batch sizes of the initial material flow. The
required annual volume of raw materials and fi-
nancial resources to support the production pro-
gramme is calculated based on product demand.
With one delivery cycle providing an annual vol-
ume of raw materials, the production subsystem
faces the problem of storing the incoming vol-
ume and increasing the costs associated with
this process. In contrast, organising deliveries in
smaller batches increases organisational costs.
For the entire process chain to function smoothly,
the required amount (volume) of raw materials or
semi-finished products, i.e., stock, must be present
at the inlet of the chain links at any given time.

Optimisation of material flows reduces the
cost of transporting, storing,and handling raw ma-
terials and finished products. This helps to reduce
overall production costs and increase the profita-
bility of enterprises. Effective material flow man-
agement helps to reduce waste, optimise resource
use, and reduce the negative impact on the envi-
ronment. Modern optimisation models consider
the latest technologies, which helps to increase
productivity and reduce the impact of the human
factor. This is especially true for large corporate
structures with a complex logistics network.

T. Kovtun (2020) considered the problem
of forming reverse material flows and proposed
a model of a reverse linkage logistics system,
which should solve the problem of optimising
material flows using circular economy processes
and achieve maximum benefit from the imple-
mentation of circular processes. F.F. Galimulina
& N.V. Barsegyan (2024), raising the problem of
optimising economic systems to improve the ef-
ficiency of material flows management, proposed
to apply an interdisciplinary approach that allows
tools and methods from different fields of knowl-
edge to be combined into a single methodology.
A.Ghasemi et al.(2024) developed a methodology
for radically improving the efficiency of industrial
systems, which proposed the use of an optimally
designed production scheduling (PS) module that
can actively control the budget, timing, and vol-
ume of deliveries and which can improve the effi-
ciency of material flow management in the supply
chains of many production systems. M. Pekarcik-
ova et al. (2020) developed a simulation model
of production and supply of goods based on the
control logic of the Kanban system to track the
movement of material flows in real time and op-
timise delivery times.

Both Ukrainian and foreign researchers have
addressed the problems of optimising material
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flows in agricultural production and the impact
of stock management on the efficiency of corpo-
rate agrarian structures V. Matsiuk et al. (2023)
developed an agent-based simulation model in
the AnylLogic environment to improve the trans-
port and technological system for the supply of
material resources of an agricultural enterprise
under conditions of partial uncertainty. O. Zagur-
sky (2021) proposed a model of a technological
system for the supply of perishable food products,
which considers compatibility of technical means;
technological parameters of technical systems;
adaptability of technical systems to environmen-
tal conditions and technological properties of
perishable food products; parameters of transport
and technological cycles, etc. Among the main
challenges of supply chains for perishable agri-
cultural products, S. Osman et al. (2023) identified
the lack of scheduling for product shelf life, lack
of product characteristics that affect shelf life,
difficulties in storing the product during deliv-
eries, and difficulties in tracking and monitoring
the product throughout the supply chain. Explor-
ing the possibilities of a closed-loop economy
in small farms, H. Fernandez-Mena et al. (2020)
propose a new agent-based model, Flows in Agri-
Food Networks (FAN), which simulates the opti-
mum exchange of material flows (feed, fertiliser,
food) and agricultural waste between farms and
partners at different levels (food industry, fertil-
iser and feed suppliers, waste recyclers, etc.)

Therewith, despite the sufficient elaboration
of the subject,the issue of managing the dynamics
of changes in the volume of material flows of cor-
porate structures of the agricultural complex with
a multi-nomenclature assortment in the condi-
tions of non-stationary demand for products is still
understudied in Ukrainian and foreign literature.

The purpose of this study was to investigate
and optimise the costs of input material flows in
the production subsystems of corporate vertically
integrated structures of the agricultural complex
under conditions of non-stationary demand.

To fulfil this purpose, the following objec-
tives had to be met:

» to investigate the relationship between the
amount of raw materials stored in the production
subsystem and the time of their consumption;

» to determine the optimal point of order
based on queuing theory;

> to optimise the material flow using the
“point-of-order” model for an existing agricultural
enterprise.

Materials and Methods

In studying the influence of stock management
on the efficiency of corporate vertically integrat-
ed structures of the agrarian complex, the study
employed general scientific methods: analysis
and synthesis - in collecting research materials;
systemic - when assessing the interaction of in-
dividual elements of the supply system, their im-
pact on the functioning and overall costs of the
system and optimisation of supply chain resourc-
es as a whole; process - when forming a sequence
of actions and working within the supply process
to minimise the cost of material flows; synergis-
tic - when considering the dynamics and changes
in the supply of vertically integrated structures of
the agricultural complex in conditions of non-sta-
tionary demand, which are in a state of chang-
ing equilibrium, when small changes can lead
to large effects; economic and quantitative - to
assess the quality of supply processes of the en-
terprise under study.

To improve the accuracy of the analysis, math-
ematical modelling techniques were employed to
assess the impact of various factors on the behav-
iour of inventories over time, including linear pro-
gramming methods to optimise the allocation of
resources in the supply chain; simulation model-
ling to analyse possible scenarios and determine
the best stock management strategies; and dis-
crete optimisation methods to minimise costs and
maximise the efficiency of logistics operations.

To accommodate the complexity of the pro-
cesses taking place in production subsystems, a
multi-criteria optimisation approach was applied,
which allows simultaneously considering several
conflicting goals, such as cost minimisation and
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service level maximisation. This approach used
Pareto-optimisation methods to identify the opti-
mal points for managerial decision-making.

Specialised methods of operations research
were also used, namely: queuing systems to rep-
resent the process of ordering stocks; determin-
ing the “point-of-order” to establish the relation-
ship between the amount of raw materials stored
in the production subsystem and the time of its
consumption; economic order quantity (Harris-
Wilson model) to determine the size and interval
of delivery batches.

To verify the correctness of the results, ad-
ditional modelling was performed based on real
data from an agricultural enterprise, which helped
to confirm the adequacy of the proposed models
and methods. A multivariate analysis was per-
formed to investigate the relationships between
various elements of the logistics system, such as
storage costs, lead times, and service levels.

The findings of this study were experimental-
ly confirmed based on the operational data on the
dynamics of changes in material flows for 2023 at
the agricultural enterprise Kivshovata Agro LLC,
which engages in agricultural production activi-
ties in the Kyiv Oblast (Ukraine).

To collect the data, the study employed the
methods of questionnaires and expert inter-
views, which helped to obtain valuable infor-
mation on the specifics of stock management at
the enterprise. Data from automated enterprise
management systems (ERP systems) were also
used, which ensured high accuracy and reliabili-
ty of the results.

To ensure the scientific reliability and valid-
ity of the results, a comprehensive approach to
data collection and analysis was used. The study
covered the entire production and logistics pro-
cess of the agricultural enterprise, from the re-
ceipt of raw materials at the warehouse to the
delivery of finished products to the consumer. A
detailed analysis of the dynamics of raw materi-
al stocks was performed, the optimum ordering
intervals were determined, and the impact of
various factors, such as seasonality and demand
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fluctuations, on the efficiency of stock manage-
ment was assessed. The use of statistical meth-
ods helped to assess the probabilistic character-
istics of supply chain processes, which helped to
conclude on the stability and reliability of the
stock management system in the face of volatile
demand. The use of correlation analysis helped
to identify the crucial factors affecting the effi-
ciency of stock management, which became the
basis for developing recommendations for im-
proving logistics processes.

Results and Discussion
Agricultural production is specific and has a series
of features related to the biological nature of pro-
duction, as biological organisms, land, and other
natural resources are used as the main means
of production, and therefore material flows in
agro-logistics also have their specific features re-
lated to the following:

» diversification - the ability to generate
2 or more streams that differ significantly from
each other in terms of their properties, promotion
routes, and end users;

» seasonality - the need to store products
due to seasonality;

» duality - the ability of a material flow at
any stage to act as both a raw material for the
next stage and a final product;

» transformation - a significant change in
the material flow on the way towards the end
consumer, which requires relevant changes in the
storage and transportation regime;

» range - expanding the range of material
flow as it moves through the supply chain, which
requires increased efforts to maintain it.

This specificity in the production subsystems
of the full technological cycle of production in
the market conditions causes (especially in crop
production) the movement of certain volumes of
annual financial, material, and information flows.
In Figure 1, the financial flow (d,) compensates
for the cost of purchasing raw materials M,=k,d,
where k, is considered as the conversion factor of
the financial flow (d,) into the material flow (M,).
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Figure 1. General scheme of the technological chain of vertically integrated structures of the
agricultural sector

Note: d - financial; M — material; | — information flows

Source: compiled by the authors of this study based on 0.M. Zagurskiy (2021)

Determining the volume of material flow (M,)
and the number of cycles (m) in the production
subsystems of vertically integrated structures
of the agricultural complex requires additional
information (/) and the application of the stock
management methodology on its basis. There-
with, the need for stocks of these structures is
characterised by random processes, as the proba-
bility of receiving the required amount of raw ma-
terials at the input of the technological link at the
time of the requirement is not high.And in case of
a stock shortage, the production process may stop
or slow down, leading to financial losses.

Accordingly, the production subsystems of
vertically integrated structures of the agricultural
sector need to strike a balance between the pro-
cesses of raw material shortages and the process-
es of increasing stocks, which entails an increase
in storage costs (Yablonskyi et al., 2024).

Notably, the stock management method-
ology allows making an optimal (suboptimal)
decision under certain conditions and strategic
constraints (Volokha et al., 2023). Therefore, the
issue of optimising the output material flows in
production subsystems comes down to the fol-
lowing issues:

» what volume (quantity) of goods should be
periodically delivered to the warehouse to create
the required stock (delivery lot size);

» at what time (at what minimum stock level)
should the stocks be replenished (“point-of-order”).

Thus, there is a need to establish a link be-
tween the quantity or volume of raw materials
(Q) stored in the production subsystem and the
time (t) of its consumption, i.e., the study of the
following function:

Q=f(, 1)
where Q is the stock of one type of raw material.

The classic Harris-Wilson (Wilson, 1934; Har-
ris, 2013) model for calculating the economic or-
der quantity (Formula 2) relates ordering costs to
stock storage costs:

28xD

EOQ =
0 T

)

where S is the ordering cost (per year, per unit),
which includes the cost of delivery,processing,and
settlement of orders; D is the demand coefficient
or resource requirement (number of units sold per
year); His the stock storage cost (per year, per unit),
which includes the cost of storing materials or
goods in a warehouse and losses due to stock-outs.

It involves the continuous consumption of
raw materials, as well as their immediate receipt,
which is impossible in practice (Rogovskii et
al., 2022). Even if a continuous production pro-
cess is organised in corporate integrated struc-
tures, to maintain its rhythm, the rate of supply of
raw materials (p) must exceed the rate of resource
consumption (a). That is, the condition (p > a) must
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be met. Therefore, in contrast to the classical ap-
proach, when formulating the task of stock man-
agement in corporate vertically integrated struc-
tures of the agricultural sector, it is assumed that
batches of raw materials will arrive evenly at the
rate of delivery (p) rather than instantly, and with-
in the interval (tp), as presented in Figure 2.

Figure 2. Diagram of the dynamics
of production stocks of corporate vertically
integrated structures of the agricultural sector

Note: Q is the stock of raw materials; t is the time of
consumption; p is the rate of supply of raw materials;
a is the rate of resource consumption

Source: compiled by the authors of this study based
on I. Rogovskii et al. (2022)

In this regard, the following types of expens-
es arise:

1. Organisational costs associated with the
processing and delivery of goods that are re-
quired for each warehousing cycle and are sub-
ject to recycling.

2. Expenses related to storage and deprecia-
tion of goods subject to deterioration, ageing, and
reduction in quantity during storage.

3. Raw material shortage costs associated
with the inability to deliver raw materials, which
results in lost profits.

Figure 3 shows an approximate graph of the
cost function as a function of the quantity of stocks
C = f(q) for corporate vertically integrated struc-
tures of the agricultural sector. Figure 3 shows
that the process of stock management for corpo-
rate vertically integrated structures of the agricul-
tural sector is based on assumptions analogous to
the Harris-Wilson model and differs in that if the
stock in the warehouse approaches zero, deliver-
ies will be started and continued until one batch

Zagurskiy et al.

is available. Therewith, the supply of raw mate-
rials to the technological process, i.e., its ship-
ment, will not be interrupted. Thus, the presented
classification of the costs of the process under
study can be defined by the following formula (3):

C C
_c
S N
Crin \¥ C3
gL q

Figure 3. Diagram of changes in costs
of corporate vertically integrated structures
of the agricultural sector

Note: C - the costs; C, - the total stock storage costs;
C, — the cost of goods; C, - the total organisational
costs; C_, — the minimum costs

Source: compiled by the authors of this study

C=Cy+Cy+Cs =h%’"+ca+5§, 3)
where C, = h% is the total stock storage costs;
C, = C, is the cost of goods; C, = S¢ is the total
organisational costs.

The modified Harris-Wilson formula for find-
ing the optimal lot size for delivery (Q%), which
corresponds to the volume of the original materi-
al flow, will have the following form:

B 2pSa
¢ = Jroar (4)

However, the Harris-Wilson stock manage-
ment model and its modifications are determinis-

tic and do not accommodate the stochastic nature
of the flow of requirements (requests) in a verti-
cally integrated production system (Rogovskii et
al., 2021). To accommodate stochastic processes
in stock management in the production chain (es-
pecially in the sales unit), it is proposed to use
the mathematical model of the “point-of-order”
based on the theory of mass service (Nobil et
al.,2016; Balestra et al.,2021; Utama et al., 2022).
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According to this model, for any queuing system,
the stock ordering process can be represented by
two functions:

1. Number of applications received by the
system by time t: x(t).

2. Number of applications that have left the
system by t: y(t).

The above functions are characterised by
a jump (an increase by one at the moments of
arrival and departure of orders). Graphically, the
functions x(t) and y(t) are presented in Figure 4:

» lines representing functions are stepped;

» the upper bound is x(t);

> the lower bound is y(t).

» the difference z(t) = x(t) - y(t) at any time
t is the number of orders in the system. If z(t) = O,
there are no orders in the system.

ty

Figure 4. Graphical representation

of the functions x(t) and y(t)
Note: x(t) is the number of orders that entered the
system by time t; y(t) is the number of orders that have
left the system by time t — orders in the system at a
given time
Source: compiled by the authors of this study based
on S. Minkevicius et al. (2021)

To apply the queuing theory in solving this
problem, the study investigated the flows of re-
quirements that differ in their internal structure
and performed their quantitative description. The
simplest flows are characterised by the following
properties: ordinariness; stationarity; and ab-
sence of after-effects.

An ordinary request flow is one where more
than one request will be received in the system

in a short period of time (Af) with probability
R > 1(At),which is quite small compared to the fact
that only one request will be received in the same
period of time, as expressed by the following:

R > 1(At) << R1(AD). (5)

A flow is called stationary if the probability
of occurrence of some requirements (k) in a time
interval (At) depends on the length of the interval
and does not depend on the location of the inter-
val on the time axis, i.e., in a stationary flow of re-
quirements, the probability characteristics are not
subject to changes on the time scale. The average
number of claims, expressed as (A), received per
unit of time and characterising the intensity or
density of the flow. In a stationary flow, the inten-
sity value (1) will be the same at any interval (Af).

Ifthe number of demands entering the system
inanon-overlapping time slot does not depend on
the number of demands in another time slot, then
such a flow is characterised by no consequences.
The Poisson’s law is used to describe the simplest
requirement flow with a certain parameter (A):

Rigy = & e, %)
where: ka is the probability that reflects the pro-
cess of receipt of (k) claims at an arbitrary time
interval with duration (f).

Then, according to Poisson’s law, the proba-
bility of no claims at a time interval (f) after one
of the claims enters the system will be as follows:

R,(f) = e™. (8)

However, the given probability corresponds

to the probability that the value (t) will be no
more than a random variable T. Then:

R(T>1)=e™, %)

Accordingly:

FN=1-e?,
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where: F(T) is a function that distributes a random
variable T.
The distribution for a random variable T will
be carried out with density as follows:
f(t) =AM (11)
Thus, for the simplest flow, the time interval
between any two neighbouring demands will be
distributed according to the exponential law and
using the parameter (A). In addition, the simplest
flow is characterised by a higher probability of
short intervals between events than long ones.
Approximately 63% of the time intervals between
events in the system are characterised by a length
that is less than the average and equal to (1/4).
Furthermore, the Harris-Wilson model does
not consider the losses associated with failures
during order processing due to the unpredictabil-
ity of the order flow itself (stochasticity). In prac-
tice, it may happen that an order is received at
a time when the current batch has already been
exhausted and the next delivery has not yet taken
place. To account for such losses, it is proposed to
introduce a cost coefficient (g), the value of which
is determined by the probability of failure when
servicing an incoming request (R),and determines
the probability of failure and the amount of costs
associated with this process for the Harris-Wilson
model of production supply.
Accordingly, there is a probability, expressed
as Ri(t), that at the time of the next arrival of a
batch of goods, there is a stock of units of goods
in the amount from 0 to Q . Moreover, the prob-
ability of a decrease in the current batch (Q, - /)
of units of goods corresponds to or is equal to the
probability Ri(t). The probability of reducing the
current batch RQ - i(t) is determined by Poisson’s
law, and the probability of no failure during main-
tenance is as follows:
Roo(t) = T2 Ri(D), 12)
or

Roo(t) = T Ry (1) (13)
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Consequently, the probability of a failure to
service the order will be as follows:
Rp(t) = 1= 3" R, (O, (14)
and the amount of costs incurred in case of a fail-
ure is determined by the following expression:
I;(®) = g[1 = T2 Ry, (O] (15)
If one replaces the following variables with
Jj=q* i, one gets that when /=1, the value of ()
isequal to Q - 1,and when (/) is equal to Q , the
value of (j) is 0. Then, changing the bounds of the
sum in places, the resulting expression is brought
to a standard form as follows:
Qm—1
(6) = g[1 - R (16)
The parameters of the Harris-Wilson model
for production conditions are substituted into
the formula. Poisson’s formula for Rj(t), where
the parameter A is the annual demand intensity
expressed as a, which characterises the intensi-
ty of the flow of applications on average during
the year.And the time interval for considering the
probabilistic characteristics of the stock manage-
ment system is the interval between the receipt
of batches of goods, expressed as Qm/a. Thus, for
the process described, the Poisson’s formula will
take the following form:

@1—

: _aQ_m). (17)

R;(t) = exp ( o

Substituting the formula for I, (t) instead of

Rj(t) in expression (17), one obtains the following:

ew (-a%2)], 1)

om\/
— a—
I = gt - nx )

where Q_is the maximum volume of stocks; a is
the intensity of the annual flow of applications;
Q,,, is the time interval during which one delivery

batch is consumed, year.
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By simplifying expression (18), the final for-
mula is obtained:

gl —XPm % @jexp(—(?m)]. (19

Notably, in continuous production systems,
it is possible to reduce the costs associated with
| failures by using an additional regular supply
batch (Zagurskiy et al., 2024) in the time interval
At. A graphical description of the process is pre-
sented in Figure 5.

Figure 5. Supply shift by At__
Note: a — the delivery with failures in the time interval
At; b - the delivery with the use of an additional
regular batch

Source: compiled by the authors of this study

The application of this adjustment requires a
change in expressions (18) and (19):
Jj
[1 ZQm—l( a(%e-ar))

Ifzg 7

=1 (Qm—aat)/
ZQ _—

Iy =g[1 7

exp(—(Qm — adt))], 21)

An analysis of Figure 5 shows that such a
change in supply is equivalent to a process of in-
creasing the shelf life by (1 + Af). Accordingly, the
storage costs will be as follows:

— Qm
i =h=x 2+(1+At)’ (22)
while the total costs will be equal.
[=1+1. (23)

Thus, with the optimum precautionary supply
interval Atop, the total costs are minimal:

ZQm 1 (Qm_aAton)]

min(I) —g[l I

exp( - (Qm - aAton))] + hQTm (1 + Aton) ,(24)

and the optimum ordering point (optimum safety
stock volume) Q,,, which is defined as follows:

Qps,= b (25)

Table 1 and Figure 6 show an example of
considering the dependences that reflect the
dynamic result of all the functions of the stock
storage unit of the integrated agricultural supply

Qm . . . .
exp (—a (7— At))] (20) chain for the operating agricultural enterprise of
or Ukraine Kivshovata Agro LLC.
Table 1. Results of material flow optimisation using
the “point-of-order” model for Kivshovata Agro LLC
Intensity Maximum Interval
of application Stock storage stock level of validity of Storage Failure costs, Total costs. |
flow per costs, h am ' one delivery costs, Ix If !
year, | batch, At
20 6 150 900 0.0000000 900.0
20 6 150 1350 0.0000000 1350.0
20 6 150 1800 0.0000000 1800.0
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Table 1. Continued

Intensity Maximum Interval
of application Stock storage of validity of Storage Failure costs,
stock level, . Total costs, |
flow per costs, h am one delivery costs, Ix If
year, | batch, At
20 6 150 4 2250 0.0000000 2250.0
20 6 150 5 2700 0.01897892 2700.0
20 6 150 6 3150 0.00000003 3150.0
20 6 150 7 3600 0.0000000 3600.0
20 6 150 8 4050 0.0000453 4050.0
20 6 150 9 4500 22026.460 26526.5
20 6 150 10 4950 38026.460 42976.5
Source: compiled by the authors of this study
100000 Storage costs Ix
90000
80000 = [ailure costs If
70000 Total costs |
= 60000
S
«» 50000
§ 40000
30000
20000
10000
0
1 2 3 4 5 6 7 8 9 10

Delivery interval, days

Figure 6. Schedule for determining the optimum interval
for the advance delivery ofthe next batch (At,))

Source: compiled by the authors of this study

As Figure 6 shows, the minimum value of the
total cost is maintained up to AtOID = 8, when the
delivery interval of one delivery batch reaches
eight days, while increasing the delivery interval
of batches to nine or ten substantially increases
the total cost of supply.

Comparing the obtained approaches and re-
sults with other comparable studies, all of them,
like the present study, are devoted to building ef-
fective stock management models and investigat-
ing the relationship between the amount of stock
stored at the enterprise and the time of its con-
sumption. Thus, H. Starushenko (2022) proposed a

digital model for calculating the economic order
quantity developed based on the Harris-Wilson
EOQ stock management model. The researcher
used the minimisation of total expected costs of
the enterprise as the optimisation criteria, while
organisational and storage costs were used as
constraints, and did not consider the possible
shortage of stocks. The present study, apart from
the above costs, also considered the costs of raw
material shortages associated with the inability to
supply raw materials, which results in lost profits.

T. Nestorenko et al. (2020) conducted a thor-
ough investigation of stock management models

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4



Models for optimising the volume of material flows...

with uncertain demand (variations of the Harris
formula based on the Markov equation and the
Wilson formula developed to minimise expected
replenishment costs and stock-outs). Their mod-
el considers fluctuations in demand, lead time,
and price, among other criteria. Therewith, the
model does not accommodate the possibility of
potential supply failures. In the present study, for
vertically integrated production systems, the pos-
sibility of failures is allowed, and therefore during
the servicing of orders, the losses associated with
failures caused by the unpredictability (stochas-
ticity) of the order flow itself are also considered,
and therefore the possibility of reducing the costs
associated with failures by means of an addition-
al regular supply batch is calculated.

To ensure supply sustainability, S. Zeng et
al. (2019) presented a modified version of the
Wilson model that considers consumer demand
trends and provides flexibility in re-ordering
time, which allows determining the economic
order quantities and intervals between them. In
contrast to S. Zeng et al. (2019), the current study
proposes to use a mathematical model of the
“point-of-order” based on the theory of queuing to
account for stochastic processes in stock manage-
ment in the supply chain of a vertically integrat-
ed agricultural production system, which allows
determining not only the optimum point of order
but also the optimum amount of safety stock.

C. Caliskan (2021) proposed an extended
classical Harris-Wilson model for stock manage-
ment and compound interest accounting, which,
according to the researcher, is an intuitive closed-
form equation for the economic order quantity,
but, like previous studies, it also does not consid-
er possible stock-outs and losses associated with
supply failures.

Notably, some modern researchers consider
the problem of stock optimisation from the stand-
point of sustainable economic development and,
apart from economic components, include envi-
ronmental and social components in stock man-
agement models. Thus, N. Liao & Q. Deng (2018)
propose an environmental sustainability model

(EES-EOQ), which uses benefit-cost ratios to in-
directly control production to overcome the lim-
itations of the classical EOQ model. To this end,
the researchers derive three optimum strategies:
() minimise stock costs, (Il) maximise the overall
environmental benefit in a dedicated recovery
model, and (lll) coordinate forward logistics and
reverse logistics to achieve environmental op-
timisation in a combined recovery model. Using
stochastic analysis, they mathematically prove the
existence and uniqueness of the optimum ratio in
each strategy. S. Turki et al. (2020) also propose an
EOQ model that considers the costs of waste dis-
posal.A.Jokar & S-M.Hosseini-Motlagh (2020) and
S. Pattnaik et al. (2021), defining the stock manage-
ment policy of companies in the face of demand
volatility, included corporate social responsibility
issues in models for determining optimum stock
quantities in supply chains. Therewith, this model
is more in line with the development of optimum
restoration strategies to mitigate environmen-
tal problems caused by excessive carbon emis-
sions and is suitable for restoration enterprises.

Conclusions

Determination of the volume of the required ma-
terial flow and the number of cycles in the pro-
duction subsystems of vertically integrated struc-
tures of the agricultural complex requires the
application of the stock management methodol-
ogy. The frequent need for stocks of these struc-
tures is characterised by random processes, as the
probability of receiving the required amount of
raw materials at the input of the technological
link at the time of the requirement is not high.
Moreover, in case of a stock shortage, the produc-
tion process may stop or slow down, leading to
financial losses. Therefore, the production subsys-
tems of vertically integrated structures of the ag-
ricultural sector need to strike a balance between
the processes of raw material shortages and the
processes of increasing stocks, which entails an
increase in storage costs.

It was found that optimisation of material
flows is a critical aspect of ensuring uninterrupted
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operation and reducing the cost of transporting,
storing, and handling raw materials and finished
products. This helps to reduce overall produc-
tion costs and increase the overall profitability of
subsystems of vertically integrated structures in
the agricultural sector. The integration of classic
stock management models such as the economic
order quantity and point-of-order models allows
for more accurate calculations and reduced costs.

Optimisation of material flows reduces the
cost of transporting, storing, and handling raw
materials and finished products. This helps to
reduce overall production costs and increase the
overall profitability of subsystems of vertically in-
tegrated structures in the agricultural sector.

A model of optimisation of volumes of ma-
terial flows in subsystems of corporate integrat-
ed structures of the agrarian complex was pro-
posed, which combines two classical models: the
model of economic order quantity adapted for
use in product subsystems of corporate integrat-
ed structures of the agrarian complex and the

Zagurskiy et al.

the minimum size of the insurance stock of raw
materials using the tools of operations research.

For example, the material flow was optimised
for the operating agricultural enterprise Kivsho-
vata Agro LLC. The above calculations showed
that the total costs stay at a minimum value up to
Atop = 8,when the delivery interval of one batch of
supplies does not exceed eight days; an increase
in the interval by even a day or two substantially
increases the total cost of supplies.

Prospects for further research are related
to improving the models of stock management
of agricultural enterprises, considering current
trends in sustainable economic development.
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AHOTAaLLifl. AKTYanbHICTb AOCNIAKEHHS NOASra€ B HEOOXiAHOCTI oNTMMI3aLii LUMKNiB Ta 06CAriB NOCTaBOK
y NaHUOrax CTBOPEHHS AOAAHOI BAPTOCTI, WO CMPUSIE 3HUXKEHHIO BUTPAT i MiABULLEHHIO peHTabenbHOCTI
arpapHux nignpueMcTs. MeToto cTaTTi 6yn0 AOCNIOXKEHHS Ta ONTUMI3aLig BUTPAT BUXiAHUX MaTepiaibHUX
MOTOKIB Yy BMPOBHMUMX NigcucTeMax KOPropaTUBHUX BEPTMKANbHO-iHTErPOBAaHMX CTPYKTYp arpapHoro
KOMMeKCY B YMOBAX HecTalioHapHoro nonuty. [1ns AOCArHEHHS NOCTaBAeHOi MeTU B poboTi AOCNiAXKEHO
3B'A30K MiX 06CAroM 3amacy CMPOBUHM, WO 36epiraeTbes y cknaai BUPOOGHMYOI NiACUCTEMU | HACOM iOro
CMOXWBAHHS HA OCHOBI SKOrO PO3MSHYTO PO3LWMPEHY MOLENb ONTUMAJbHOrO PO3Mipy 3aMOBNEHHS
EOQ, y kit OKpiM BM3HAYEHUX BMUTPAT BPaXOBYHTHCS Lie 1M BUTPATU AediunuTy CUPOBUHM, NOBA3aHI i3
HEMOX/IMBICTIO BUKOHAHHS NMOCTa4aHHS i BTPATV MOB'A3aHi 3 BigMOBaMM Y MOCTa4YaHHAX 0OYMOBIEHUMMU
HenepenbayyBaHiCTIO (CTOXAaCTMYHICTIO) CamMoro MOTOKY 3asBOK. Bu3HaueHo, wo y 6e3nepepBHMX
BMPOBHMUMX CUCTEMAX ICHYE MOXJIMBICTb 3MEHLLUEHHS BUTPAT, NMOB'A3aHMX i3 BiAMOBaMM 3a LLONOMOrOK
[lOlaTKOBOI 4eproBoi napTii mocTayaHHs. [lng upboro Ha 3acafax Teopii MacoBOro 06CNYroBYBAHHS
nobyaoBaHO MATEMATUYHY MOLENb «TOYKA 3aMOBJ/IEHHN», WO [AE MOX/IMBICTb BM3HAUMTU He TiNbKKU
ONTUMANbHY TOYKY 3aMOBEHHS, @ W ONTUManbHUI 06CAr CTPaxoBOro 3anacy. 3anponoHOBAaHO MOAeNb
onTUMiI3auii 0bcaris MaTepianbHUX MOTOKIB, WO MOEAHYE MOAENb ONTUMANIbHOrO PO3Mipy 3aMOBJIEHHS
EOQ apantoBaHy [0 BMKOPWUCTAHHS B MPOAYKTOBUX MiACUCTEM KOPMOPATUBHMX iHTEFPOBAHUX CTPYKTYP
arpapHoro KOMM/eKCy Ta MOZESb «TOUKa 3aMOBEHHS», LLO L03BOJISIE PO3PAaX0BYBATU MiHiMabHi po3Mipu
CTPaxoBOro 3anacy CMPOBWMHWU 3 BMKOPUCTAHHAM iHCTPYMEHTIB LOCNIIKEHHS onepauii. na npuknapy
npoBefeHO ONTUMI3aLito MaTepianbHoro notoky ans TOB «KiswoBata Arpo». Pe3ynbtaTv AOCNiLKEHHS,
Taki K 3aCTOCYBaHHSA aHANITUYHWUX [HCTPYMEHTIB | Mofenei BM3HAYEHHS OMTUMANbLHOIMO po3Mipy
3aMOBJ/IEHHS T CTPAaX0BOro 3anacy MOXyTb OyTW BUKOPUCTAHI MEHEOXXMEHTOM arpapHuX NianpueEMCTBamMm
LNS NigBULLEHHS eDEKTUBHOCTI YNpaBiHHA MaTepiaNbHUMM NOTOKaMM

KniouoBi cnoBa: BUPOGHUYI CUCTEMM; ONTUMAsbHWUIA PO3MIp 3aMOBNEHHSA; MOMUT; CUCTEMA MACOBOIO
06cNyroByBaHHA; ynpaBiHHS 3anacamu
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Abstract. The relevance of the study is conditioned by the need to improve the efficiency and safety
of transportation of small-sized cargo. The purpose of this study was to build a mathematical model
of the dynamics of stabilisation of device for small-sized cargo transportation. For this, the equations
of motion of the system were formulated in the form of a system of second order Lagrange differential
equations of the second kind. A grey box approach was used to determine the unknown coefficients of
the equations of motion. To implement the approach, an optimisation criterion was constructed that
reflected the parameters of the root-mean-square and maximum absolute errors of the differences
between theoretical and experimental data of the tilt angle and angular velocity of the device. A
modified Ring-Rot-PSO particle swarm method was used to minimise the criterion. The unknown
parameters of the device model were found, and the adequacy of the obtained mathematical model
was assessed by individual components of the criterion, which proved the adequacy of the obtained
mathematical model. To find the unknown parameters, namely the coefficients of the equation of
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motion of the device, a grey box approach was applied. For this, experimental studies of the device
stabilisation were performed, and the difference function was formed as an objective function of
theoretical, obtained based on analytical equations of motion and experimental data. The objective
function was minimised using the modified particle swarm method Ring-Rot-PSO. As a result of the
optimisation, the unknown parameters of the system were obtained: the moments of inertia of the
frame /, _=5.52-10* kg-m* and the wheel / =2.75-103 kg-m?, the wheel mass m_=3.31-10" kg. These
data allowed obtaining an adequate mathematical model model of the stabilisation of the device,
which underlies further solving of the problem of synthesising optimal control of its motion

Keywords: two-wheeled vehicle; equations of motion; motion control; unstable dynamic system;

Ring-Rot-PSO

Introduction

Transportation of cargo forms an integral part
of any commodity production, the delivery of
goods, and everyday life. Small-sized automated
systems for the transportation and courier deliv-
ery of small-sized cargo, goods, and products are
becoming increasingly widespread. The designs
of such devices are represented by both aircraft
and ground wheel systems. One of the key tasks
of developing such devices is to synthesise op-
timal control of their motion, which requires the
development of an adequate mathematical model
of the motion of such devices. This study is dedi-
cated to this issue.

Stable configurations of four to six wheels
are commonly used as wheel propulsion systems.
Two-wheeled devices are represented by systems
where the wheels are on the same axis of rota-
tion. Such devices cannot stabilise their position
in static conditions.

The dynamics of ensuring the stability of
two-wheeled devices (such as a scooter) has been
understudied. To maintain transverse stability
in static, such devices require additional mech-
anisms, such as gyroscopes (Lin et al., 2018), jet
wheels (Hongyang & Ruizhi, 2020), etc.

In any case, the synthesis of control systems
for such devices is based on adequate mathemat-
ical models (Aulin et al., 2024). Thus, the synthesis
of optimal motion control of a device for trans-
porting small-sized cargo, which is a non-linear
dynamic system, necessitates the construction of

an adequate mathematical model. To obtain such
a mathematical model, the problem of measuring
the dynamic parameters of the system with a giv-
en accuracy arises (Rogovskii, 2021). Such meas-
urements are not always possible, and therefore
the problem of estimating such parameters based
on experimental data obtained during the stabi-
lisation of the device position becomes relevant.

Usually, scientists use the classical method
of developing a mathematical model, including
finding the parameters of the device, building
a dynamic model, and designing of differential
equations of motion. Specifically, V. Mudeng et
al. (2020) describes a method for constructing a
mathematical model of a two-wheeled device,
such as a segway, which is an unstable dynamic
“inverse pendulum” system. To build the mathe-
matical model, the equilibrium method was used,
which is based on the dAlembert’s principle of
dynamic equilibrium. Some geometric and dy-
namic characteristics were specified, while others
were found theoretically using a computer model
of the system. The results of the test were per-
formed only theoretically, without verification on
a physical model of the device.

J. Velagic et al. (2021) describe a method for
constructing a mathematical model using second
order Lagrange equations for a two-wheeled de-
vice such as a segway. The dynamic characteris-
tics of the device were determined approximated
from the kinematic diagram of the device. As a
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result, the model was used to select the coeffi-
cients of the PD controller and an experiment
was conducted to assess the quality of the mod-
el. There were significant discrepancies between
the theoretical and experimental data on the po-
sition stabilisation of the device. The researchers
explained this discrepancy by referring to inac-
curacies in the definition of the dynamic param-
eters of the device.

M.A. Tofigh et al. (2021) describe a two-
wheeled device that works on a principle com-
parable to that of a reverse pendulum. However,
two gyroscopes provide stability. The composite
mathematical model of the device is presented
in the form of second order Lagrange equations.
The parameters of the device were determined
theoretically using its idealised computer model.
0. Obadina et al. (2022) described the applica-
tion of the “grey box” and “white box” approach-
es and their comparison with experimental data
on the device’s performance. Thus, the unknown
parameters of the model were found from the
experimental data of the device operation by ap-
plying an optimisation criterion containing the
root mean square error values. The criterion was
minimized using the GWO-WOA optimization al-
gorithm. This resulted in an error that, compared
to the conventional “white box” approach, was
an order of magnitude smaller than the one ob-
tained based on theoretically determined values
of the model’s dynamic parameters. E. Cachaya et
al.(2024) investigated the stabilisation of the po-
sition of a two-wheeled device with a balancing
mechanism in the form of a jet wheel. The math-
ematical model was developed using the equilib-
rium method. It was later used to optimize the
parameters of controllers.

D. Vasilevski et al. (2023) considered the
problem of synthesising optimal control of the
position stabilisation of a two-wheeled device
such as a motorcycle, where the balancing mech-
anism is implemented in the form of a jet wheel.
To solve the problem, a mathematical model with
two degrees of freedom was proposed, the kin-
ematic scheme of which was presented in the

Loveikin et al.

form of an inverse pendulum with a flywheel.
The mathematical model of the device was rep-
resented in the state space of the system. The dy-
namic parameters of the system were determined
by theoretical methods. M. Horoub et al. (2023)
considered the mechanism of balancing a two-
wheeled vehicle such as a bicycle using propeller
thrust. A two-stage process of concept develop-
ment and testing was presented, first on a simple
model and then on a full-scale vehicle. The result
was a mathematical model in the form of a ma-
trix of system states. The dynamic parameters of
the system were determined approximately. As a
result, when checking the adequacy of the mod-
el in comparison with the experiment, the mod-
el poorly describes the damped self-oscillations
when the position of the device changes.

The purpose of the present study was to ob-
tain a mathematical model of the dynamics of the
position stabilisation of a device for small-sized
cargo transportation.

To fulfil this purpose, the following objec-
tives had to be met:

1) to build a kinematic scheme of the device
in the mode of stabilisation of its position and, on
its basis, to wright the equations of motion of the
device in the form of a system of second order
Lagrange equations;

2) to develop an optimization criterion that
reflects the difference between theoretical and ex-
perimental data on the angle and angular velocity
of the device as a function of unknown parameters
of the equation of motion of the device and find its
minimum by using the Ring-Rot-PSO algorithm;

3) to analyse the quality of the developed
mathematical model.

Materials and Methods
To build a mathematical model of a device for
small-sized cargo transportation, a kinematic
scheme of the device’s operation in the balancing
mode was presented (Fig. 1). When building the
model, a partial mode of operation was consid-
ered, namely balancing the device, provided that
the wheels of the device do not rotate.
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Figure 1. Kinematic scheme of the device in balancing mode

Note: a is the angle of inclination of the device in the vertical plane; 8 is the angle of displacement of the crank
of the balancing mechanism from the initial position; ¢, and c, is the centre of mass of the frame and the rear
wheel, respectively; r is the radius of the crank; c is the frame height; D is the wheel height; / is the distance from
the frame to the point of contact K of the wheel with the ground

Source: compiled by the authors of this study

Assumptions were made in developing the
model:

1) the frame and rear wheel have an even
weight distribution;

2) the centres of gravity of the frame and
wheels coincide with the geometric centres of their
profiles (marked respectively by points ¢, and c,);

3) the wheel is in contact with the ground at
a point K.

To build a mathematical model of the device,
the expression of the kinetic T is compiled:

T =5 (U + 1) w2+ Iy + Ly ) - 2+ 732

. . 1 .
’ (xcgl + y(,?l) +m,y, 'E(Ilw + Lye) - a? (1)

where lp is the moment of inertia of the pulleys
in the belt transmission; / is the moment of in-
ertia of the step motor; u is the gear ratio of belt
transmission (u=1); / _is the moment of inertia
of the wheel relative to the point of contact with
the surface K (Fig. 1); m, is the mass of the frame;
m_ is the mass of the wheel; / _is the moment of

inertia of the frame relative to the point of con-
tact with the surface K; x_, y , are the coordinates

of the centre of mass of the device frame.The po-
tential energy of the system is as follows:

P=m, gy,+m,ay, @)

where g is the acceleration of free fall; y , is the
coordinate of the centre of mass of the wheel,
which is found as follows:

Yer =5 c0sa =3, )
where D is the diameter of the wheel. Hereafter,
since the angle a varies within a small range
(+-5°), we assume cos(a) = 1, sin(e) = a.. The coordi-
nates of the centre of mass of the frame are ob-
tained from the following expressions:

X, =r-sinf+y,-sina, (4)

where ris the radius of the crank;

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4



Y=Y, C0sa, (5)
where y, is the height of the centre of the frame
under the condition «=0. It is found as follows:

y1=l+§+r-(1—cosﬂ), (6)
where [ is the distance from the bottom of the
frame to the ground at a=0; c is the height of the
frame. The first derivative of y, in time is found
as follows:

y,=p-r-sinp, 7)

xclzﬁ'r'cosﬁ_yl'

Loveikin et al.

By substituting y, in equations (4) and (5), we
obtain:

sinf+y,-sina=r-sinf+a-
-<l+§+r-(1—cosﬁ)),

Xer =T
®)
Ye1 =Y1-COSa =cosa-
-(l+§+r-(1—cosﬁ))z

zl_|_§_|_r-(1—cosﬁ). &)

The first derivative of the frame’s centre of
mass coordinates was found as follows:

sina+y,-a-cosa =

=B-r-cosB—B-r-sinﬁ-sina+(l+§+r-(1—cos[3))-d-cosa=

=B-r-(cosB—sinBsina)+(l+§+r-(1—cos[3))-d-cosaz

zB-r-(cos,B—a-sin/?)+d-(l+§+r-(1—cosﬂ)); (10)
Ve1r=Y1-COSQA—Yy;-a-sina =
=[?~r~sinﬂ-cosa—d-sina-(l+§+r~ (1—005[?)) =~

zﬂ~r~sinﬂ—d~a~(l+§+r~(1—005[?)). (11)
To build a mathematical model, the second Z; my (;’cﬂ.% + Yeq a;;;); (17)
order Lagrange equation was used as follows:
d T  aT P, oT _ P . 63/01
Tae T 9 = o (12) op = lem B +my (xa 7+ Ve )(18)
where [ is the combined moment of inertia of
4ot _ ot : ua 13 the device relative to the point of contact with
wop "op = Mum—35  (13)  the ep 0
the ground K (Fig. 1) (I, =/ +1 +1);
where M is the torque on the step motor shaft;
n is the efficiency ratio of the belt transmission d 8T _ B +my-
(7=0.9). To find the partial derivatives of the po- , acop ~ lem ! ,
. Xc X . c c
tential and kinetic energies, the corresponding (xcl (,Bl Xe1® aﬁl t Ve Y1+ycl “) 5(19)
partial derivatives are taken as follows:
B_P_ ;Vc1 0Yc2
or _ ( By | 0¥a).  (14) ba =9 5 T 9%, (20)
da My \Xer da Ve~ da ),
oT _ . . 0Yc1 .. 6_P _ . 9y ayc
=y (er - 28 gy - 29) 4 (e + L) - 65(15) G=mig-oeam, g2 (1)

aor _ (x
dtaa  1\%el

-2 4 (e + o) - (16)

0x¢cq
da

0%y
da

+ Xeq1 -

+

. Ay, .
+Ve1- a_al + Ve1

Substituting the results of (14)-(21) into ex-
pressions (12) and (13), the following system of
differential equations is obtained:
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= . 0x¢q . 0xcq . 0V . 0Ycq . 0x¢q . Ve _
Icm-ﬂ+m1-(xcl- Lt Xyt Ve et Ve o) My (K et Ve o) =

ap ap ap ap ap B
— o — L0 e
=My-n—mg-g a8 +my - g ap '
. . ax . ox . ay, . ay, . ax . ay,
(Ilc+lwc)'a+m1'(xcl' a;1+xc1' a‘;l'l':)/cl' a;1+ycl' a;)_ml'(xcl'a—;l'i'ycl' a‘;l)z
= — . 9Ya Lg . e
TG Ny T w9, 22)

Having opened the brackets and performing simplifications in the system of equations (22), the
following system of equations is obtained:

- . dx, . Ay yc 9yc
Icm'.8+m1'(xc1'a_ﬁl+yc1' aﬁl) =M, -n—my-g- aﬁl'l'mw'g' aﬁz;
.. . x, . Ay, oy, 9y,
(Ilc+1wc)'a+m1'(xc1'a_al+YC1'aal):_ml'g'aal_mw'g'a_az- (23)
To ﬁnfj the unknown parts of (23), consider Wer _ .. cosB +1-sinf sina ~
the following: 9

~1-(cosf +a-sinp); 27)

% = (l+§+r~(1 —cosﬁ))cosa ~
3. . .
zl+§+r~(1—cosﬁ); 24) aLﬁl=r~5mﬂcosazr-smﬂ; (28)
[ _
?—;=(l+§+r-(1—cosﬁ))sinaz ,3_52_0' (29)
e (l +§+ - (1-cos ﬁ))? (25) To find the second derivative for the coordi-
nate x_, of the centre of mass of the frame, the
ag_;z = gsina ~ %a: (26)  following expression is formulated:

¥ =P -1 (cosp—sinp-sina)—p-r-(f-sinp—p-cosfsina—d-sinfcosa)+

tii-cosa- (14547 (1-cos p)) + d-([i’-r-sinﬁcosa—d~sina~(l+§+r~(1—cosﬁ))).(_’>0)
The brackets are opened, and the equation is simplified:
¥a=PB-r-(cosp—a-sinp)—f-r-(B-(sinf—a-cosp)—da-sinp)+
+d~(l+§+r-(1—cosﬁ))+a-(/?~r-sinﬁ—d-a-(l+§+r~(1—cosﬁ))); (31)
Heq zﬁ~r~(cosﬁ—a~sinﬁ)+d-(l+§+r-(1—cosﬁ))—32-r~(sinﬁ—a~cos,8)—
—ozz~a~(1+§+r~(1—cosﬁ))+2a-ﬁ'~r~sinﬁ. (32)

The second derivative of the coordinate y_, of the centre of mass of the frame is determined:

jicl=B-r~sinﬁ-cosa+ﬂ-r-(,3-cosﬁ-cosa—d~sinﬁsina)—

—d-sina-<l+§+r-(1—Cosﬂ))—d-(ﬂ-r-sinﬁsina—o’z-Cosa-(l+§+r-(1—Cosﬂ))).(33)
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Having performed the transformation, let us reduce expression (33) to the following form:

}701zﬁ~r~sin[f—d~a~(l+§+r-(1—Cosﬁ))+[?2~r~cosﬁ

—2d-B-a-r-sinf—d?-

a-(l+%+r~(1—cosﬂ)).

(34)

Substituting all the results obtained into the system of equations (20), a system of differential

equations is obtained:
- L 0Xy |
Icm ',B+m1 : (xcl'a_ﬁl'l'ycl

da

The system of differential equations (35) is a
mathematical model of the dynamics of balanc-
ing a device for small-sized cargo transportation.

In model (35), the coefficients in equations
(35) are known, but some need to be determined,
i.e., identified. This allows obtaining an adequate
mathematical model that would correspond to
the dynamics of device stabilisation. An adequate

. 0Yc1
B

.. . Ox. ay. a0y,
(Ilc +Iwc)'a+m1 : (xcl '_1+ycl _1) = _(mlﬁ'l'mwa_az) 9

9yc 9y
=Mu'n_(mlaLﬁ1+mwaLﬁz)'g;

0Yc1
o (35)

mathematical model underlies the synthesis of a
controller that would ensure the optimised stabi-
lisation of the device.

Results and Discussion
The individual device parameters included in
equation (35) can be easily measured. Their nu-
merical values are given in Table 1.

Table 1. Numerical values of known parameters of a device for small-sized cargo transportation

Parameter name Unit of measurement Symbol Numeric value
Frame mass kg m, 9.5
Crank radius m r 0.047

Distance from ground m | 0.040
to the frame

Frame height m c 0.080

Wheel diameter m D 0.136

Source: developed by the authors of this study

Since the stabilisation process of the device
is controlled by the angular velocity 3 of the bal-
ancing mechanism, let us consider the second
equation of the system (35), which includes the
desired (unknown) parameters of the device. They
were found by using experimental data from the
device by using ‘grey box” approach (Romlay et
al.,2019; Komor et al., 2020).

The experimental data were collected in the
stabilisation mode of the device in the form of
an array of numerical data. The array data was
collected with a time step of At=0.006 s. The du-
ration of data acquisition when the device was in
stabilisation mode was 15 s. At each time interval,

the following were read: tilt angle o, angular ve-
locity of the device tilt ¢, angular velocity of the
balancing mechanism rotation ﬁ and the current
program operation time t.

The stability of the device was achieved us-
ing a proportional-differential controller (PD con-
troller), the coefficients of which were selected
empirically:

f=3-a-3-q. (36)

Accordingly, the values of the slope angle g
and its second-time derivative were found in the
components of equation (35):
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B=[(3-a-3-d)dt 37)

B=3-a-3-a (38)

Having made all the substitutions, the sec-
ond equation of the system (35) takes the follow-
ing expanded form:

2-ga-(com-Dm +2-m-(I+7)+6-m X
xsin(6- [(a+a)-dt)-(a+a) (3 -a+5-a)=
=4-g-a-m-r-cos(3-[(a+a)d)+6-m -7
(c4+2-(I+)) xsin(3- [(a+a)dD)-(a+a)-

“Brat+5-a)+4-o- (AL )+m;(c+2-(I+7)-

-2-r-cos(3- [(a+a)-d))x (a-(c+2-(I+r))-
-2-r-cos(3-[(a+a)-d) - (3-a)+4-a)).

To find the solution to equation (39), the ini-
tial conditions were set as follows: the tilt angle
of the device a;=-0.033 rad, the angular velocity of
the tilt «=0.109 rad-s*. The sought parameters of
the device are as follows: 1) moment of inertia of
the wheel/ ;2) moment of inertia of the frame / ;
3) mass of the wheel m .The optimisation criterion
J,which corresponds to the degree of deviation of
theoretical data (obtained using model (39)) from
experimental data, is the following expression:

J=E,  +E

RMSa RMSda

-T+E +E

maxa maxda.

-T, (40)
where £, . is the root-mean-square value of the
difference between the deviations of theoretical
and experimental data by angle «; £, ., is the root-
mean-square value of the difference between the
deviations of theoretical and experimental data
in terms of angular velocity ¢; T is the period of
forced oscillations of the device during the exper-
iment (T=0.744 s); £ is the maximum value of
the difference between the deviations of the theo-
retical data and the experimental data at the angle
a;and £, isthe maximum error value of the dif-
ference between the deviations of theoretical and
experimental data in terms of angular velocity . In

formula (40), the £, value was found as follows:

(41)

- / 25002
Ermsa = (7505 2j=1 Ea.

is the j*" difference between theo-
retical data and experimental data for the angle a:

where E

E =a

aj  Ttj e

(42)
where o, - is the /" value of the inclination an-
gle a obtained theoretically (solution of equation
(39)); a,, is the j" value of the angle « of the array
of experimental data. In formula (40), the root-
mean-square value of the angular velocity error

E,,s..Was found as follows:

Ermsaa = 2500 ZZSOOEga j» (43)

where £, |s the ji difference between theoreti-
cal data and experimental data in terms of angu-
lar velocity a:

E daj dz,j - O.‘eJ' (44)
where du‘ is the /" value of the angular velocity
, which is obtained theoretically (the first-time
derivative of the solution of equation (39)); ¢
is the /™ value of the angular velocity a array of
experimental data.

To reduce the elements of the expression to
one dimension, the value T is used in expression
(40). The maximum values of the differences in
angles and angular velocities of the theoretical

and experimental data £, and £ are found
according to the following formulas:
E = max(|Eaj\); (45)
E W= max(\Eda/.D. (46)

Tominimisecriterion (40),amodifiedRing-Rot-
PSO particle swarm method was applied (Roma-
sevych etal.,2021).As a result of its use,numerical
values of the parameters were obtained (Table 2).
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Table 2. Numerical values of the found arguments
of the criterion J (parameters of the dynamic system)

Parameter Dimensions Numerical value
I kg-m? 5.52-10*
L, kg-m? 2.7510°
m 3.31-107

Source: developed by the authors of this study

The values of the parameters presented in
Table 2 allow minimising the value of the crite-
rion J, and therefore the difference between the
data of the theoretical model (39) and the exper-
imental data is minimal. To analyse the constit-

uent elements of criterion J, a plot was built. In
Figures 2 and 3, the solid grey curves correspond
to theoretical data, the dashed curves - to exper-
imental data, while the red curves - to the differ-
ence between theoretical and experimental data.
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Figure 2. Plots of the angle of inclination a obtained theoretically
and experimentally, as well as their difference

Source: developed by the authors of this study

Figure 2 shows that the difference between
the values of the theoretical and experimental
data for the angle o is much smaller than the
values of the angle itself (both theoretical and
experimental data) and they change almost syn-
chronously. That is, the maximums and minimums
of the error plot practically coincide with the
maximum and minimum values of the device’s tilt
angle. The values of the difference between the

J

theoretical and experimental data for the angu-
lar velocity £, (Fig. 3) are much smaller than the
values of the experimental and theoretical data
themselves. This plot varies proportionally with
the values of the angular velocity . Furthermore,
the numerical values of the components of the J
criterion were calculated, which show certain cat-
egories of discrepancies between theoretical and
experimental data (Table 3)
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Figure 3. Plots of angular velocity , obtained theoretically
and experimentally, as well as their difference

Source: developed by the authors of this study

Table 3. The numerical values of the components of the criterion J

Component of criterion J Dimensions Value
naxa rad 7.31-10°%
maxda rad-s’ 9.91-107
[ rad 3.11-10%
Ersda rad-s’ 2.78-102
Source: developed by the authors of this study
Considering the values of £, . and E, . . theframe and wheel were found from the exper-

which are insignificant (Table 3), it can be con-
cluded on the good quality of identification of
the parameters of the mathematical model (39).
It can then be used to synthesise the optimal
motion control for a small cargo transport de-
vice in stability mode.

Comparing the results and approach with
other researchers, the following characteristics
can be obtained. Z. Pluta & T. Hryniewicz (2013)
described a method for determining the mo-
ment of inertia of the body mass relative to the
desired axis experimentally using a physical
pendulum with a rigid suspension at the end of
which the test body is fixed. The moment of iner-
tia was found by the oscillation parameters (de-
flection angle, oscillation period, and suspension
length). In our case, the moments of inertia of

imental data of the device stabilisation by using
.grey box” approach, the parameter optimisation
criterion, and the Ring-Rot-PSO optimisation al-
gorithm. This allowed simplifying the construc-
tion of a mathematical model without the need
to build a pendulum system and perform addi-
tional calculations of the device’s moments of
inertia measurements.

B. Rao et al. (2022) put the simple physical
pendulum method into practice to determine
the moment of inertia for a model aircraft. This
methodology allows obtaining fairly accurate
results: the researchers noted that the error is
1% when comparing theoretical and experimen-
tal data of mass inertia moments. This method
is not well-suited for the cases described in the
present study since the moment of inertia of
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the frame during the balancing process is not
constant. It varies depending on the position of
the balancing mechanism, which changes the
height of the frame’s centre of mass relative
to the point of contact of the wheel with the
ground, relative to which the frame’s moment of
inertia is found.

In some cases, it is sufficient to estimate the
unknown system parameters, or even to empiri-
cally find the required control action to stabilise
the position of the device. To ensure the stability
in the static of a two-wheeled device (such as a
scooter), P. Gogoi et al. (2017) used a balancing
mechanism in the form of a jet wheel. Its pa-
rameters were sought empirically by changing
the diameter and weight of the disc, and rele-
vant experiments were conducted to determine
the optimised diameter of the jet wheel disc.
In our case, the balancing mechanism works on
the principle of shifting the mass relative to the
centre of mass to ensure static stability. An em-
pirical approach to synthesise the optimal con-
trol would take an exceedingly long time and, if
the parameters (weight of the cargo, inclination
of the road) changed, the balancing would be of
questionable quality or even impossible.

L. Nehaoua et al. (2013) conducted a thor-
ough study and proposed to use the differen-
tial-variational principle of Jourdain to build a
mathematical model of a two-wheeled device
(such as a motorcycle), accommodating the sus-
pension, elastic properties of the wheels, and
the force on the steering wheel. It showed good
prediction performance, but this is an example
of a theoretical problem without practical ver-
ification. In contrast to the Jourdain principle,
the present study constructed a mathematical
model of the device in the form of second or-
der Lagrange equations, and the use of the ,grey
box” approach made it possible not to determine
the stiffness of the suspension, the elasticity of
the wheels, the deformation in the links and the
shape of the ground contact patch. These and
many other parameters were found from the ex-
perimental data of the device.

Loveikin et al.

To ensure the stability of the position of a
two-wheeled device (such as a motorcycle) in
static and in motion, R. Lot & J. Fleming (2018)
proposed to use a gyroscope in two modes (pas-
sive and active). The active mode proved to be
much better than the passive mode and ensured
that the stability was maintained in static. The
mathematical model of the device was developed
in the form of a system state space. The quali-
ty of the device model has not been assessed in
practice. This approach requires accurate meas-
urements of the device parameters, which is not
always possible. Unlike R. Lot & J. Fleming (2018),
the current study is tied to a real device and thus
allows not only theoretical verification, but also
experimental verification.

Y. Lin et al. (2024) considered the problem
of maintaining stability in motion for a two-
wheeled device (such as a scooter) by controlling
the rotation of the front wheel. To solve this
problem, a dynamic model of the device’s mo-
tion was constructed in the form of second order
Lagrange equations. The method of determining
the dynamic parameters of the device was not
described. To ensure stability, the parameters of
various variations of the PD controller were found
based on the dynamic model. In the cited study,
the process of creating a mathematical model
partially repeats the methodology presented in
the current study, except that the former did not
consider ensuring high-quality dynamic parame-
ters of the device. In our case, a more thorough
study was carried out, which involved determin-
ing the unknown parameters of the model.

M. Khan et al. (2022) described a method for
constructing a mathematical model of a two-
wheeled device (such as a segway) by using the
Lblack box” approach. It is implemented using
neural network technologies based on time-se-
ries data arrays generated on a known mathe-
matical model of the device. To fulfil this purpose,
it was proposed to use two models: simple au-
toregressive (ARX) and non-Llinear autoregressive
(NLARX). The modelling result showed high qual-
ity forecasting with a relative error of less than
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0.05%. Compared to the current study, the cited
study describes a solution to the second part of
the process of creating a mathematical model.
It uses experimental data in the form of a time
series to determine the dependence of some sys-
tem parameters on each other.

M. Garziad et al. (2024) describe a method
for constructing a mathematical model of a two-
wheeled device (such as a motorcycle) based
on graph theory. In this method, the dynamic
model is represented as a system of graphs. The
results of the forecasting quality check present-
ed by the researchers, in comparison with other
studies, show good prediction quality. Compar-
ing the methodology for creating a mathemati-
cal model based on graph theory with the ,grey
box” approach implemented in the current study,
the following differences can be observed. Rep-
resentation of the dynamic model of the device
in the form of graphs and the subsequent pro-
cess of creating a mathematical model is com-
plex, novel,and requires high qualification of the
researcher, unlike the classical methods used in
the present study.

Conclusions
A kinematic scheme of a device for small-sized
cargo transportation was constructed. A system
of differential equations for the dynamics of the
device stabilisation was developed by using sec-
ond order Lagrange equations. To find the un-
known parameters (coefficients of the equation
of motion of the device), a ,grey box” approach
was applied. For this, experimental studies of
the device stabilisation were conducted, and a
difference function (objective function) between
theoretical (obtained from the equations of mo-
tion) and experimental data was formed. The ob-
jective function is minimised using the modified
particle swarm method Ring-Rot-PSO.As a result
of the optimisation, the unknown parameters
of the system were found as follows: moments
of inertia of the frame / =552 -10* kg - m?

and wheels / =2.75-103 kg - m?, wheel mass
m, =3.31-10" kg. The quality of the mathemat-
ical model was evaluated according to the fol-
lowing parameters: the maximum values of
the difference between theoretical and experi-
mental data for the angle of inclination of the
device £ =731-107 rad and for the angular
velocity £ =991 - 107 rad-s?; root mean
square values for the tilt angle of the device
Epvs,= 3-11- 107 rad and for the angular veloc-
ity Eqyo,,= 2.78 - 107 rad-s™. The findings give
grounds to consider the obtained mathematical
model of stabilisation of the device suitable for
further synthesis of optimal control of device po-
sition stabilisation. This will enable development
of a control algorithm and implement it in soft-
ware on a prototype device.

The obtained methodology for developing
a mathematical model of a device is not limit-
ed to this example and can be applied to other
dynamic systems. The generality of the method-
ology is grounded by the use of the classical ap-
proach to constructing a dynamic model in the
form of Lagrange equations, while the ,grey box”
approach simplifies the search for unknown sys-
tem parameters. The findings allow considering
this methodology as one of the ways to solve
the problem of developing an adequate math-
ematical model of movement devices such as a
segway, scooter, motorcycle, bicycle, and a series
of other wheeled unstable mobile platforms. The
application of this methodology in other fields
of technology and engineering opens new op-
portunities for the analysis and optimisation of
dynamic systems. It will also help to develop
more efficient and stable mechanisms in various
industries, from transport to robotics.
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AHoTaLifl. AKTyanbHiCTb fOCNiIKEHHS 06yMOBNeHa HeobXiAHICTIO NiABULLEHHS edeKTUBHOCTI Ta 6e3nekn
TPaHCMOPTYBaHHA ManorabapuTHUMX BaHTaxiB MeTow pocnifxeHHs 6yno nobyayeat MateMaTUuHy
MoLenb AMHaMIiKK cTabinisauii npucTporo ANns TpaHCMOPTYBAaHHA ManorabapuTHuUxX BaHTaxiB. [lns uporo
CKNTAAEHO PIBHSIHHA PyXy CUCTEMM Y BUMNAAI CMCTeMU audepeHLianbHUX piBHAHD JlarpaHya Apyroro pogy.
[lns BU3HaueHHs HeBiaOMUX KoediLiEHTIB PiBHSIHb PyXy 3aCTOCOBAHO NiaxiA «cipa CKpuHsay. [lng peanizauii
nigxoay 6yno nobynoBaHo KpuTepid oNTUMI3aLii, Ikui1 BifobpaxaB napaMeTpu cepeaHbOKBaAPATUHHUX
Ta MaKCUManbHUX abCONMOTHUX NOXMOOK Pi3HULb TEOPETUYHUX Ta EKCIEPUMEHTANBHUX AAHUX KyTa HAXuny
Ta KYTOBOI LUBMAKOCTI HaxuNy npuctpoto. [ing MiHimizauii kputepito 6yno 3actocoBaHo MoandiKoBaHMiM
MeToq, poto yactodok Ring-Rot-PSO. 3HaraeHo HeBigoMi napaMeTpu Moaeni npucTpolo Ta nNpoBedeHo
OUiHKY afeKBaTHOCTI OTPMMAHOI MaTeMATUYHOI MOAEeni 33 OKPEMMMM CKNAJOBUMM KpUTEpito, sKa
NMoKa3ana afAeKBaTHICTb OTPUMAHOI MaTeEMATUUHOI Mogeni. [Ing 3HaxOo4XKEeHHS HEBILOMMX MapaMeTpiB, a
came KoeiLi€eHTIB PiBHAHHS pyXy MPMUCTPOLO, 3aCTOCOBAHO NiaXif cipa CKpuHS. [N uporo npoBeneHo
eKcrnepuMeHTanbHi focniaxeHHs cTabinisauii npucTpoto Ta chopMoBaHO GYHKLIO BiAMIHHOCTI, IK LiIbOBY
DYHKLLi10, TEOPETUYHUX, IKi OTPUMAHI Ha OCHOBI aHANITUYHUX PIBHSIHb PYXY, | eKCNEPUMEHTANIbHUX AAHUX.
MpoBeneHo MiHiMi3aLito LinboBOi PyHKLIT 332 4ONMOMOror MoandiKoBaHOrO METOAY PO 4aCcTo4voK Ring-
Rot-PSO. B pe3ynbrati onTMMi3auii OTpMMaHO HEBiAOMiI MapamMeTpu CUCTEMU: MOMEHTM iHepuii pamu
l,,=552-10* Kr- M2 Ta Koneca 1 =2,75-107% kr- M2, Macy Koneca m, =3,31-10" kr. Lli nani nossonnnm
OTPUMaTM afeKBaTHYy MaTeMaTMyHy Mogenb CTabinisauii MpucTpoto, sika € OCHOBOK A/ MOAANbLIOrO
pO3B13aHHS 33A4ayi CMHTE3Y ONTUMANIbHOTO KEPYBAHHS MOr0 pyXoM

KniouyoBi cnoea: 4BOKONICHUIA NPUCTPIA; PIBHAHHS PYXY; KEPYBaHHS PyXOM; HECTiliKa AMHAMiYHa CcUCTeMa;
Ring-Rot-PSO
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Abstract. Military conflicts and anthropogenic accidents cause significant soil contamination with heavy
metals, oil products, pesticides, and other toxic substances. The purpose of this study was to highlight
the factors of influence of military-anthropogenic load on soils and to analyse the available methods
of their remediation. The study summarised the available and promising phytoremediation methods
with an assessment of their impact on soil contamination by chemicals that are typical pollutants
during military conflicts. The study summarised, classified, and compared the groups of pollutants that
are most common during military operations; analysed the impact of pollutants on the fertile soil layer
and their mobility; and analysed the available remediation methods. It was found that the available
soil remediation technologies, which can be used individually or in combination, provide the necessary
tools to address the problem of chemical contamination of soils due to toxic products such as explosive
derivatives and heavy metals. The degree of economic feasibility was considered, which, accordingly,
suggested that soil phytoremediation may be the most economically feasible under certain conditions.
This opens wide possibilities for further investigations, where the synergy of ecology, economics, and
agrobiology will enable the development of mechanisms for optimising soil phytoremediation methods,
considering their type, profile, and intended use. An algorithm of actions for remediation of soils as a
result of military-anthropogenic load was proposed, which includes a related set of related actions on
zoning, demining, assessment, and return of land to industrial use. The findings of this study can be
used to clean industrial areas that have been contaminated during production processes or accidents
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Introduction

Restoring soil fertility affected by military oper-
ations, as one of the most aggressive anthropo-
genic factors, and protecting it from pollution is
a complex scientific challenge of modern time
that requires a balanced approach and covers
physical, chemical, and biological aspects. The
development of new methods of remediation
of soils contaminated with both explosives and
fuels and lubricants is relevant and significant
both in practical and theoretical terms. Phytore-
mediation is one of the most promising ways to
decontaminate xenobiotics in soil using phytore-
mediation plants. This method does not require
physical soil movement, helps preserve the nat-
ural environment and soil ecosystem, improves
soil quality, protects it from erosion, and can be
applied on an industrial scale with a positive
economic effect.

Issues related to the impact of anthropogen-
ic military activity on ecological systems contin-
ue to be comprehensively investigated by both
Ukrainian and foreign scientists. lu. Boretska et
al. (2021) investigated the problem of restoring
soil fertility and protecting it from pollution using
phytoremediation methods and provided recom-
mendations for the use of crops as phytoremedi-
ation agents. The researcher noted the effective-
ness of some plant species in absorbing heavy
metals and toxic substances, which allows not
only cleaning the soil but also increasing its fer-
tility for further agricultural use. V. Dudar (2023)
covers the issue of military-anthropogenic impact
on the environment, considering explosives and
their impact on the soil ecosystem. The study not-
ed that explosive remnants of war have a signif-
icant negative impact on the environment. They
contaminate soil and water resources with toxic
chemicals released during explosions and ammu-
nition decomposition. This leads to degradation
of natural ecosystems and loss of biodiversity in
the affected regions. Furthermore, the presence of
explosive remnants of war makes it difficult to ac-
cess land resources and use them for agricultural
and recreational purposes.

Melnychenko

Ya. Tsytsiura et al. (2022) covered the issues
related to the redistribution of heavy metals
in the agricultural landscape under the influ-
ence of anthropogenic factors and the specific
features of their accumulation in plants. The
researchers conducted a comprehensive as-
sessment of existing factors, their grouping,
and classification. The researchers analysed ap-
proaches to phytoremediation and phytoremedi-
ation in modern farming systems, which include
the use of genetically modified plants that can
absorb and neutralise pollutants more effective-
ly. The cited study also used multi-component
plant complexes to help clean soils more quick-
ly and comprehensively. These techniques not
only increase agricultural productivity but also
help to restore ecological balance in agricultural
landscapes. Along with Ukrainian scientists, the
problem of the impact of military-anthropogenic
load is being studied by their foreign counter-
parts. JJ. Pichtel (2012) examined the distribu-
tion and ways of spreading chemical pollutants
in the soil, paying special attention to explo-
sives, which are most often used during mili-
tary and anthropogenic impact. C.R. Miller et
al. (2022) analysed the impact of mechanical
factors on the soil during military exercises,
which to some extent serves as a simulation of
military-anthropogenic load on the soil system.
The study showed that such factors cause con-
siderable changes in the soil structure, including
compaction, reduced porosity, and disturbance
of the water regime. These changes can lead to
soil degradation, reduced fertility, and a nega-
tive impact on vegetation and microbiological
processes. D. Averin et al. (2024), in collabora-
tion with the OSCE (Organisation for Security
and Cooperation in Europe) and the Conflict and
Environment Observatory, thoroughly examined
the environmental consequences of the war in
Ukraine. The report analysed the factors of influ-
ence, the scale and consequences of ecosystem
contamination, including land, and provided rec-
ommendations on the possibility of remediation.
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To analyse the existing military-anthropo-
genic impact on soil in Ukraine, it is considered
that this impact is not static and is constantly
changing. This creates the need for further mon-
itoring of both the factors of influence and its
consequences. The purpose of this study was
to highlight the factors of phytoremediation
impact on soils subjected to military-anthropo-
genic load. The objectives of the study were to
summarise phytoremediation techniques and
analyse their impact on soil contamination by
chemicals, which are typical pollutants during
military conflicts.

For this,a series of general scientific methods
were employed, including classification, which
was used to group the factors of military-anthro-
pogenic impact and sources of pollution. Using
the analytical method, the study investigated the
totality of the consequences of negative impact
on the soil ecosystem, dividing the latter into me-
chanical, chemical, and biological. The use of a
combination of analytical and theoretical meth-
ods helped to propose an action algorithm de-
signed to ensure remediation of soils damaged
as a result of military and anthropogenic impact.

Considering the dynamism of military-an-
thropogenic impact processes and a wide series
of factors, the issue of their assessment and clas-
sification is a task that aims to create standard-
ised mechanisms for remediation that optimises
the process of returning contaminated land to
industrial production. Considering that Ukraine’s

agricultural land is the mainstay of agricultural
production, remediation of contaminated soils
will have a positive impact on the global food
security situation. Thus, soil remediation should
be considered not only as a technique, but also
as a tool that will serve to improve food security
(UNCG 2022).

Types of Soil Damage Depending
on the Factors of Influence

Soil damage resulting from military operations is
mainly of three main types: mechanical, chemical,
and biological - as a result of direct damage or,
more often, indirect impact (Certini et al., 2013).

Mechanical damage to the soil includes com-
paction resulting from the construction of de-
fence infrastructure and facilities, the construc-
tion of trench systems, compaction caused by the
movement of military equipment, or the forma-
tion of craters from detonations of highly explo-
sive substances. Such actions drastically change
the structure of the soil profile. Bombardment and
shelling create sinkholes, mix soil horizons, and
disrupt the water balance. The consequences of
such actions are changes in the topography and
landscape of the ecosystem (Anderson & Walk-
er, 2000). Almost always, considerable fires occur
near the sites of hostilities, causing the burning
of fertile soil and the destruction of protagonistic
microflora (Agrilab, 2022). The main types of me-
chanical damage to soils during military opera-
tions are (but are not limited to) listed in Table 1:

Table 1. The effects of mechanical damage on the soil ecosystem

Root cause of mechanical soil damage

Implications for the soil ecosystem

1. Movement of heavy machinery

» soil compaction;
> aeration disorder;
» fuel and lubricants entering the soil.

2. Digging fortifications (trenches, dugouts,
emplacements)

» disturbance of the soil profile;
» aeration disorder;

» soil erosion;

» change in relief;

» destruction of habitats.

3. Explosions of ammunition

» disturbance of the soil profile;
» mixing of soil horizons;
> fires.

Source: compiled by the author of this study based on R.M. Iverson (1981), PS. Althoff & S.J. Thien (2005)
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Chemical damage is caused by the ingress of
harmful substances into the soil, such as oil and
its derivatives, heavy metals, explosives, organo-
phosphates, radioactive elements, etc. Chemical
compounds that get into the soil cause serious
pollution. Typically, chemicals are not biode-
gradable and contain a wide range of chemical
compounds that are toxic to plants, animals, and
humans. They lead to soil contamination, slow

Melnychenko

plant growth, and threaten the entire ecosystem
(Table 2). Such contamination can have long-term
effects on the soil ecosystem, the environment,
and human health. The impact of chemical soil
contamination on both plants - for which access
to water and nutrients is impaired - and human
health is noted, due to the entry of chemical con-
taminants into food chains through contaminated
plants and water sources (Boretska et al., 2021).

Table 2. Effects of chemical damage on the soil ecosystem

Root cause of chemical
soil damage

Implications for the soil ecosystem

1. Fuel and lubricants
entering the soil

» entry into ground, groundwater, and surface water;

» impact of chemical toxicity;

» disruption of the water-air balance;

» reduction of the water retaining capacity of the soil;

» hydrophobic treatment of soil particle surfaces with heavy hydrocarbon fractions;
» inhibition of biological processes in the soil;

» reduction of soil pore space;

» excessive absorption of solar radiation.

2. Explosions of
ammunition

» chemical products of the explosion reaction entering the soil;
» soil contamination with heavy metals;

» thermal and chemical burns of plants;

» disturbance of the soil profile;

» mixing of soil horizons.

3. Fires

» emission of pollutants into the atmosphere (products of organic
synthesis, phosphorus);

» contamination of ground and underground water with heavy metal salts
(cadmium, etc.);

» soil contamination with dioxins, phosgenes, polycyclic aromatic organic
compounds;

» destruction of vegetation.

Note: FL — fuels and lubricants
Source: compiled by the author of this study based on lu. Boretska et al. (2021)

Biological damage to soil can occur as a re-
sult of actions that affect the chemical and phys-
ical properties of the soil, as well as through the
deliberate introduction of pathogenic cultures
of microorganisms that can be deadly to higher

animals and humans, such as botulinum or an-
thrax. Soil is an environment where such patho-
gens can stay virulent for decades. The presence
of pathogens in soil can cause diseases in plants,
animals, and humans (Table 3).

Table 3. The effects of biological damage on the soil ecosystem

Root cause of biological
soil disturbance

Implications for the soil ecosystem

1. Deliberate introduction
of pathogenic
microorganisms into the

soll pathogens in it.

» pollution of groundwater and surface water;

» increase in the virulence of the soil;

» soil intoxication due to pathogenic microorganisms;

» changes in the soil microbiome and an increase in the population of

1. Decomposition of

organic residues . Lo
g » soil contamination.

» contamination of groundwater and surface water with pathogens;
» epidemic consequences;

Source: compiled by the author of this study based on O. Angurets et al. (2023)
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Considering the above, the areas affected by
active hostilities can be considered as having suf-
fered from contamination of both terrestrial and
soil ecosystems.

Typical Pollutants During
Military-Anthropogenic Impact on Soil
Scientific research suggests that wars or even
military exercises leave behind large areas con-
taminated mainly with toxic substances such as
explosives, ammunition, and their residues (Beck-
mann & Vykhor, 2022). Examples of such contam-
inants, which include a large list of organic and
inorganic toxic substances in the soil and pose
significant risks to agriculture and, subsequently,
to human health, are toxic elements released in
explosion reactions. Typically, most of these el-
ements are resistant to biodegradation and stay
in the ecosystem and become a source of envi-
ronmental pollution, exerting toxic effects on
soil microbiota and water resources (Reuveny et
al., 2010). When oxidised in contact with the en-
vironment, these toxic elements sometimes be-
come available in the context of their mobility to
agricultural plants, and thus potentially danger-
ous to humans and animals. The consequences
of the ingestion of toxins accumulated by plants
into living organisms can be damage to vital

organs and functions of the organism (Gorecki et
al., 2017). Notably, the so-called “Energy materi-
als” are considered a generalised category of pol-
lutants. Energy-intensive substances include both
the explosives themselves and the fuels and lu-
bricants mentioned above. When explosives enter
the soil, they become xenobiotic pollutants that
pose a toxic hazard to the ecosystem (Table 4).
Many soils in the world are contaminated with
energy-intensive materials as a result of military
conflicts, military training exercises at training
grounds and demining with open detonations
of unexploded ordnance. When energy-intensive
materials enter the soil, they undergo varying
degrees of chemical and biochemical transfor-
mations depending on the chemical compounds
they contain and environmental factors. Particu-
lar attention should be paid to the most common
explosives 2,4,6-trinitrotoluene (TNT), hexahy-
dro-1,3,5-trinitro-1,3,5-triazine (Hexagen or RDX)
and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cine (Octogen or HMX), as well as rocket fuel com-
ponents: (Nitroglycerin or NG), (Nitroguanidine or
NQ), (Nitrocellulose or NC), (DNT or Dinitrotolu-
ene), and perchlorate. These energy-intensive
substances are most often used in the production
of conventional ammunition, and subsequent-
ly = in combat operations or military training.

Table 4. Explosive decay products and their mobility in soil

Explosive Chemical
substance Type of Degradation Mobility in
. . class of the X . Research
(Energy-intensive substance explosive products the soil
substance)
J.C. Pennington &
Degrades to
- . Secondary / (2-amino-4,6- Often found JM. Bra”!“"? (2002),
2,4,6-trinitrotoluene Organic - - ) F. Monteil-Rivera et
. explosive dinitrotoluene, in the upper
(TNT) nitrobenzene ; ; al. (2009),
filler 4-amino-2,6- soil layers I (2009
dinitrotoluene) H. Ryu etal. ( )
J. Pichtel (2012)
ATSDR (n.d.),
Degrades to . F. Monteil-
Secondary/ (2-amino-4- l\ig:)lllgr:rt]etrze Rivera et al. (2009),
2,4-Dinitrotoluene Organic explosive nitrotoluene, rouﬁdwater R.Reuveny et
! ore filler or TNT = 2,4-diaminotoluene, g L al. (2010),
(DNT) nitrobenzene More mobile
degradation 4-amino-2- in sand J. Akhavan (2011),
product nitrotoluene, soils Y J.D. Arthur et

dinitrophenol) al. (2017), T. Temple et

al. (2018)
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Table 4. Continued

Explosive

substance Chemical Type of Degradation Mobility in
. . class of the . . Research
(Energy-intensive explosive products the soil
substance
substance)
High
Stable in water, mobilityin  S.L. Yost et al. (2007),
Organic Secondary  degrades to toxic  the soil, will F. Monteil-Rivera et
Picric acid nitrobenzene / explosive and mutagenic stayinthe  al. (2009), R.M. Hebert
filler degradation environment & A. Jackovitz (2015),
products for along Q.J. Zhao (2020)
time
Rapid degradation
in soil, comparable ATSDR (n.d.),
2,4,6-Trinitrophenyl- Organic Secondary to other Mobile in the F. Monteil-
methyl-nitramine itrob / explosive nitrobenzene soil. Enters Rivera et al. (2009);
(Tetryl) nitrobenzene filler products: withina  groundwater  J.C. Lipcomb (2013),
few weeks in some D. DeTata et al. (2013)
soil types
J.C. Pennington &
J.M. Brannon (2002),
US Army Corps
Degrades to (mono- of Engineers,
Cyclotrimethylene 0 . Secondary di- and trinitroso Mobile in the Environmental
trinitramine ~rganic / explosive ' -andtnni soil. Enters Research and
nitramine products MNX, TNX
RDX (Hexogen) filler and DNX groundwater Development
Center (2006),
H. Ryu et al. (2009),
F. Monteil-Rivera et
al. (2009)
J.C. Pennington &
J.M. Brannon (2002),
E.T. Urbansky (2002),
US Army Corps
of Engineers,
4 Can enter Environmental
1,3,5,7- tetranitro Research and
. Secondary / Very slow/ groundwater
-1,3,5,7- Organic X . . Development
- : ) explosive Inconsiderable and persist
Tetrazocaine HMX nitramine filler degradation for a long Center (2006),
(Octogen) ’ time H. Ryu et al. (2009),
F. Monteil-Rivera et
al. (2009), Technical
Fact Sheet
Perchlorate (2014),
M.R. Sijimol et
al. (2015)
H. Ryu et al. (2009),
Degradation to Mobility in M. Williams (2015),
Nitrocellulose Polymer Propellant . . the soil is Integrated Risk
nitrate and nitrite . .
improbable Information
System (1990)
Integrated Risk
Degrades to less Mobile inthe  Information System
Nitroguanidine Organic Propellant harmful minerals soil. Enters (1990), F. Monteil-
groundwater  Rivera et al. (2009),

T. Temple et al. (2018)

Source: compiled by the author of this study based on the data of the sources cited in the table
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The absorption of pollutants by plants from
the soil is influenced by two groups of factors:
mobile forms of pollutant elements in the soil,
which are regulated by the biological charac-
teristics of plants and the properties of the soil
with respect to pollutant ions. The absorption
of heavy metals by plants and the simultaneous
impact of this process on the soil is twofold. On
the one hand, during absorption, the soil reduces
the amount of accumulated elements in the plant.
However, on the other hand, the accumulation of
occluded elements in the upper layers, where the
highest concentration of roots is found, facilitates
their assimilation by plants and intensive accu-
mulation than in the case of free movement of
heavy metals to deeper soil layers.

Classification of Remediation Methods
and Their Impact on Xenobiotics
The clean-up of soil contaminated by military
operations is a relevant and significant issue for
Ukraine. Plants can accumulate xenobiotics in
their biomass, which are chemical compounds
present in the environment but not part of the
normal biological metabolism of the soil ecosys-
tem. Accumulated xenobiotics are metabolised by
the plant and absorbed on its surface. That is why
phytoremediation can be a relevant and promising
method of remediating chemically contaminated
and degraded soils in Ukraine. As an actively de-
veloping area of soil remediation, phytoremedi-
ation combines a considerable number of meth-
ods based on the following processes (Table 5):

Table 5. Methods of phytoremediation

This process involves the immobilisation of organic and inorganic pollutants in the soil.
Plants adsorb these pollutants with their roots or soil particles and deposit them in the
root zone. After that, xenobiotics turn into insoluble, inactive forms that stay in the soil
complex. This prevents them from moving in soil, water, or air. Phytostabilisation also
reduces erosion, agricultural and chemical leaching, contributing to the restoration of
ecosystems and biodiversity.

Phytostabilisation

This method is used for the absorption of xenobiotics by the root system of plants.
Plants absorb pollutants along with nutrients and then transfer them to their above-
ground parts. At the end of the growing season, the plants are mowed and processed
accordingly. This helps cleanse the soil of the effects of heavy metal and radionuclide
contamination.

Phytoextraction

This process increases microbial metabolismin the plantrhizosphere. Microorganisms
living near the roots of plants actively decompose pollutants, contributing to the
purification process. Phytostimulation can include the use of microbial cultures or
special fertilisers that support the development of the necessary beneficial bacterial
and fungal cultures in the soil. Furthermore, certain plants can produce substances
that stimulate the growth of microorganisms or reduce the toxicity of xenobiotics.

Phytostimulation

Rhizofiltration is one of the phytoremediation methods that uses plants to clean the
contaminated soil environment. In this process, the root system of plants participates
in the process of cleansing from xenobiotics. As a result of rhizofiltration, pollutants
are removed from the soil, or the latter acquire less toxic forms. This process is
effective in removing a variety of xenobiotics, including petroleum products, heavy
metals, and other organic and inorganic substances.

Rhizofiltration

Phytovolatilisation is an effective method of soil phytoremediation that uses plants to
clean the contaminated soil environment. In this process, plants are used to extract
and transform xenobiotics by binding them and volatilising them into the air.

The process of phytolatilisation involves phytovolatilisers - plants that can absorb
organic substancesthroughtheroot systemandrelease theminthe form of evaporation
throughleavesorstems (foliar). Theyarefurtherdecomposedbyatmosphericprocesses
to less toxic compounds. Phytovolatilisation is an effective method of cleaning
soils from xenobiotic contaminants such as petroleum products, organochlorine
compounds, and chemical residues. Phytovolatilisation removes pollutants from
the soil and converts them into less toxic forms, which considerably improves the
quality of the soil environment. However, this process can be more time-consuming
than other herbal remedies and require a long time to achieve noticeable results.

Phytovolatilisation
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Table 5. Continued

Phytodegradation

Phytodegradation is an important process in soil phytoremediation, which aims
to clean contaminated soil environments from toxic compounds using plants.
Phytodegradation uses enzymes and other plant mechanisms to break down
pollutants into less toxic or harmless compounds.

The process of phytodegradation involves various biochemical reactions, such as
hydrolysis, oxidation, enzymatic action of dehydrogenase, etc. These reactions
are produced by different parts of the plant, such as roots, stems, leaves, and root
system microorganisms. Phytodegradation allows toxic pollutants to be degraded
into less toxic or even harmless components that are absorbed by plants or removed
from the soil. This process is an effective method of soil treatment, using natural
decomposition mechanisms to reduce the need for chemicals or artificial processes.

Source: developed by the author of this study based on data from S. Rock et al. (2000)

According to the US Environmental Protec-
tion Agency’s “Introduction to Phytoremedia-
tion” report, phytoremediation is a technology
that uses the ability of plants to degrade, retain
(immobilise) and remove contaminants in soil
(Rock et al.,2000). M.N.V. Prasad, a professor at the
School of Science, University of Hyderabad, India,
has calculated that the cost of cleaning soil con-
taminated with heavy metals, radionuclides, oil,
or pesticides using plants that use only solar en-
ergy is only 5% of the cost of other remediation
methods. This makes phytoremediation a more
environmentally sound and cost-effective meth-
od of soil decontamination compared to physical,
chemical, and technical methods, even if the time
available to achieve the ultimate goal is limited.
Phytoremediation processes are based on the
ability of plants to accumulate, decompose, stabi-
lise, transform, and volatilise pollutants from var-
ious natural environments such as soil and water
(Tsytsiura et al., 2022). Notably, plants also have
defence mechanisms that regulate the absorp-
tion of pollutants. There are several mechanisms
to control the supply of ions. They mainly accu-
mulate in the reproductive organs and roots. The
study of the movement of pollutants in plants
showed that at the first stages of the elements’
intake from soils, most of them accumulate in
plant roots. It is assumed that the delay occurs
at the periphery of the roots. Therewith, with the
intensive intake of toxic ions from the soil, the de-
fence mechanisms of the root system cannot fully
protect the vegetative mass from pollution, which

ultimately leads to the deposition of pollutants in
the aerial parts of plants.

The chemical composition of plants depends
on the composition of the soil in which they
grow. As plants selectively absorb the necessary
elements according to their physiological and
biochemical needs, the chemical composition of
plants does not repeat the chemical composition
of the soil. The mechanisms of plant resistance
to excess heavy metals are diverse: some plants
can manifest tolerance to heavy metals and accu-
mulate high concentrations, while others, by max-
imising the use of barrier properties, reduce the
amount of their intake and translocation. The lev-
el of heavy metal accumulation by plants is influ-
enced by their genetic and species characteristics.

The development of phytoremediation meth-
ods for soils contaminated as a result of military
and anthropogenic impacts used in crop produc-
tion is of particular importance. This is because
xenobiotics present in contaminated soil can
move through the soil profile and accumulate in
the organs of agricultural plants, including those
used for human or animal consumption. The de-
velopment of scientific methods and approaches
to decontamination using phytoremediation of
such soils is truly relevant.

Algorithm of Remediation Actions
for Agricultural Land
In Ukraine, there is a need to develop cost-ef-
fective and environmentally efficient technolo-
gies for phytoremediation of agricultural land
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contaminated by military and anthropogenic fac-
tors. The use of phytoremediation technologies
will not only reduce the level of environmental
pollution by xenobiotics, but also, most impor-
tantly, return the restored agricultural land to
land use, as heavy metals can transfer from the
soil to plants and then to food. The very fact that
heavy metals get into food makes it impossible
to use land for crop and livestock production,
considering the danger to both humans and an-
imals. For instance, the Commission Regulation
(EC) No. 1881/2006 (2006) sets maximum levels
of certain contaminants in food. The restriction in
the regulation also applies to heavy metals.

In terms of the agricultural lands of Ukraine
affected by military operations, it is proposed to
use a generalised algorithm aimed at soil resto-
ration using phytoremediation as one of the pos-
sible methods. Simplified algorithm of actions for
agricultural land damaged by explosions, burning
of military equipment and ingress of fuels and lu-
bricants into the soil:

1. demining of designated areas;

2.satellite monitoring of areas with the crea-
tion of a soil pollution map;

3. soil sampling in and around the explosive
impact zone;

4. laboratory analysis for heavy metals, tox-
ins, and other pollutants;

5.analysis of further land use and agricultur-
al opportunities;

6. mechanical cleaning of contaminated are-
as from debris, sources of pollution,and remnants
of hostilities;

7.Mechanical restoration of soil cover in are-
as damaged by explosions;

8. development of a phytoremediation plan
and determination of the best phytoremediant;

9. step-by-step monitoring of phytoremedia-
tion results through soil sampling and analysis;

10. decision-making on returning the re-
stored areas to agricultural production.

Thus, the stages of soil cleanup on land affect-
ed by military operations include the identification
and assessment of the degree of contamination,

mechanical removal of hazardous material resi-
dues, selection of a phytoremediant, monitoring
and evaluation of the results with adjustment of
the method, if necessary, and the final assessment
of the degree of readiness of the soil to return
to agricultural production. Notably, herbal media-
tion is a lengthy process that requires investment
to intensify, and therefore economic substantia-
tion to ensure the best possible result is a signif-
icant component.

Conclusions
Phytoremediation is a vital and promising area
for restoring soil quality and preserving the en-
vironment. The ability of soils to restore their
functional characteristics that have been lost as
a result of military and anthropogenic stress de-
pends on their type, the impact of military and
anthropogenic factors, and the landscape con-
ditions of the territory. An important mechanism
for intensifying soil restoration is the combined
impact of soil quality restoration technologies
through the introduction of phytoremediation
methods and techniques. Considering the land-
scape and zoning of agricultural land contami-
nated by military operations, phytoremediation
offers a flexible approach to choosing a phy-
toremediant, which allows for the most suitable
approach. In addition, phytoremediation can be
combined with conventional soil remediation
methods, enhancing their effectiveness.

The military-anthropogenic load on the soil
leads to a series of physical, mechanical, and
chemical interventions in the soil cover system.
These interventions destroy the functions of the
soil ecosystem and its structure, which leads to a
deterioration in its quality and functional prop-
erties. Destruction of vegetation, damage to soil
cover, chemical pollution, and insufficient natural
moisture are typical consequences of military op-
erations. This considerably impoverishes the bio-
diversity, which affects species and populations,
and the loss of biodiversity changes the function
and structure of landscapes. The dynamic nature
of the military-anthropogenic load and a wide
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range of factors affecting the ecosystem require a
scientific approach to investigating the problem,
and therefore the development of standardised
action algorithms that will help improve the effi-
ciency of decontamination of contaminated soils.
The prospect of further research, in addition to
algorithmisation of decontamination processes,
may be to investigate the dynamics of the impact
of military-anthropogenic load on the ecosystem
and to create more flexible mechanisms for elim-
inating pollution using artificial intelligence and
neural network tools. Considering the initial data,
which will accommodate the factors of contami-
nation, its degree, type or combination of types,
soil type, and other natural conditions, as well
as the desired result, the use of artificial intelli-
gence will allow quickly creating a contamination
mapping, decontamination forecast, determining

Melnychenko

algorithm. The synergy of this approach with
technologies, such as remote monitoring us-
ing unmanned systems, would allow, apart from
regular monitoring of pollution zones, to create
maps of areas where herbal remedies are used,
track the dynamics of their growth, condition, etc.
The availability of a wide range of phytoremedi-
ation crops and a fairly typical set of xenobiotics
of military-anthropogenic origin allows creating
systematic and standardised algorithms for soil
remediation, which helps to increase the efficien-
cy of soil restoration.
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diTopemegiauisn r'pyHTiB,
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AHoTauif. BilicbkoBi KOHGMIKTM Ta TEXHOTEHHi aBapii CMPUYMHAKTL 3HAYHE 3aBpYAHEHHS T'PYHTIB
BaXXKUMU MeTanamu, HahTOBUMU NPOAYKTaMU, NECTULMAAMM Ta iHLIMMU TOKCUYHUMU pevyoBUHAMU. MeToo
[LaHOI CTaTTi 6yN0 BUCBITIEHHS (GaKTOPiB BNAMBY BOEHHO-TEXHOFEHHOIO HABAHTAXEHHS HA IPYHTW Ta aHani3
HasiBHMX METOAMK LOA0 iX peMeaiaLii. Y3aranbHHEeHO iCHYoYi Ta nepcneKTMBHI MeToaMKkKu itopemeaiauii
3 OLLIHKOHO iX BNAMBY Ha 3abpyaHEHHS I'PYHTIB XiMiYHUMKM peYOBMHAMM, SKi € TUMOBUMMM 3abpyaHIOBaYaMM
nif 4ac BIMCbKOBMX KOHONiKTIB. B pe3ynbrati npoBeseHOro A[ocnifxeHHs 6yno nigcymMoBaHo,
KNacu@ikoBaHO Ta MNOPIBHAHO rpynu 3abpyaHioBaYiB, AKi € HaMBiNbL NOWMPEHUMM Mif YA€ BOEHHUX LilA;
npoaHani3oBaHo BMAMB 3abpyAHIOBAYiB Ha POAKYMI LWAp FPYHTY Ta iX PyXOMICTb; NpOBEAEHO aHani3
HasiBHMX MeTodiB pemepiauii. byno BCTaHOBNEHO, WO HAsSBHI TEXHONOrIT peMediauii rpyHTIB, 9Ki MOXYTb
6yTM 3aCTOCOBaHi K OKpPeMO TaK i B KOMOiHaUii, HapaloTb HEOOXiAHMIA IHCTPYMEHTapIN ANS BUPILLEHHS
npobaemMu XiMiYHOro 3abpyaHeHHs rPyHTIB BHACNIA0K NONAAAHHS B HUX TOKCUYHUX MPOAYKTIB — MOXiAHUX
BMOYXOBUX PEYOBMH Ta BAXXKMX MeTanis. BpaxoBaHO CTyniHb €KOHOMIYHOI AOLiINbHOCTI, WO BigNoBiAHO
[LO3BONIMIO NPUMYCTUTYU, WO came diTopemesiaLis rpyHTy Moxe 6yTM HaWbiNbll eKOHOMIYHO AOLiIbHOK
3a MeBHMX YMOB. Lle BiAKPMBAE WMPOKI MOXAMBOCI LWOAO HACTYyMHUX OOCNILKEHb, A€ 3aCTOCYBaHHS
CUHeprii ekonorii, eKOHOMiKM Ta arpobionorii HafacTb 3MoOry po3pobuT MexaHisMu ONTUMiI3aLii MeToaiB
diTopemepiauii rpyHTIB 3 BpaxyBaHHAM iX TMMy, Npodifto Ta LiNnboBOMY MPU3HAYEHHIO. 3aNpONoHOBaHO
ANropuTM AiM WoAo pemesiaLii 'pyHTIB BHACNi 40K BiiCbKOBO-TEXHOMEHHOrO HAaBAHTAXEHHS, IKUIM BK/OYAE
B cebe NOB'A3aHUI KOMNIEKC CYNyTHIX i 3 30HYBaHHS, PO3MiHYBaHHS, OLLIHKM Ta NOBEPHEHHS 3eMeNb Y
NpOMUCNOBE BUKOPUCTAHHS. Pe3ynbTaT fOCiAKeHHS MOXHA 3aCTOCYBaTV MPU OYMLLEHHI MPOMMUCIOBUX
TEPUTOPIH, LLO 3a3HaNM 3a6pyaHEHHS Mig Yac BUPOBHMYMX npoLeci abo aBapii

KniouoBi cnoBa: peMegiallisi FpyHTY; QiTOpeMefiaHTW; TEXHOTEHHWI BNAKB; Aerpajallisi FpyHTiB; XiMiuHe
3abpyLHEHHS I'PYHTIB; EHEPrOEMHI PEYOBMHU; MPONENEHTH
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Abstract. The relevance of this study is subordinated to the existing global trend of applying the
scientific paradigm of redundancy of individual systems of transport and technological machines.
This approach ensures the uninterrupted technological process of crop production following the
regulatory reliability indicators. The purpose of this study was to identify failures of subsystems and
elements of transport and technological machines depending on the operating time and to ensure
reliability by redundancy. The study covered the methodological approaches to the formation of
reliability of transport and technological machines. The study analysed the areas of ensuring the
reliability of transport and technological machines on the example of machinery and equipment for
animal husbandry. Methodical approaches to ensuring the indicators of reliability and maintainability
during the operation of a self-propelled mixer were covered. A systematic approach to the self-
propelled mixer as a complex transport and technological machine was developed. The principal
subsystems that define a self-propelled mixer as a complex transport and technological system
were identified. During the study, two groups of failures were identified, which lead to the loss of
performance of the research objects. The features of using information and structural redundancy to
improve the reliability of filtration systems of self-propelled mixers were presented. The technical
condition of the engine air filter should be checked and cleaned after 50 hours, while the cartridge
should be replaced after 1000 hours of operation. The functioning of the cabin filtration subsystem
is ensured by a condenser, evaporator, desiccant filter, air filter, which should be checked and cleaned
every 500 hours, while spare parts should be available in stock for replacement after one year of
use. The formed criteria for assessing the technical condition of air filtration systems of a self-
propelled mixer will provide a higher level of reliability and expand the list of their parameters.
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The methodology presented in this study allows increasing the reliability and maintainability of
self-propelled mixers, to provide a methodical approach to the formation of reliability of engine air
filtration and operator’s cabin air filtration subsystems

Keywords: criterion; self-propelled mixer; backup elements; engine air filter; cabin air filter

Introduction

As the use of transport and processing ma-
chines increases, so does their intensity of
operation, which increases the risk of failures
and malfunctions. This can lead to considera-
ble financial losses, reduced productivity and
quality of work performed. Modern machines,
albeit with high reliability, require additional
measures to ensure their trouble-free opera-
tion, especially after the warranty period has
expired. Redundancy of filtration systems helps
to increase the reliability and extend the service
life of equipment, which is critical for the stable
functioning of the agricultural sector. Improv-
ing maintenance systems, as well as developing
innovative methodologies and mathematical
models for predicting and preventing failures,
are necessary steps to ensure the reliability and
efficiency of transport and processing machines
in modern environment. The current strategy for
the development of Ukraine’s agro-industrial
complex envisages the purchase of a significant
amount of foreign equipment, including trans-
port and technological machinery. The issues of
evaluating and ensuring the reliability of these
machines point to the importance of conducting
research to identify the parts and components
that limit their performance.

A.V. Novitskyi et al. (2021; 2023) noted that
a set of measures to ensure a suitable level of
reliability of new transport and technological
machines, supported by branded service, in diffi-
cult operating conditions is insufficient, and fail-
ures of elements, components, assemblies, and
systems continue to occur. The practice of using
the presented research objects indicates that
the statistics of failures during their operation

is only accumulating, and service maintenance,
in most cases, is focused on performing techno-
logical maintenance operations rather than re-
pairing individual mechanisms, restoring parts,
and working bodies.

As |. Revenko et al. (2023) notes, self-pro-
pelled and mobile mixers are among the means
for preparing and distributing feed in livestock
production. Therewith, they are multi-opera-
tional transport and technological systems “Hu-
man-Machine-Environment”, the reliability of
which depends on the components “machine’,
“human operator”, and ‘environment”.

Notably, the analysis of literature sources
and the practice of using mobile and self-pro-
pelled mixers shows that the “machine” compo-
nent is still understudied, especially from the
standpoint of ensuring operability. S. Morrone et
al. (2022) note that one of the conditions for the
highly productive development of the livestock
industry can be the effective use of technical
service of machinery and equipment for the
preparation and distribution of feed on demand.
Therewith, considering the short duration and
stress of their use, there is a need to monitor the
indicators of maintainability.

The component “machine” has been studied
in some foreign and Ukrainian scientific stud-
ies, but only from the standpoint of functioning
and ensuring design and technological charac-
teristics (Sheichenko et al., 2024). Specifically,
S. Postelga (2021) described methodological ap-
proaches and presented comprehensive results
of a study of the efficiency of using the Siloking
SelfLine 4.0 Premium 2215 self-propelled mix-
er-dispenser. According to the results of testing
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of the main parameters and tests of Siloking
SelfLine 4.0 Premium 2215, the uniformity of
mixing (94.3%) and uniformity of feed distri-
bution (95.5%) were confirmed, considering the
possible types of feed. However, there are lim-
ited materials in scientific sources that present
studies of the reliability properties of mixers.

M. Pristavka et al. (2022) discussed the ad-
vantages and features of using graphical de-
pendencies, compared to other conventional di-
agrams, to assess the quality of oil purification
filter elements. The researchers concluded that
an adequate and accurate implementation of
real-time graphs can be useful in significantly
reducing costs and time while ensuring the qual-
ity of filter elements. T. Pati et al. (2021) states
that the quality of any engineering product can
be described and evaluated based on research
into the following components: product specifi-
cations; reliability; performance; and compliance
with standards.

J.Katsitadze et al. (2021) reflected the results
of assessing the operationalreliability of walk-be-
hind tractors, which represent a significant group
of transport and technological machines used
in agricultural production. The methodology for
calculating the reliability of motorblocks and the
formation of the key areas for ensuring their re-
liability is worthy of attention. When operating
certain types of equipment, including transport
and processing machines, a single machine is
used that can perform a series of technologi-
cal operations as a single process. According to
I.M. Kuzmich et al. (2021), multi-operating ma-
chines are characterised by an increase in overall
size, performance, and complexity, which makes
the loss of their operability during technological
operations particularly critical. Therefore, the re-
liability analysis of transport and technological
machines becomes necessary to establish the
causes of system failure, identify subsystems, and
elements to ensure their reliability.

M. I. Chornovil (2010) described redundancy
methods that can be used in design, production,
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and operation, and this method is one of the
most effective methods of improving the relia-
bility of technical systems, although it is costly.
To ensure the reliability of machinery and equip-
ment as technical systems, V. Kozlovskyi & B.Za-
levskyi (2023) use the following types of redun-
dancy: structural; functional; time; information;
parametric; load.

The purpose of this study was to identify fail-
ures of subsystems and elements of transport and
technological machines depending on the oper-
ating time and to ensure reliability by redundancy

Materials and Methods

The study was conducted in 2023-2024 at mod-
al agricultural enterprises in Kyiv and Cherkasy
oblasts, where SPW INTENSE 2 CS self-propelled
mixers were operated. The SPW INTENSE 2 CS
self-propelled mixer is a KUHN (France) feed
preparation and distribution machine for dif-
ferent groups of cattle, a transport and techno-
logical machine that was operated in livestock
enterprises according to the operator’s manual
(Operator’s manual..., 2020). During operation,
SPW INTENSE 2 CS was influenced by a series
of objective and subjective factors that neces-
sitated the adjustment of the manufacturer’s
recommendations for assessing the technical
condition, replacing the working bodies and fil-
tration elements.

The components of the object of study that
formed the reliable operation of SPW INTENSE 2
CS transport and processing machines included
the engine air filtration and operator cabin filtra-
tion subsystems. The engine air was filtered by
an air filter. The operator’s cabin was filtered by
a condenser, evaporator, filter dryer, and air filter.

The SPW INTENSE 2 CS self-propelled mixer
is equipped with a milling loader for self-loading.
The milling mechanism ensures the integrity of
the feed monolith and reduces the percentage
of spoilage due to secondary fermentation. The
diagram of the SPW INTENSE 2 CS self-propelled
mixer is presented in Figure 1.
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Figure 1. Self-propelled mixer SPW INTENSE 2 CS
Note: 1 — engine, 2 — discharge chute, 3 — frame, 4 — running subsystem, 5 — loading milling mechanism, 6 —
hopper, 7 = mixing augers, 8 — discharge conveyor, 9 — operator’s cabin, 10 — cabin air filtration subsystem,
11 - engine air filtration subsystem
Source: developed by the author of this study based on the Operator’s manual (2020)

The test mode of the self-propelled mixer
was set to operational. A plan was adopted to test
the SPW INTENSE 2 CS self-propelled feed mixer
for reliability [NMT]. The plan envisaged a certain
number of test objects N, which, in case of failure,
were restored M, and the research was terminat-
ed when the corresponding operating time T was
reached (Chornovil, 2010).

The use of the presented self-propelled mix-
er (Fig. 1) in a livestock farm and interaction with
feed components of different quality, degree of
contamination and dusting, negatively affect the
operational reliability of transport and techno-
logical machines and lead to failures. All failures
recorded during operation were divided into two
characteristic groups, depending on the mecha-
nisms that lost their efficiency. The first group of
failures was formed by the working bodies and
parts of the mechanisms for loading feed ingredi-
ents, grinding and mixing, and unloading the feed
mixture. The service life of these mechanisms de-
pends on the influence of objective and subjec-
tive factors, while the frequency of replacement
depends on the permissible and limit parameters,
criteria for the limit state of the working bodies.

The second group of failures was made up
of mechanisms whose maintenance intervals are

determined by the planned preventive mainte-
nance and repair system, which is formed by the
manufacturer in the operator’s manual (Opera-
tor's manual..., 2020). Such parts and elements
include components of the filtration systems of
SPW INTENSE 2 CS mixers.

The parameters and reliability characteristics
of transport and technological machines were
ensured based on an integrated approach, the
essence of which is to ensure the operability of
self-propelled mixers, considering the intercon-
nection of reliability, maintainability, and opera-
tional and technical characteristics using the re-
dundancy methodology. Below, the study presents
the possibility of using information and structural
redundancy of self-propelled mixers. Information
redundancy in ensuring the reliability of research
objects involves the use of additional informa-
tion beyond that required for the efficient use
and performance of production tasks. Structural
redundancy involves the use of an excessive num-
ber of elements that are not part of the structure
of the research object. The implementation of a
structural redundancy method to increase the re-
liability of the filtration subsystems of a self-pro-
pelled mixer is ensured by the use of backup ele-
ments to the main one.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4



Results and Discussion
The process of feed distribution by self-propelled
mixers and feed dispensers is less sensitive to
technical malfunctions, however, the practice of
use shows that during operation, failures of the
mechanisms for loading feed, grinding and mix-
ing, and unloading feed mixtures occur. Despite a
series of these disadvantages, only self-propelled
mixers and feed dispensers can be used to me-
chanically distribute feed mixtures at exercise
grounds and summer camps. The practice of us-
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ing self-propelled mixers has established that, as
a result of the intensity of operating conditions
and considerable contamination of feed storage
and transportation areas, animal housing, there is
a need to adjust the information on the frequen-
cy of replacement and substantiate the required
number of backup elements of air filtration sub-
systems to ensure single and complex reliabili-
ty indicators. The maintenance intervals for the
filtering subsystems of the SPW INTENSE 2 CS
mixer units, presented in Table 1, are considered.

Table 1. Maintenance intervals for the filtering subsystems
of the SPW INTENSE 2 CS mixer units with morphological symbols

Morphological symbol /

Frequency of maintenance

list of maintenance works 50 100 500 1000 2000 2
hours hours hours hours hours years
a. Cleaning
» al. Air filter for a diesel engine. + - - - - -
> a2. Air filter for the cabin + - - - - -
» a3. Evaporator and condenser of an air _ + _ _ _
conditioning system.
b. Replace
» b1. Diesel engine air filter cartridges. - - - + - -
» b2. Dehumidifying filter _ _ _ _ + +
for the air conditioning system.
> b3. Air filter for the cabin - - - - + +

Source: developed by the author of this study

The study analysed the filtration subsystems of
SPW INTENSE 2 CS, which influence the forma-
tion of reliability of the machine and operator
components and include: cabin filtration; engine
filtration. The study considered the components
of the subsystem for filtering the cabin and
maintaining comfortable working conditions for
the human operator. The main components that
ensure the reliable operation of this subsystem
are as follows: condenser; evaporator; filter dry-
er; air filter. The engine filtering subsystem of
the self-propelled mixer includes such filters as
air; fuel; oil purification; engine oil evaporation.

The functionality of the morphological sym-
bols (Table 1) allows presenting a collapsed
matrix model of the morphological description

of the maintenance intervals of the filtering sub-
systems of the SPW INTENSE 2 CS mixer unit:

a.l b.1
M; = |a.2]| + b.Z’ 1)
a.3 b.3

where M, is the level | functionality of the main
objectives of the synthesis of the maintenance
frequency system for the filtering subsystems of
the mixer units. Considering the functionality ac-
cording to expression (1), its general form can be

obtained as follows:
M =M NIM,], (2)

where M is the level Il functionality of the main
objectives of the synthesis of technological
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operations to clean in the maintenance frequency
system for the filtering subsystems of the mixer
units; M, is the level Il functionality of the main
objectives of the synthesis of technological opera-
tions to replace in the maintenance frequency sys-
tem of the filtering subsystems of the mixer units.

Considering the standards (Table 1) for con-
ducting technological operations of replacement
in the system of periodicity of maintenance of the
filtering subsystems of the mixer units, according
to expression (2), we can obtain the norm of com-
binations of divided hierarchical groups in the
amount of 49.Thus, it is 49 partial technical solu-
tions that can be analysed at alternative levels.
This alternative will meet the regulatory reliabil-
ity of a complex technical system.

In performing the functions of the SPW IN-
TENSE 2 CS transport and processing machine,
events occur in its elements, some of which lead
to a decrease in the reliability of the objects
under study. Another group of events includes
those failures that lead to a negative impact on

the functioning of the human-operator compo-
nent. Of particular interest is not only the as-
sessment of the reliability of the object of study
and the frequency of maintenance, but also the
assessment of maintainability, i.e., the time that
the operator of a transport and technological
machine must spend to restore its performance.
Not all manuals for self-propelled mixers con-
tain information on maintainability, including
the average time to repair. This is especially true
for the subsystems and mechanisms that ensure
the functioning of the main systems of the feed
preparation and distribution equipment. Such
subsystems and mechanisms include the com-
ponents of filtering subsystems. Let us analyse
the criteria for assessing the technical condition
of the filter subsystems of a self-propelled mix-
er. The individual filter subsystems are equipped
with sensors that indicate when the filter is dirty.
The results of the analysis of the technical condi-
tion assessment criteria for engine air filters and
cabin filters are presented in Table 2.

Table 2. Analysis of the criteria for assessing the technical condition
of the filter systems of the SPW INTENSE 2 CS self-propelled mixer

Name of the filter elements

Display of filter elements
in the user manual

Criteria for assessing
the technical condition

Cabin air filter

If dirty, the air conditioning system
may shut down.

Capacitor Periodic inspection
of the technical condition
Evaporator Periodic check of the evaporator's

technical condition

Dehumidifier filter

Periodic check of the evaporator's
technical condition
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Table 2. Continued

Air filter

Periodic check of the evaporator's
technical condition

Diesel engine air filter element

Engine air filter element pressure
sensor

Source: developed by the author of this study

Based on the presented analysis of the
SPW INTENSE 2 CS mixer as a component of the
transport and technological system “Human-Ma-
chine-Environment”, it can be argued that ensur-
ing the operability of the filtering subsystems of
the self-propelled mixer can be achieved through
scientific and methodological redundancy ap-
proaches. To better investigate the state of the
issue, let us formulate appropriate recommen-
dations that reflect the filtering elements, indi-
cate the sequence of research of these events,
the possibility of occurrence and prevention of
failures through redundancy. The technical con-
dition of the engine air filter should be checked
and cleaned after 50 hours, while the cartridge
should be replaced after 1000 hours of operation.
Control of the functioning of the cab filtration
subsystem and cleaning of components should be
carried out after 500 hours, while the spare parts
should be planned in the reserve and replaced
after 1 year of use, or 2000 hours. The analysis
of the presented results suggests that most au-
thors in recent years have conducted research on
transport and technological machines towards
improving design and technological parameters
and increasing the efficiency of their use.

Comparing the findings obtained in this study
and the approach to ensuring the reliability of

transport and technological machines with other
studies, the following can be noted: the issue of
improving the reliability of the research objects
presented herein was not considered with regard
to the study of filtering systems for engines, units,
and subsystems that ensure the functioning of
machine-tractor units (Abed et al.,2022), combine
harvesters (Najafi et al., 2015), and feed prepara-
tion equipment (Revenko et al., 2023).

Some scientists have conducted research
into the design and improvement of filtration el-
ements in the car cabin. X. Dong et al. (2021) pre-
sented practical approaches to fan selection, filter
and housing design, parts manufacturing, filtra-
tion unit assembly, and recommendations for the
operation process. Thanks to the use of an engi-
neered filter air purifier, the cabin air purifier can
remove harmful substances such as formaldehyde.
This is only part of a long-term programme to use
air purifiers that can also be used for other trans-
port and processing machines. However, this study
does not contain recommendations for improving
the functioning of the condenser and evaporator.

M. Gailis & V. Pirs (2011) evaluated the ex-
isting frequency of replacement of the Renault
engine air filter and determined the impact of
this operation on some vehicle performance in-
dicators. The experience of use, operating costs,
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and the factual condition of the vehicle are linked
to a scientifically substantiated maintenance and
repair system. The authors of the study note that
the engine air filter replacement intervals de-
clared by Renault range within 30-120 thsd km,
depending on the model and type of engine.
However, based on the results of testing the car
on dusty roads, it is recommended to reduce the
replacement interval by half. The authors of the
presented study also point out the need to reduce
the frequency of monitoring and cleaning the en-
gine air filter when using a self-propelled mixer
in dusty conditions, and to replace it based on the
results of diagnostics or according to the criteria
of the limit state.

T.Dziubak & G.Boruta (2021) highlighted the
theoretical and experimental studies of the air fil-
ter of the engine of caterpillar vehicles. The paper
presents a study of the influence of mineral dust
in the air sucked through the filtration system on
the accelerated wear of engine parts. According
to the researchers, the study of regression mod-
els of engine air filters functioning for individual
vehicles is of significant scientific and practical
significance, as it allows to move from a planned
preventive strategy for the use of air filters oper-
ated on special vehicles in conditions of variable
dustiness to strategies according to their factual
technical condition.

Along with the presented scientific findings,
there are a series of studies in the technical lit-
erature that experimentally and numerically in-
vestigate the effect of air filter design on various
parameters, on the efficiency and performance of
the vehicle engine. T. Dziubak & G. Boruta (2021)
and D.Thomas et al. (2021) describe the influence
of the following parameters of filter elements on
the performance of engines of mobile power ve-
hicles: pleat height; pleat spacing; pleat shape;
average filter thickness; air velocity on constant
fuel consumption; dust load.

S. Anchal et al. (2022) obtained analogous
results, since the reliability of filter systems of
transport and technological machines in the
dominant component depends on the reserved

machine. Such studies have resulted in the for-
mation of a multifunctional reliability capability,
which forms a single continuous process. As the
size and complexity of the filter systems of trans-
port and processing machines continue to grow,
the consequences of failures of these systems are
expected to become more complex and critical.
Since, according to F. Tian et al. (2020), the analy-
sis of filter systems of transport and technological
machines is necessary to identify weaknesses in
these systems and monitor components with low
reliability for a given operational performance.

The findings obtained allow correlating them
with those previously presented in R. Majdan et
al. (2017). Specifically, there is a similarity in the
three circuits of the mobile energy filtration sys-
tem in the production cycle of crop production.
Thus, it is possible to develop universal filtration
systems for agricultural machinery.

The task of ensuring the appropriate level of
reliability arises at all stages of the life cycle of
self-propelled mixers, which necessitates a com-
prehensive analysis, selection, substantiation of
evaluation methods and ensuring the reliability
and maintainability of systems.

Conclusions

Based on the findings of the study, a comprehen-
sive methodology was developed to ensure the
operational reliability of transport and techno-
logical machines. Specifically, a detailed system
analysis of the SPW INTENSE 2 CS self-propelled
mixer was performed, based on which practical
recommendations were formulated for mainte-
nance and increased reliability by redundancy of
critical subsystems, such as engine and air filtra-
tion in the operator’s cabin.

One of the key aspects of ensuring the high re-
liability and ergonomics of the SPW INTENSE 2 CS
is regular maintenance, including inspection of the
technical condition, prompt replacement of the fil-
ter elements and provision of a reserve. According
to the developed recommendations, the engine air
filter cartridge needs to be reserved and replaced
every 1000 hours of operation. Cabin air filtration
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elements must be replaced every 2000 hours of
operation. This helps to avoid unforeseen mal-
functions and extend the life of the equipment.

Particular attention is also paid to the main-
tenance of the filtration systems of the pneumat-
ic systems of the power plant unit and the op-
erator’s seat. To maintain their reliability, reqular
checks should be carried out at 50-hour intervals.
An essential element is also the maintenance
of air conditioning systems every 2 years, which
ensures comfortable working conditions for the
operator and long-term uninterrupted operation
of the equipment.

The developed methodology can be adapted
to other transport and technological machines
used in various industries, such as agriculture,
transport, construction, and industry. This will
help to create more efficient, reliable, and dura-
ble transport and technological complexes that
will ensure a prominent level of productivity
and safety in various technological operations.
The implementation of this methodology will
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considerably reduce maintenance and repair costs
and increase the efficiency of vehicle and technol-
ogy use, which will ultimately have a positive im-
pact on the economic performance of enterprises.
A promising task for further research is to
synthesise innovative implementations of Smart
technologies for the reliability of filtration sys-
tems of transport and technological machines
with redundancy in the Agriculture 4.0 concept.
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Peanisauia HagitHocTi cuctem dinbrpauir
TPaHCNOPTHO-TEXHOMOrYHMUX MALLUUH pe3epBYBaHHAM

lOpin HoBuubkun

AcnipaHT

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0003-1115-1747

AHoTaLifl. AKTyanbHiCTb AOCNIIKEHHS MiANOPSAKOBAHO iCHYHOUOMY CBIiTOBOMY TpPeHAY 3aCTOCYBAHHS
HayKOBOi MapajarMu pe3epBYBaHHS OKPEMWX CUCTEM TPAHCMOPTHO-TEXHOMONYHMX MALUMH. Takuii
nigxin 3abesneuyye 6e33ynMHKOBUIA TEXHOMOMYHMI Npouec BUPOBGHMLTBA CiNbCbKOrOCMOAAPCbKUX
KYNbTYP i3 LOTPUMAHHA HOPMATUBHMUX NMOKA3HMKIB HAAIMHOCTI. MeTOo0 AOCNIAXKEHHS € BUSBIEHHS BiAMOB
NiLCUCTEM Ta €IeMEHTIB TPAHCMOPTHO-TEXHOMONIYHMX MALUMH B 3a/JIeXHOCTI Bif, Yacy ekcniyarauii Ta
3abe3neyeHHs HAAIMHOCTI pe3epBYBaHHAM. B CTaTTi po3kpuTOo MeToLoNOrivHI nigxoam A0 GOpMyBaHHS
HafiMHOCTI TPAHCMOPTHO-TEXHONOTIYHMX MALWMH. [poaHani3oBaHO HanpsiMKK 3abe3neyeHHs NOKa3HMKIB
HafiMHOCTi TPAaHCMOPTHO-TEXHONMOTNYHMX MALWIWH Ha MPUKNIAAI MALWKWH Ta 06nagHaHHS NS TBAPUHHULTBA.
Po3kputo MeToamuHi nigxoamn fo 3abesneyeHHs NOKa3HWKIB 6e3BiAMOBHOCTI Ta PEMOHTOMPUAATHOCTI
B npoueci ekcnayatauii camoxigHoro 3miwysaya. CHopMOBaHO CUMCTEMHMI Nigxia OO CaMOXigHOro
3MilWlyBaya 9K CKNaAHOI TPaAHCMOPTHO-TEXHONOMYHOI MawuHKW. BcTaHOBNEHi OCHOBHI niacucTemwy,
AKi BM3HAYalOTb CAMOXIAHWIA 3MillyBay SK CKAaAHY TPaHCMOPTHO-TEXHOMOriYHY cuctemy. [lig yac
NPOBEAEHHS LOCNIIKEHb BM3HAYeEHi ABi rpynu BiAMOB, SKi NpU3BOAATb 4O BTpPATM Npaue3naTHOCTI
o6ekTiB pocnipkeHb. MpencraBneHo 0cob6MMBOCTI BUKOPUCTaHHS iHGOOPMALIMHOIO Ta CTPYKTYpPHOro
pe3epByBaHHsA 4NN MiABULLEHHS HAAIMHOCTI cucteM dinbTpauii camoxigHux 3MiwysayiB. KoHTponb
TEXHIYHOro CTaHy NOBITPSIHOrO dinbTpa ABUIyHA Ta MOro OYMLLEHHS CNif NpoBoaMTM Yepes 50 roamH, a
MaTu B KOMM/EKTi pe3epBHUX eneMeHTiB kapTpuax yepe3 1000 roguH ekcnnyatauii. DyHKLiOHYBaHHI
nigcucteMun dinbTpauii kabiHu 3abe3nevyoTb KOHAEHCATOP, BUNApHUK, GiNbTp OcyllyBay, NOBITPAHMUIA
dinbTp, KOHTPONKOBATM TEXHIYHUI CTaH SKMX Ta ounwatn cnig Yepes 500 roamH, a nepenbaynTi HasBHICTb
B pe3epBi 3amacHMX YaCTMH AN 3aMiHM Yepe3 pik BMKOpUCTaHHSA. ChopMoBaHi KpuTepii OLiHKM
TEXHIYHOro cTaHy QinbTpyBaNbHUX CUCTEM MOBITPS CaMOXiAHOrO 3MilWwyBaya 3abe3neyatb HinbL BULLMIA
piBeHb HAAIMHOCTI, pO3LIMPUTbL Nepenik ix napameTpiB. HaBegeHa B CTaTTi METOLONOrIS A€ MOX/IUBICTb
NiABULLMTK NMOKA3HWKM 6e3BiAMOBHOCTI Ta PEMOHTONPUAATHOCTI CAMOXiHMX 3MiLlyBayiB, 3a6e3neunTu
MeTOoAMYHMI Niaxin A0 GOpMYyBaHHA HaAIMHOCTI niacucteM @inbTpauii NOBITPS ABUIyHA Ta dinbTpauii
noBiTpa kabiHu onepaTopa

KniouoBi cnoBa: kputepiii; caMoxifHuit 3MillyBay; pe3epBHi eneMeHTH; dinsTp NOBITPSHWUIA ABUIYHA;
dinbTp NOBITPSHMI KabiHM
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The study proved the existence of mathematical uncertainty of information flows in relation to the
specified pest, and therefore the mathematics of artificial neural networks with the structure of
“multilayer perceptron” was used for forecasting. The results of the study of the harmfulness of E.
integriceps to winter wheat in Ukraine were presented, including a forecast of the phytosanitary state
of agrocenoses of Ukraine and recommendations for assessing the distribution of harmfulness of E.
integriceps by years of observation (1996-2023) for the Odesa Oblast. It was noted that this distribution
corresponds to a normal law with a mathematical expectation of 25%, which is confirmed by the
results of observations for other regions of the Steppe zone. The relationship between the number of
E. integriceps, Wolf number, and the accumulated integrated temperature and humidity characteristics
of the environment was analysed. It was found that the harmfulness of E. integriceps is characterised
by a fading periodic component with a period of 10-12 years. This result suggests the impact of the
current year’s E. integriceps damage on the next year in 10-12 years. According to the forecasting
results, the dependence of the harmfulness of E.integriceps on its number and the Wolf number
was presented. Therewith, the accumulated integrated temperature and humidity characteristics
of the environment were considered. The obtained findings are recommended for consideration
in the organisation of planned technological operations for the protection of cereal grain crops

Keywords: plant protection; artificial neural networks; multilayer perceptron; Wolf number;

mathematical expectation

Introduction

With modern crop production technologies, the
imperfect forecasting and control of harmful
bugs spread substantially contributes to annu-
al significant grain losses due to pests. During
pest outbreaks, these losses can be severe, often
leading to a marked deterioration in grain quality
and, in extreme cases, to complete harvest fail-
ure. Improving forecasting accuracy and imple-
menting effective control measures are essential
to mitigate these risks and ensure sustainable
agricultural production.

Therefore, in the study by I. Rogovskii et
al. (2024), without a substantiated forecast of
phytophage reproduction and protection meas-
ures, even with a high agronomic background, the
yield of low-quality winter wheat grain is formed
within 2-4 t/ha, and with prompt and adequate
protection — within 9-10 t/ha. At the same time,
according to I.L. Rogovskii (2021), every third and
sometimes second hectare of arable land should
be accompanied by a comprehensive assessment
and modelling of the patterns of development,

reproduction, and spread of economically domi-
nant types of pests. B. Motie et al. (2023) believe
that the rapid identification of pest concentration
points and assessment of infestation levels in
fields can be useful for production management
and reducing the use of chemical sprays. At the
same time, the study proposed the use of software
computing and image processing approaches to
identify areas infested with sunn pests based on
the use of aerial photographs in the near-infra-
red and visible ranges. However, the study did not
predict the number of pests to synthesise a crop
management strategy.

M. Mehrabadi et al. (2012) presented Eury-
gaster integriceps Put. (Hemiptera: Scutelleridae),
which was a major pest of wheat in the Middle
East and some other regions, causing serious
qualitative and quantitative damage. However,
this study also did not offer an opportunity to
predict the harmfulness of this pest in crop pro-
duction. S. Glirsoy et al. (2012) proposed to plant
different plant varieties in the specified area to
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reduce the number of pests. PA. Edde (2021) also
presented integrated approaches to pest man-
agement in crop production, however, for the ac-
curacy of the forecast of each individual method,
it is necessary to use the principles of mathemat-
ical modelling.

V.Sakhnenko & D.Sakhnenko (2018) present-
ed long-term data on the dynamics of the number
of harmful bugs (Eurygaster integriceps Put.) in the
Mykolaiv Oblast. The influence of winter wheat
predecessors and sowing dates on the number
of pests in the Southern Steppe of Ukraine was
presented. The researchers presented their find-
ings on the effectiveness of modern insecticides
against pests on winter wheat crops. P. Lykho-
vyd (2023) presented the results of a mathemati-
cal study of the 40-year dynamics of the number
of E. integriceps in the south of Ukraine, as well as
statistics on the number of bugs that can be used
to predict the development of the specified pest.

The purpose of this study was to develop
predictive models for assessing the harmfulness
of the E. integriceps on winter wheat.

Materials and Methods

Data Sources and Variables:

The primary data sources included long-term
forecasts of the phytosanitary state of agro-
cenoses in Ukraine, along with recommendations
for plant protection (Map of solar insolation of
Ukraine, n.d.; Phytosanitary status of agricultural
plants, 2024). The study focused on Odesa Oblast
from 1996 to 2023, using electronic resources to
obtain the most recent data (Map of solar insola-
tion of Ukraine, n.d.; Phytosanitary status of agri-
cultural plants, 2024).

Key variables influencing the harmfulness of
the E. integriceps were identified as follows:

1. Population Size (K): The number of E. inte-
griceps bugs present in the region, which directly
affected the extent of crop damage.

2. Solar Radiation Intensity: This was quantified
using the Wolf number (W), a numerical indicator
of solar activity correlated with the number of sun-
spots observed. Solar radiation affected various bi-
ological processes and environmental conditions.

3. Temperature-Humidity Characteristics (HTC):
Integrated temperature and humidity measure-
mentsthat accounted for cumulative environ-
mental conditions influencing the life cycle and
behaviour of the E. integriceps bug.

Methodological Approach:

> Analysis of historical data. Historical data
on the distribution of harmfulness of the E. inte-
griceps bug was analysed to identify trends and
patterns. This involved examining records of
harmfulness and correlating them with environ-
mental and biological factors (Suarez-Varela et
al.,2022; Tam et al., 2022).

» Statistical analysis. The harmfulness of the
E. integriceps bug (S) was assessed using statisti-
cal methods to determine its distribution.

» Predictive modelling. Based on the identi-
fied factors (K,W,and HTC), predictive models were
created to estimate future harmfulness levels.
These models incorporated historical patterns and
current environmental data to forecast potential
outbreaks and assess the impact on wheat crops.

» Graphical representation.The findings were
visually represented through graphs and charts
to illustrate the distribution patterns and forecast
models. This visual representation offered insight
into the trends and helped to make data-driven de-
cisions for pest management and crop protection.

» Correlation analysis. Methods of correla-
tion analysis, including constructing autocorrela-
tion functions, were used to assess the impact of
each variable on the dynamics of pest numbers
for subsequent years. This approach helped in un-
derstanding the temporal relationships and de-
pendencies between different factors.

» Mathematical model selection. The normal
law of harmfulness distribution by years provid-
ed a basis for analysing the possibilities of us-
ing mathematical models of different content
and choosing the best option (Suarez-Varela et
al.,2022; Tam et al., 2022). Specifically, the follow-
ing formula was used:

fo) =

where o is the standard deviation; p is the math-
ematical expectation.
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> Neural network tools. Neural network tools
were employed to assess the forecast of pest
harmfulness, considering long-term statistics.
These advanced techniques enabled the model-
ling of complex, non-linear relationships between
variables, and improved the accuracy of harmful-
ness predictions.

The research methodology ensured a com-
prehensive understanding of the factors affect-
ing the harmfulness of the E. integriceps bug and
provided a robust framework for predicting and
mitigating its impact on wheat production.

Results and Discussion
The results of the analysis on the distribution of
the number of pests are presented in the form of
a normal distribution in Figure 1. The distribution
presented in Figure 1 suggests that it corresponds
to the normal law with a mathematical expecta-
tion of 25%, which is confirmed by the results of
observations for other regions of the Steppe zone.

20

= ==

-10 0 10 20 30 40 50 60 70

Figure 1. Normal distribution of the
harmfulness of the E. integriceps bug
Note: abscissa axis — harmfulness (S), %, ordinate

axis — probability (P), %

Source: developed by the authors of this study
based on Map of solar insolation of Ukraine (n.d.),
Phytosanitary status of agricultural plants (2024)

To choose a mathematical modelling meth-
od, it is necessary to analyse the relationship
between harmfulness and the factors mentioned
above. The study showed a relationship between
harmfulness and K number, where the result is
presented in Figure 2a. Figure 2b shows the re-
lationship between virulence and Wolf number W,

Dolia et al.

while Figure 2c¢ shows the relationship between
virulence and HTC. According to M. Mehrabadi et
al. (2014) and J. Motie et al. (2023), results from
the analysis suggested the presence of signifi-
cant uncertainty, as the linear correlations are
low, and the coefficient of determination sug-
gests that the linear mathematical model is in-
adequate. This was partially confirmed by other
researchers — B.R. Critchley et al. (1998), H. Dizlek
& M.S. Ozer (2024). B.R. Critchley et al. (1998) re-
vealed the statistics of pest outbreaks and noted
the absence of a clear strategy for controlling pest
populations. H. Dizlek & M.S. Ozer (2024) showed
the consequences of damage to the wheat kernel
caused by the pest, which affects the yield.
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Figure 2. Dependence of the harmfulness of the
bug-harmful shell on key variables

Note: a — Wolf number, b — Population Size, ¢ - HTC

Source: developed by the authors of this study

based on Map of solar insolation of Ukraine (n.d.),

Phytosanitary status of agricultural plants (2024)
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Interesting conclusions can be drawn by
constructing the autocorrelation function of the
harmfulness of the E. integriceps bug (shift of the
ordinate by years with a discreteness increasing
from 0 by 1 year - Fig. 3).

Autocorrelation of harmfulness of pests

0.4
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5°
« 0.0
-0.2

-0.4

t years

Figure 3. The autocorrelation function of the
harmfulness of the E. integriceps bug (shift
of the ordinate by years)

Source: developed by the authors of this study
based on Map of solar insolation of Ukraine (n.d.),

Phytosanitary status of agricultural plants (2024)

The autocorrelation function was construct-
ed from sample data as follows (Tam et al., 2022):

Ry (1) =~ ZIST (i — M) (X1 — Mi)(2)
where N is the data sample; tis the shift between
ordinates; M _is the mathematical expectation of
harmfulness as a random variable x.

The autocorrelation function is characterised
by a decreasing periodic component with a period
of 10-12 years. This suggests the influence of the
harmfulness of the current year’s sunn pest on the
next one in 10-12 years.This circumstance should
be considered when planning measures to pro-
tect grain crops, paying attention to the factors
of influence and their periodicity in nature (Wolf
number, abundance, HTC).

A special place among the factors affecting
the harmfulness of the sunn pest is its number. In
this case, it is necessary to build and analyse the
autocorrelation function of the number of E. inte-
griceps bugs with a shift along the ordinate axis
by year, increasing from zero with a discreteness
of 1 year (Fig.4). The complex form of the autocor-
relation function indicates a significant influence

of the first current year on the next 10-12 years
later, and then the influence “fades”. Perhaps the
reason is also inaccuracy in measurements based
on the results of observations.

Autocorrelation of the number of pests
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Figure 4. Autocorrelation function of the
number of sunn pest bugs (with a shift of
ordinates by years with a discreteness of 1 year)
Source: developed by the authors of this study
based on Map of solar insolation of Ukraine (n.d.),

Phytosanitary status of agricultural plants (2024)

As already mentioned, predicting the harm-
fulness of the E. integriceps bug is the main goal
of this study. Since uncertainty is involved, it is
advisable to achieve this goal by using artificial
neural networks. The experience of using an arti-
ficial neural network with the structure of a “mul-
tilayer perceptron” (Lysenko et al., 2022) allows
recommending it to achieve this goal (Fig. 5).

Figure 5. Structure of the artificial neural
network “multilayer perceptron”
Source: developed by the authors of this study

For multilayer networks, the output of the
previous layer is the input of the next one (Zai-

ets et al., 2019):

ymt =l (wmtym + bmt)ym = 0,1,...,M - 1, (3)
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where Mis the number of network layers; y is the in-
putvector,wistheweight matrix,bisthe shiftvector,
fis the activation function; m is the layer number.

For this type of neural networks, the fastest
descent algorithm for calculating the root mean
square error with the learning rate o has the fol-
lowing form (Tregub et al., 2020, Tam et al., 2022):

Witk + 1) = wii(k) — >
ij
Bk +1) = b*(k) — a = (4)

where |/, j are the elements of the matrix of in-
put values; x, and x, are the k" elements of the
vectors x, and X; respectively; F is the sensitivity
value of the network function. The results of pre-
dicting the harmfulness of the E. integriceps bug
are presented in Figures 6, 7. The analysis of the
results of observations and analytical materials
in Figure 8 points to a complex form of influence
of the Wolf number on harmfulness. This is es-
pecially pronounced when this factor is within
120-220 and 20-100. The minimum harmfulness
is achieved at a Wolf number of 140 and 60. It is
advisable to use this information to minimise the
use of insecticides used in modern crop protec-
tion technologies.

HTC has a relatively uniform effect on the
harmfulness of E. integriceps bug compared to
the Wolf number in Figure 8. Therefore, it is the

55
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number of pests that should be considered, which
largely determines the final damage.

o
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Figure 6. Dependence of E. integriceps bug
damage on its number and Wolf number
Note: K is the number of E. integriceps bugs, W is the

Wolf number, S is the damage, %
Source: developed by the authors of this study

Figure 7. Dependence of E. integriceps bug
damage on its number and HTC
Source: developed by the authors of this study

-
50 o
o
45
//

40 /
o /
3
B 30 //6
S e
O s e
(S B
n g5

20 0//

@
15 -
o
10 e
a

5 =) ° @

0

0 5 10 15 20 25 30 35 40 45 S0 55

S(Tatget)

Figure 8. Comparison of the result of the neural network (Output) with observation data (Target)

Source: developed by the authors of this study
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It is important to decide on the results of
forecasting harmfulness by comparing them with
observational data, as presented in Figure 10.The
analysis of the materials in this figure suggests
that the accuracy is sufficiently high: only for cer-
tain years, the error does not exceed 20%. Accord-
ing to practicing agronomists, this result creates
all the conditions for high-quality preparatory
work on planning the control of the E. integriceps
in the year following the current one.

K. Sabanci et al. (2022) presented findings
on detection of pest-damaged wheat grains us-
ing deep learning. Using the created image ac-
quisition mechanism, healthy and uniform wheat
grains were displayed. Scientists performed im-
age pre-processing applied to the raw images,
and then performed data augmentation. The aug-
mented image data was provided as input for two
different deep learning architectures. Therewith,
a comparison was made according to the accuracy
of the operation of these two architectures.

However, the cited studies do not indicate
the possibility of using modern tools regarding
the possibility of forecasting the harmfulness of
pests. It is proposed to use the neural network
tool to implement harmfulness prediction. For the
application of the mentioned approach, a clear
multi-year sample is necessary, which will allow
achieving a high accuracy of the forecast. S. Khaki
& L. Wang (2019) showed yield prediction using
deep neural networks. In this study, the results
also illustrated that environmental factors had a
significant effect on yield. However, the scientists
performed neural network prediction based on
defined training data, which included three sets:
crop genotype, yield indicators, and environment
(weather and soil). The impact of pests on plant
development was not fully demonstrated. In the
study, the scientists implemented a neural net-
work with sufficient accuracy. Machine learning
techniques were used to predict yield, including
multivariate regression, decision trees, associa-
tion rule analysis, and artificial neural networks.
G. Aubakirova et al. (2022) presented the applica-
tion of an artificial neural network for forecasting

the yield of wheat. In the study, scientists consid-
ered a series of factors affecting the development
of wheat and its harvest in the territory of Ka-
zakhstan. However, the researchers used a sample
of data only for 2008-2022. The influence of pests
as one of the factors on productivity was present-
ed, and therefore the question of determining the
forecasting of the number of pests arises.

Conclusions

According to the results of observations, it was
shown that the principal factors influencing the
harmfulness of the E. integriceps bug are its quan-
tity, Wolf number, and HTC. Since the declared fac-
tors of influence on the harmfulness of the E. in-
tegriceps bug are characterised by small values of
the coefficient of determination, which indicates
the inadequacy of the linear model, and small
values of linear correlation coefficients, it can be
concluded that such dependencies are uncertain.
Since the regression equation does not allow for
a high-precision forecast under conditions of un-
certainty, it is recommended to use artificial neu-
ral networks. An artificial neural network with a
“multi-layer perceptron” structure creates condi-
tions for predicting the harmfulness of a sunn pest
bug with sufficient accuracy for preparatory work.

To save resources planned for controlling the
number of E. integriceps bugs and their damage,
it is advisable to consider not only the projected
number of pests, but also factors such as the Wolf
number and HTC. The analysis of the results of
observations and analytical materials indicates a
complex form of influence of the Wolf number on
the harmfulness of the E. integriceps bug. This is
especially pronounced for indicators of the speci-
fied factor within 120-220 and 20-100. Therewith,
the minimum harmfulness is achieved for the Wolf
number of 140 and 60. It is advisable to use the
specified information to minimise the use of insec-
ticides. The presented findings of the analysis of
long-term observations create the conditions for
an early forecast of grain yield assessment, which
will enable early planning and organisational
preparation for the next stage in grain production.
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AHOTAaLLifA. 3axuMCT nweHuLi Bif ii WKigHWKIB 6e3nocepesHbO BMNIMBAE HA NPOLOBONLYY He3neky KpaiHu.
Tomy MeTol focnifxeHb Byno CTBOPEHHS 33 pOKaMu MPOrHO3HUX MoAaeneir Ans OUiHOK WKiAJAMBOCTI
Knona-wkKignneoi yepenawku. LLUKignneicTb knona-wkifAMBOI Yepenawku po3rnsgany B 3aNeXHOCTI Bif
HaCTYMHWMX NOKAa3HMKIB: YNCENbHICTb WKiAHMKA, MOKA3HMK MPUMPOAHLOro cepenosumila (umcno Bonga) Ta
rinpotepMiuHoro koediuieHTy 3BonoxeHHs (I'TK). loBeaeHo, WO CTOCOBHO 3a3HAYEHOTO LWKiAHUKA iCHYE
MaTeMaTM4yHa HEBM3HAYEHICTb iHHOPMaALiMHUX NOTOKIB, @ TOMA A4/15 MPOrHO3yBaHHSA BUKOPUCTOBYBaNnach
MaTemMaTuKa LTYYHUX HEMPOHHMX Mepex i3 CTPYKTypow «baraTowapoBuit nepuenTpoH». HaBeaeHo
pe3ynbTaTv AOCNIAXKEHHS WKiAAMBOCTI Knona-wWKigaMBoi Yyepenawky ANns MNeHUUi o3uMoi B YKpaiHi
MaTepianis, LLLO BKJIOYAE MPOrHO3 QIiTOCAHITAPHOIO CTaHy arpoL,eHo3iB YKpaiHM Ta peKoMeHAaw,ii 3 OLiHKK
pO3MO0AiNYy WKiAAMBOCTI KNOMA-LIKiAAMBOI Yepenallku 3a pokamu cnoctepexeHHs (1996-2023 pokwu)
ans Opecbkoi 06nacTi. 3a3HaveHo, WO Lei po3noain BiANOBiAaE HOPMANbHOMY 3aKOHY i3 MaTEMaTUYHUM
04iKyBaHHAM 25 %, WO NiATBEPLXKYETHCA pe3yNbTaTaMuU CNOCTEPEXEHDb AN iHWMX perioHiB CTenoBoi 30Hw.
BukoHaHO aHani3 383Ky MiX YMCeNbHICTIO KNona-LwWwKiaaMBoi Yepenawku, yncnom Bonbda ta HakonnueHoi
iHTerpoBaHoi TeMNepaTypHO-BONIONiCTHOI XapaKTepUCTUKM HAaBKOMMLLHBOMO cepenoBuLLa. BusHaueHo, wo
LIKIAMBICTb KAOMA-LWKiAAMBOI Yepenalky XapakTepu3yeTbCS 3aTyxal4ow NepiognyHOK CKIALOBOK
i3 nepiogomM 10-12 pokiB. HaBeneHui pesynbtaT CBiAYMTL NPO BMAMB LUKIAAMBOCTI KNOMA-WKiANMBOI
Yyepenawku MOTOYHOTO POKY Ha HacTynHuit yepe3 10-12 pokie. 3a pe3ynbraTamMu NPOrHO3yBaHHA
HaBeLEeHO 3aNeXHOCTI WKiAAMBOCTI KNOMa-WKigAMBOCTI YepenaLkuy Big, ii YncenbHOCTI Ta umcna Bonbda.
Mpu UbOMY BpaxoByBasacb HAKOMWYeHa iHTErpoBaHa TeMMEepaTypHO-BOMONICTHA XapaKTepUCTUKA
HaBKONWLLIHBOIO cepenosuia. OTpUMaHi pe3ynbTaTv JOCNIIKEHb PEKOMEHAYOTLCS 10 BpaxyBaHHS Ans
opraHisauii npoBeaeHHs NAAHOBUX TEXHOMOTIYHMX ONepaLiit 3aXMCTy 3epHOBUX KOTOCOBUX KYNbTYP

KnioyoBi cnoBa: 3axucT pOC/IWH; WTYYHi HEMPOHHI Mepexi; baratowaposuii nepLenTpoH; Ymcio Bonboa;
MaTeMaTUyHe OYiKyBaHHS
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measures to preserve natural resources in the context of sustainable development. The study
employed the evaluation and sustainable development methods for a comprehensive assessment of
the effectiveness of measures to preserve natural resources, considering economic, environmental,
and social aspects. The research findings show that sustainable development is a critical concept for
the modern world, as it ensures a balanced combination of economic growth, social well-being, and
environmental sustainability. The performance measurement framework emphasises the significance
of integrating different management systems, such as the balanced scorecard, value-based
management principles,and integrated risk management (IRM). This integration enables effective risk
management at all stages of project implementation, which provides a strategic focus on improving
business performance and contributes to a greater probability of achieving sustainable development
goals. The results of the study showed that a systematic approach to planning natural resource
conservation measures is key to success. It includes eliminating differences in planning systems,
detailing results through balanced scorecard projections, continuous monitoring of processes, and
active staff involvement, which helps reduce agency conflicts. The results of the study can be used by
environmental protection institutions to plan and implement effective measures to preserve natural
resources, which will help achieve environmental goals at minimal cost

Keywords: natural resources; project; economic assessment; environmental sustainability; social

impact; environmental goals

Introduction
In modern world, the issue of preserving natural
resources is becoming increasingly important due
to population growth, urbanisation, and industri-
alisation. The depletion of natural resources, cli-
mate change, and ecosystem degradation threat-
en the economic well-being and quality of life of
future generations. In this context, the concept
of sustainable development, which envisages a
balanced combination of economic growth, social
well-being, and environmental protection, is be-
coming central to the policies of many countries.
Effective management and conservation of natu-
ral resources are key components of sustainable
development. Implementation of measures aimed
at the rational use of resources requires a thor-
ough economic analysis to assess their impact
and benefits. That is why the investigation of the
cost-effectiveness of such measures is relevant.
Evaluating the effectiveness of the measures tak-
en to preserve natural resources is a key element
in ensuring their long-term impact. However,
despite a significant amount of research in this
area, there are still gaps in understanding which

approaches and tools are most effective in con-
crete economic, social, and environmental con-
texts. At the same time, most studies focus on the
development of individual measures without due
attention to their comprehensive assessment and
integration into overall sustainable development
strategies. Further research should focus on de-
veloping integrated assessment methods that fac-
tor in all these components and on investigating
the long-term effects of conservation measures.

Assessment of the effectiveness of measures
to preserve natural resources includes an analy-
sis of the costs and benefits associated with the
implementation of such measures. Studies con-
ducted by I.A. Vasylenko et al. (2019) show that
the rational use of resources and the introduc-
tion of energy efficient technologies can con-
siderably reduce production and operating costs.
S.M. Smyrnova et al. (2020) emphasised the sig-
nificance of considering ecosystem services when
assessing economic efficiency.

Significant attention of scientists, politicians,
and the public is focused on the development
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and implementation of measures to preserve nat-
ural resources in the context of sustainable de-
velopment. According to S.I. Boguslavska (2021),
the basis for assessing the effectiveness of such
measures is the concept of sustainable develop-
ment, which combines economic, social, and en-
vironmental aspects. According to this concept,
measures aimed at preserving natural resources
should not only prevent ecosystem degradation,
but also contribute to economic growth and so-
cial well-being.

According to R. Korchovyi (2023), the intro-
duction of economic instruments such as pol-
lution taxes, payments for ecosystem services,
subsidies for environmentally friendly technolo-
gies, and the creation of an emissions allowance
market play an important role in ensuring the
effectiveness of measures to preserve natural re-
sources. The use of these tools helps to increase
the motivation of enterprises to operate in an
environmentally responsible manner and reduce
their environmental impact.

N. Avanesova et al. (2021) also considered
that the role of evaluating the effectiveness of
implemented measures is important. The meth-
odologies developed for this assessment include
cost-benefit, product life cycle, and environmen-
tal indicators to determine the extent to which
environmental and resource-saving goals are
being met. Among these methods, the approach
based on the Balanced Scorecard (BSC), which
allows considering both financial and non-finan-
cial factors, stands out.

There are several approaches in the scientific
literature to assessing the cost-effectiveness of
natural resource conservation measures. Accord-
ing to VV. Makedon & 0.G. Mykhaylenko (2022),
traditional methods include cost-benefit analysis,
which allows assessing the economic feasibili-
ty of projects. Other approaches considered by
0. Khokhulyak (2023) include life cycle assess-
ment, which assesses environmental and econom-
ic impacts throughout the life cycle of a product
or service. Social aspects of sustainable devel-
opment include equity, access to basic services,

human rights, and social cohesion. A.A. lvashu-
ra (2022) found that environmental aspects focus
on conserving biodiversity, maintaining ecosys-
tem services, and reducing pollution. M.A. Kh-
vesyk & V.K.Holyan (2006) showed that measures
to preserve natural resources can considerably
improve the quality of life of the population and
contribute to social stability. The literature review
suggests that assessing the economic efficiency
of natural resource conservation measures is a
complex and multifaceted process that includes
economic, social, and environmental aspects.

The purpose of this study was to analyse and
identify the most effective approaches to imple-
menting measures that promote the conservation
of natural resources, considering the principles of
sustainable development.

Objectives of the study:

» to investigate the methodologies for as-
sessing the economic efficiency of measures to
preserve natural resources;

» to propose an assessment of the economic
efficiency of concrete measures to preserve natu-
ral resources;

» toanalysetheimpactofnaturalresource con-
servation measures on sustainable development.

Materials and Methods
The economic valuation method was used to de-
termine the economic efficiency of implementing
measures to preserve natural resources. Different
scenarios for implementing measures to preserve
natural resources were considered to determine
the most effective one. Specifically, the economic
feasibility of such measures was assessed through
the lens of their impact on profitability, payback,
and reduction of resource costs. The study consid-
ered both direct economic benefits and indirect
effects, such as reduced environmental burden,
improved quality of life, and enhanced ecosys-
tem services. The method of analytical synthesis
helped to systematise and interpret the results
of studies conducted in different conditions and
using distinct approaches. Data collected from
scientific sources of C. Wang & G. Dong (2019),

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4



A.lvashura (2022), R. Korchovyi (2023), D. Bukree-
va et al. (2023) were systematised to create a ho-
listic picture of the cost-effectiveness of natural
resource conservation measures. This is how the
methodological issues of implementing green
technologies are presented in the study.

The analysis method was employed to as-
sess the effectiveness of measures to preserve
natural resources. This method involved a
cost-benefit analysis to determine the economic
feasibility of the measures implemented, spe-
cifically their impact on cost reduction, revenue
growth or improvement of the economic perfor-
mance of enterprises or regions. The analysis
also included market research, examination of
structural changes in the economy, assessment
of the value of ecosystem services and oppor-
tunities for their monetisation, which helped to
identify the effectiveness of measures in terms of
both short-term and long-term economic results.
This approach has provided a more accurate and
informed understanding of the financial implica-
tions of implementing environmentally friendly
measures. The analysis also included market re-
search, examination of structural changes in the
economy, assessment of the value of ecosystem
services and opportunities for their monetisa-
tion, which helped to identify the effectiveness
of measures in terms of both short-term and
long-term economic results.

The method of scientific synthesis was used
to systematise and analyse the available data ob-
tained from various studies, expert assessments,
and empirical research related to natural resource
conservation and sustainable development. This
method helped to summarise scientific approach-
es, experience of implementing measures in dif-
ferent countries and regions, as well as to identify
best practices and key success factors. Based on
the synthesis, recommendations were developed
for the implementation of measures adapted to
concrete conditions, factoring in the environmen-
tal, social, and economic features.

To assess environmental performance, the
study used quantitative indicators of greenhouse
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gas emissions reduction, water and air pollution
reduction, and biodiversity conservation. The
study included collecting data from environmen-
tal monitoring systems and analysing the results
of the implementation of measures at the enter-
prises. Specifically, the results of the implementa-
tion of drip irrigation systems, renewable energy
sources, and waste recycling in various sectors of
the economy were investigated.

An essential element of the study was the
systematisation of measures to preserve natural
resources based on Ukrainian and foreign prac-
tices. This included an analysis of existing waste
management systems, energy efficiency technol-
ogies, renewable energy sources, and agricultural
irrigation systems. The study was conducted with
due regard to the specifics of each sector of the
economy and the possibility of scaling the results
to the national level.

The application of these scientific methods
in the study helped to comprehensively assess
the effectiveness of measures to preserve natural
resources, considering all key aspects of sustain-
able development.

Results and Discussion
Sustainable development is a concept that
emerged as a response to the global environ-
mental and socio-economic challenges facing
humanity in the second half of the 20" century.
Comparing the findings with the studies of other
researchers helps to identify general trends and
specific approaches to assessing the effective-
ness of measures to preserve natural resources in
the context of sustainable development. Raising
environmental awareness among the population
and encouraging environmentally responsible
behaviour. Sustainable development and eco-
nomic efficiency are interrelated concepts that
reinforce each other. Implementation of the prin-
ciples of sustainable development can contrib-
ute to economic efficiency through the following
mechanisms (Andryeyeva et al., 2019):

1) rational use of resources and implemen-
tation of energy-efficient and energy-saving

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 4

109



110

Evaluation of the effectiveness of implementing measures...

technologies can significantly reduce production
and operation costs;

2) sustainable development stimulates the
development of innovative technologies that can
increase the productivity and competitiveness of
the economy;

3) ensuring social justice and improving the
quality of life contribute to social stability, which
is an important factor for economic growth;

4) support of ecosystems and preservation of
natural resources ensures long-term sustainabili-
ty of economic development, preventing resource
depletion and adverse environmental impacts.

The interconnection between these concepts
helps to create the conditions for a balanced and
harmonious development that meets the needs
of present and future generations. In the context
of modern environmental challenges, the conser-
vation of natural resources is becoming an inte-
gral part of sustainable development strategies,
and it is the economic benefits of implementing
measures to conserve natural resources that can
be assessed by a series of defining criteria, name-
ly: the introduction of energy efficient technol-
ogies and renewable energy sources can reduce
energy and fuel costs, e.g., the use of solar panels
can substantially reduce electricity costs for busi-
nesses and households; optimisation of waste
management and recycling reduces disposal
costs and helps to create new sources of income
from the sale of secondary materials; water con-
servation measures, such as drip irrigation sys-
tems, can increase agricultural productivity and

reduce water supply costs (Zhylins'ka, 2017). En-
terprises that implement conservation measures
can avoid fines for environmental violations and
reduce the cost of compensation measures, and
such an assessment of the costs of implementing
conservation measures is a critical aspect of de-
termining their cost-effectiveness. Such costs may
include initial investments in equipment procure-
ment and installation, development of innovative
technologies, and staff training. For example, the
installation of solar panels requires a significant
initial investment, but these costs can be offset
by electricity savings in the long run (Makedon &
Makovets’ka, 2023). Operational costs include the
cost of maintaining and operating new systems
and technologies, such as drip irrigation systems,
which may require additional costs but will en-
sure more efficient use of water. Administrative
costs for project management, monitoring, and
reporting, which may include the costs of devel-
oping natural resource management strategies
and policies. Some measures may require gov-
ernment support or funding from international
organisations, which should also be considered in
the overall cost estimate.

The performance assessment framework
developed based on the analysis of experience
in implementing measures to preserve natural
resources in the context of sustainable devel-
opment and involving the use of a management
system focused on economic performance criteria
and taking into account the balanced scorecard
tools is presented in Figure 1.

Analysis and evaluation
of options for
conservation measures,
assessment of the
significance of factors

Preservation
technology: goals,
risks, options,
factors, resources

Bl

Y

¢/r

Possible options Best option

Organising
the implementation
of the action plan,
monitoring, managing
factors and risks

A plan for implementing
the best option.
Normative values of
factors and goals

Action plan Results (scorecard)

| Analysis of the current results of natural resource conservation measures

Figure 1. The structure of the process of assessing the economic efficiency
of natural resource conservation measures

Source: developed by the authors of this study
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A key element in planning measures for the
conservation of natural resources is a system for
evaluating options and substantiating interme-
diate results. The specific features of planning
measures to preserve natural resources of en-
terprises are as follows:

> eliminating differences in planning
systems and organising the implementation
of plans;

> the need to highlight the results of the
initiated measures in the context of the projec-
tions of the balanced scorecard;

> in monitoring the process of measures to
preserve the natural resources of the divisions
by a set of indicators;

> in carrying out a set of activities to in-
volve staff in the natural resource conservation
and reduction of agency conflicts.

It is necessary to discuss the need for
measures to preserve the natural resources
of the risk management system in a balanced
scorecard. However, to manage the processes of
natural resource conservation, we propose an
integrated system that combines the concep-
tual foundations of three currently progressive
systems. Therewith, in terms of the principles of
risk management, they focus on the integrated
risk management system (IRM), which is still in
its infancy but is already effectively used by a
series of Ukrainian and foreign industrial enter-
prises. The conservation of natural resources is
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based on the Balanced Scorecard (BSC), Value
Based Management (VBM), and the concept of
an integrated risk management system (IRM).
The analysis shows a series of common aspects
for all three management systems: strategic ori-
entation of all integrated systems, their focus
on increasing business efficiency; the concept
of risk management should be considered as a
way to manage risks that act as value manage-
ment factors.

Therewith, value management factors be-
come risk factors at the same time, and the sys-
tem makes provision for risk analysis of initia-
tives to use the factors, namely:

> use of indicators (early indicators) that
characterise the goals and results of individual
projections of the balanced scorecard, identify
risks in the risk management system and can be
intermediate indicators in the management sys-
tem for the cost of implementing measures to
preserve natural resources;

» an integrated approach where the en-
tire value chain is analysed with a focus on
the relationship between business processes
and results, and risks are considered not only
as hazards but also as hidden opportunities to
improve efficiency.

Therefore, the integrated management
system for natural resources conservation effi-
ciency is represented by the diagram presented
in Figure 2.

Project cost management. Criteria and performance indicators [-
for natural resource conservation projects

Balanced Scorecard (BSC). Cost drivers :
of natural resource conservation projects X

A A

Finance Customers

v 1 T v

r>»PucCc-H>»Z
numoOxXxCoOoOwmm>D

T v v 1

| ZO0O—4Hd>»rCcom=x |

—{ Risk management of natural resource conservation projects

plziargsaelzs Potential

Figure 2. Integrated system for managing the economic efficiency
of natural resource conservation projects

Source: developed by the authors of this study
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In this system, performance management of
natural resource conservation projects is, firstly,
an element of all BSC projects, and secondly, an
independent element of managing the cost of
such projects. The identification and structuring
of risks in natural resource conservation projects
using an integrated management system should
follow the logic of the balanced scorecard and the
sequence of the integrated measure itself (Vil-
lanueva & Blanco, 2019). The economic efficiency
of implementing natural resource conservation
projects considered as investment projects is pro-
posed to be defined as a ratio:

&=NAV [ [Pg + PV(E)], (1)

where PV(E) is the capitalisation of business in-
tegration costs. This approach is substantiated
by the fact that the denominator (1) includes all
capitalised costs of natural resource conservation
projects. The economic implementation of such
projects is more efficient if &£ >WACC of the pro-
ject being implemented.

To formalise the problem of managing the
efficiency and effectiveness of natural resource
conservation projects, let us introduce the con-
cepts of ideal (index 0), estimated (index 1) and
actual values of enterprises at time t (index 2).
The ideal value of the cost of the project for the
conservation of natural resources A in year t(B-
PV, (1)) is determined by two conditions: compli-
ance with the real market situation (the real state
of the environment) and the ideal (best within the
available possibilities) reaction of the economic
environment. BPV,(t) is the factual value of the
cost of natural resource conservation projects “A”
in year t, which corresponds to the real market
situation and the factual level of management
decisions of the customers of such projects. Other
elements of the incremental value of natural re-
source conservation projects have an analogous
interpretation (Avanesova et al., 2021).

The difference NAV, - NAV, = ANAV, , is an
error in the efficiency assessment associated with
miscalculations in the assessment of the current

value of natural resource conservation projects
and deviations of the forecast (estimated) val-
ues of cash flows and risks from the factual ones
(ANAV, <> 0).The difference NAV, - NAV,=ANAV, ,
is the loss of effect caused by the imperfection
of the investment project management process
(ANAV,, <= 0). NAV, - NAV, = ANAV,, - deviation
of the estimated value of the effect of the asso-
ciation’s natural resources conservation projects
from the ideal value due to errors in cash flow
estimates and risks caused by uncertainty in the
market situation and the quality of calculations:

ANAVO/»] =ANAV1/2 +ANAVO/2. (2)

The ideal estimate of the economic effect of
implementing measures to preserve natural re-
sources under this approach would be equal to:

NAVO = NAV1 + ANAV“Z + ANAVO/2. (3)

Since ANAV, <> 0, (1) can be considered as a
transition from a point estimate of the effect to an
estimate with confidence intervals. Therefore, the
analysis of the economic efficiency of concrete
measures to preserve natural resources requires
careful consideration of both the economic bene-
fits and costs of their implementation. Implemen-
tation of such measures can lead to significant
economic benefits, cost savings,and improved en-
vironmental sustainability, but requires detailed
planning and evaluation to maximise results.

Implementation of measures to preserve
natural resources has a comprehensive impact
on sustainable development, covering econom-
ic, environmental, and social aspects. Measures
aimed at preserving natural resources can have a
considerable economic impact. Renewable energy
sources, such as solar panels and wind turbines,
reduce dependence on fossil fuels and create new
jobs in the green energy sector. This leads to eco-
nomic growth and the development of new sec-
tors of the economy (Bhunia et al., 2021).

The environmental benefits of natural resour-
ce conservation include reduced environmental
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pollution, biodiversity conservation, and im-
proved ecosystems. The social benefits of natural
resource conservation include improved quality
of life, new jobs, and increased social cohesion.
The long-term effects of conservation measures
can be significant and multifaceted, and include
sustained economic growth, environmental sus-
tainability, and social progress (Hurochkina &
Sokur, 2021). Implementing sustainable practices
in production and consumption can ensure long-
term economic stability. Investments in renew-
able energy, energy-efficient technologies, and
waste recycling contribute to the development of
new sectors of the economy and reduce the risks
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associated with the depletion of conventional re-
sources, enabling the economy to adapt to chang-
es and ensure sustainable growth.

Long-term  environmental sustainability
is ensured by preserving natural resources and
maintaining ecosystem services. Measures aimed
at reducing pollution, conserving biodiversity,
and using resources rationally help maintain the
natural balance and ensure a healthy environ-
ment for future generations, which reduces the
risks of environmental disasters and ensures eco-
system resilience (Hablovskyi et al., 2023). Based
on the substantiations provided, a summary Ta-
ble 1 is presented.

Table 1. Integrated impact of natural resource conservation measures
on sustainable development

Category Examples Effects Advantages Long-term effects
of measures
Energy efficien
ergy efnicie t Reduced energy Increased .
. technologies, 8 o Stable economic
Economic results costs, economic competitiveness,
renewable energy . growth
growth new jobs
sources
Transition . . Reducing
. Reducing pollution, )
Environmental to renewable energy reservin environmental Ecosystem
results sources, waste pres '9 risks, improving resilience
biodiversity
management ecosystems
Improvement of the Reduction of
Improvement

Social results

energy efficiency of
residential buildings,
creation of jobs

of the quality of life,
creation of jobs

energy costs for
households, social
cohesion

Social progress

Investments in

Economic stability,

Reduction of the

Long-term risks of resource Stable economic
f renewable energy  development of new :
economic effects ; - depletion, growth
and waste recycling  economic sectors .
sustainable growth
. . Reduction
Conservation Environmental .
Long-term L of the risk of
: of natural resources, sustainability, . Ecosystem
environmental support for support of the environmental resilience
effects PP PP disasters, healthy

ecosystem services

natural balance

environment

Long-term social
impacts

Investments in the
green econ
omy, educational
programmes
on environmental
responsibility

Improvement
of the quality of life,
development
of human capital

New employment
opportunities,
reduction of social
inequality

Social progress

Source: developed by the authors of this study based on B. Hablovskyi et al. (2023)

Considering this, the following measures can

be taken to preserve natural resources:

1.The use of resource-saving technologies in

manufacturing, agriculture, and construction can
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considerably reduce the consumption of water,
energy, and raw materials. These aspects include
the use of recycling methods, recycling of ma-
terials, use of energy-efficient equipment, and
optimisation of production processes to reduce
resource waste.

2. Implementation of sustainable consump-
tion and production policies. Encouraging more
responsible consumption through educational
programmes, information campaigns, and eco-la-
belling initiatives. Encouraging manufacturers to
reduce their negative impact on the environment
by introducing environmentally friendly technol-
ogies and production processes.

3. Promotion of the use of renewable energy
sources. Development and support of solar, wind,
geothermal, and biomass projects that will help
reduce the consumption of non-renewable natu-
ral resources such as coal, oil, and gas, as well as
greenhouse gas emissions.

4. Creation of economic incentives for re-
source conservation. Introduction of a system
of financial and tax incentives that encourage
businesses and citizens to use natural resources
rationally. This could include subsidies for the in-
troduction of environmentally friendly technolo-
gies, tax breaks for businesses that reduce their
environmental impact, and fines for violations of
environmental regulations.

5. Development of science-based strategies
for the conservation of natural resources. Inves-
tigation of local ecosystems, monitoring of the
state of natural resources and developing adapted
strategies that consider local characteristics, en-
vironmental risks, and socio-economic conditions,
including the implementation of programmes to
preserve water resources, protect forests, and oth-
er natural ecosystems.

Therefore, the conducted study is intended to
provide a comprehensive analysis of the effective-
ness of natural resource conservation measures,
which will facilitate the adoption of informed de-
cisions in the field of sustainable development,
which will not only reduce the negative impact
on the environment, but also provide economic

benefits,promote social well-being,and long-term
sustainability of the economy. The impact of nat-
ural resource conservation measures on sustain-
able development is multifaceted and complex.

The findings of the present study confirm the
significance of preserving natural resources as a
key aspect of sustainable development that meets
modern global environmental and socioeconom-
ic challenges. The principles of natural resource
conservation, such as rational use, support for eco-
system resilience, pollution prevention, and biodi-
versity protection, are key components of sustain-
able development strategies. At the same time,
the results of the present study confirm that these
measures not only ensure environmental sustaina-
bility, but also have a significant economic impact.

N.Yu. Lazorenko-Hevel’ (2014) emphasised
the importance of rational use of natural resourc-
es, including efficient and careful use of resourc-
es, minimisation of waste, and introduction of
technologies that reduce adverse environmental
impact. These principles are in line with the find-
ings of the present study, which also emphasises
the significance of cost-effectiveness of such ap-
proaches. There is a similar focus on rational use
and waste minimisation. The difference is that
the cited study focuses more on technological
aspects, while the present study covers a wider
range of economic instruments and strategies.
N. Andryeyeva et al. (2019) focused on the rela-
tionship between sustainable development and
economic efficiency, emphasising the importance
of energy efficiency, innovation, and social sta-
bility. The present study confirms these findings
and extends them by adding the need to inte-
grate management systems (BSC, VBM, IRM) to
increase the effectiveness of natural resource
conservation measures. There is a common rec-
ognition of the role of economic instruments
in ensuring sustainable development, while the
difference is the broader scope of management
approaches in the present study.

Researchers L.P. Ishchuk et al. (2018) identi-
fied the environmental benefits of implementing
measures such as the use of renewable energy
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sources and optimisation of waste management
systems. This approach is consistent with the pre-
sented findings on the economic benefits of en-
ergy efficiency technologies. O. Zhylins’ka (2017)
focused more on specific waste management
measures, while the present study covers more
comprehensive approaches, including the in-
tegration of different management systems.
B. Scholtens (2017) considered economic instru-
ments, such as pollution taxes and emission al-
lowance markets, as key to effective natural re-
source conservation policies. The present study
also emphasised the significance of economic
instruments, but additionally considered their in-
tegration with management systems (IRM, VBM,
BSC), which makes our approach more compre-
hensive. There is a common understanding of the
need for economic stimulus, but the present study
suggests a more integrated approach to its appli-
cation. VV. Makedon & 0.G. Mykhaylenko (2022)
addressed the importance of using a balanced
scorecard (BSC) to assess the effectiveness of
environmental measures. The present study sup-
ports this idea and extends it by integrating the
principles of value-based management (VBM)
and integrated risk management (IRM). The com-
mon thread is the recognition of the importance
of BSC, while the present study adds more tools
for integrated management.

Authors C. Wang & G. Dong (2019) focused
on climate change adaptation as a key element
of sustainable development, which requires ef-
fective management of natural resources. The
current study highlighted the significance of
these measures to ensure long-term economic
sustainability, but also added economic aspects
such as cost optimisation and productivity gains.
The common thread is the recognition of the
importance of resource management, while the
present study focuses more on cost-effectiveness.
B. Hablovskyi et al. (2023) pointed out the need
for an integrated approach to the conservation of
natural resources, including social, environmen-
tal, and economic aspects. The present study also
emphasised the importance of this approach but
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added concrete recommendations on the use of
different management systems and economic in-
struments. There is a common recognition of the
significance of a comprehensive approach, while
the present study proposes more concrete meth-
ods for its implementation.

In particular, it was found that the rational
use of resources and the introduction of ener-
gy-efficient technologies can significantly reduce
production costs and increase economic efficien-
cy, and such findings are consistent with previ-
ous studies that highlight the economic benefits
of introducing green technologies, such as the
use of renewable energy sources and optimised
waste management systems. This approach not
only reduces energy costs but also creates new
sources of income, which confirms the relation-
ship between sustainable development and
economic efficiency. The effectiveness of imple-
menting natural resource conservation measures
largely depends on the ability to integrate vari-
ous management systems, such as the Balanced
Scorecard (BSC), Value Based Management (VBM),
and Integrated Risk Management (IRM). The study
showed that these systems have common fea-
tures, including a strategic focus on increasing
business efficiency and managing risks that affect
the cost of resource-saving projects.

At the same time, it is important to consider
that the implementation of measures to preserve
natural resources may face a series of challenges,
including the need for sizeable initial investment
and operating costs for innovative technologies
and equipment. In this context, it is important to
assess not only the economic benefits, but also
the potential costs, including administrative and
operational costs, to ensure maximum efficiency
and long-term sustainability of measures.

Conclusions
The study investigated the basic principles of sus-
tainable development, which focus on the con-
servation of natural resources, specifically their
rational use, maintaining the ability of ecosystems
to recover, preventing environmental pollution,
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and protecting biodiversity. It was found that
the implementation of these principles is key to
achieving sustainable development and economic
efficiency. Approaches to assessing the economic
efficiency of measures to preserve natural resourc-
es were developed. The study suggested using the
balanced scorecard (BSC), value-based manage-
ment (VBM) principles, and the concept of an inte-
grated risk management system (IRM) to improve
the efficiency of natural resource management
and achieve the goals of sustainable development.

The economic benefits of implementing
measures to conserve natural resources, such as
energy-efficient technologies, optimised waste
management and water conservation, were as-
sessed. It was found that these measures help
to reduce production costs, increase productivity,
ensure social stability, and long-term sustainabil-
ity of economic development. An integrated sys-
tem for managing the cost-effectiveness of natu-
ral resource conservation projects was developed,
which considers the relationship between busi-
ness processes, results, and risks. The study pre-
sented a system that combines elements of BSC,
VBM, and IRM and allows achieving sustainable
goals more efficiently through optimised use of
investments and risk management.

The study substantiated the need for an inte-
grated approach to the implementation of meas-
ures to preserve natural resources, including the
use of scientifically sound strategies, integration
of local communities into the decision-making
process, development of the ‘green” economy, and
strengthening of the regulatory framework. This

depends on the implementation of measures to
preserve natural resources and maintain ecosys-
tem services. The measures considered, aimed
at reducing pollution, preserving biodiversity,
and rational use of resources, play a key role in
maintaining the natural balance and ensuring a
healthy environment for future generations. It
was found that the introduction of resource-sav-
ing technologies in various sectors of the econo-
my can considerably reduce the consumption of
water, energy, and raw materials, which is critical
for reducing environmental risks and increasing
the resilience of ecosystems. Furthermore, im-
plementing sustainable consumption and pro-
duction policies, encouraging responsible con-
sumption, and incentivising producers to adopt
environmentally friendly technologies are crucial
steps towards achieving social progress and eco-
nomic stability. Thus, an integrated approach to
the conservation of natural resources helps to
ensure long-term sustainability of ecosystems,
economic development, and improvement of the
quality of life, which will help to prevent environ-
mental disasters and ensure sustainable devel-
opment at all levels.

Further research could be aimed at develop-
ing integrated natural resource management sys-
tems that combine the concepts of risk manage-
ment, value-based management, and a balanced
scorecard, which would allow for more effective
risk control and achievement of strategic goals of
sustainable development.
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AHoTauifi. OuiHka edeKkTUBHOCTI [OMOMarae BM3HAYUTKM HaWbiNbl pe3ynsTaTMBHI - Miaxoau Ao
36epexkxeHHs1 MpUPOAHUX PecypCiB, LLO AO03BONSE ONTUMI3yBaTW BUTPATU Ta MiABULINTU e(DEKTUBHICTb
BMKOPUCTaHHSA iHAaHCOBMX i MaTepianbHMX pecypciB. MeTa cTaTTi OUiHKa ePeKTUBHOCTI BNPOBALXKEHHS
3axofiB 3i 36epexeHHs NPUPOAHWMX PecypciB Yy KOHTEKCTi CTanoro po3suTKy. B cTatTi 3actocoBaHo
METOAM OLiHKM Ta CTanoro po3BWUTKY ANS KOMMNEKCHOI OuiHKM edeKTMBHOCTI 3ax0oAiB 3i 36epexeHHs
NPUPOLHUX PECYpCiB 3 YpaxyBaHHAM €KOHOMIYHMX, EKOMOriYHMX Ta COLiaNbHMX acnekTiB. Pe3ynbratu
DOCNiAXKEHHS NMOKa3YHTb, WO CTaNWUiA PO3BUTOK € KPUTUYHO BAXK/IMBOK KOHLEMLIEID A5 Cy4aCHOro CBITY,
0CKinbku 3abesneyvye 36anaHcoBaHe MOEAHAHHS €KOHOMIYHOrO 3pOCTaHHS, couianbHOro 6narononyyus
Ta €eKONoriyHoi cTirkocTi. byna cTpykTypa OUiIHKM edeKTUBHOCTI MiAKPEeCNE 3HAYEHHS iHTerpauii
Pi3HUX CUCTEM YNpaBNiHHS, TakuX 9K 36anaHCOBaHa CMUCTEMA MOKA3HMKIB, MPUHLMMAM YNpaBAiHHA 3a
BApTICTIO Ta KOMMNIEKCHA CMCTeMa ynpaBniHHG pusmkamu (ERM). 3aBasiku Ui iHTerpadii ctae MOXIMBUM
eeKTUBHe yNpaBNiHHA PU3MKaMM Ha BCiX eTanax peanisauii NpoekTiB, Wo 3abe3nevye cTpaTeriyHmi
dokyc Ha nigBuweHHs edekTMBHOCTI bGi3Hecy Ta cnpuse 6inbluiii BipoOrifHOCTI [OCATHEHHS uinen
CTanoro po3BuTKY. Pe3ynbTaTv AOCNimKEHHS NOKasanw, Wo CUCTEMHUI Miaxia [0 MAaHyBaHHS 3axOA4iB
3i 36epeXeHHs NpUpPOAHMX PecypCiB € KNKOYOBUM Ana ycnixy. BiH BkNOYae nikBigauito BiaMiHHOCTEN y
cucTeMax MnaHyBaHHA, AeTanisauilo pe3ynbTaTiB yepe3 npoekuii 36anaHcoBaHOi CUCTEMU MOKA3HMKIB,
MOCTiMHWI MOHITOPUHI MPOLLECIB Ta aKTUBHE 3a/7lyYeHHsI MepCoHany, WO CrPUSIE 3HUXKEHHIO areHTCbKUX
KOHPNiKTIB. Pe3ynsTati fOCNioKEeHHS MOXYTb OyTWM BUKOPUCTAHI YCTaHOBaMMU, LLLO 3aMMAOTbCS OXOPOHOH
HaBKONWLLIHBOIO CepefoBULLa, AN NIAHYBAHHS Ta BNPOBAMKEHHS e(EKTUBHUX 3aXO04iB 3i 36epexeHHs
NPUPOAHMX PeCypCiB, WO CNPUATUME AOCATHEHHIO €KOMOTYHMX Linei npu MiHiManbHUX BUTpaTax

KniouoBi cnoea: npupofHi pecypcu; NpoEKT; EKOHOMIYHA OLjiHKA; EKOJIoriYyHa CTiMKiCTb; couianbHuUi
edeKT; eKONOriYHi Lini
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Abstract. Brake pads are a critical element of any machine, as they directly affect the safety of its use.
Accordingly, the quality of brake pads, their resistance, and durability are key aspects that must be
considered when developing braking systems for mobile agricultural machinery. The purpose of this
study was to review scientific sources related to the study of the tribological properties of brake pads,
their operating modes, and friction materials included in brake linings. The main parameters affecting
the efficiency of brake pads were analysed and the main criteria for selecting materials for brake pads
of mobile agricultural machinery were defined, namely, wear resistance, temperature resistance, and
corrosion resistance.Accordingly, the materials used in the production of brake pads for such equipment
must be capable of operating under any conditions, have high thermal conductivity, help reduce the
wear rate, have a stable friction coefficient, and be environmentally friendly. The study focused on an
overview of the types and design of brake pads, their systematisation by various features (by purpose;
by design features; by friction material composition; by the presence of wear sensors) and composition
(semi-metallic, non-asbestos organic, and ceramic). The study described modern components of friction
materials for brake linings and found that they are usually composites formed by hot pressing coarse
powders, which include many different components: a binder (thermosetting phenolic resins, often
with rubber added), structural materials (metal, carbon, glass, and/or Kevlar fibres), fillers (mica and
vermiculite), and friction additives (graphite and various metal sulphides). The study also assessed the
main characteristics of friction material components used in the manufacture of brake linings. The
findings of this study can provide researchers and scientists with useful information on the types and
design of brake pads and the main materials used in the manufacture of brake linings and be useful for
further practical development of braking mechanisms
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Introduction
The braking system is a critical mechanism that
ensures the safety of people and goods. It works
through friction between the disc and the pad,
which slows the vehicle down. The brake pads
grip the disc, reducing its rotation and deceler-
ating the vehicle. The behaviour of the friction
elements is determined by the active surfaces of
the pad and disc and the third bodies between
them. This complex tribosystem has not yet been
fully explored and studied. The correct type and
material for brake pads therefore directly affects
braking performance and reduces maintenance
costs. It is also important to consider the environ-
mental friendliness of materials and use modern
solutions to improve the safety and environmen-
tal friendliness of mobile agricultural machinery.

Brake pads, their operating modes, and the
materials they are made of continue to attract
considerable research attention due to their en-
vironmental impact and performance. O.l. Naz-
arov et al. (2023) investigated the frictional prop-
erties of brake materials under different braking
conditions, focusing on how these conditions af-
fect the performance of brake pads. M.G. Faga et
al. (2019) found that the service life of braking
mechanisms directly depends on braking condi-
tions and is the inverse of the wear of friction sur-
faces. L. Wei et al. (2019) confirmed that the ma-
terials used to make pads are a key factor in wear.

D. Carlevaris et al. (2023) proposed the use
of rice husk as a component of friction materi-
als, while S. Venkatesh & K. Murugapoopathira-
ja (2019) and W. Li et al. (2021) investigated the
potential of rice husk ash and barite-calcite as
inert filler. Their findings showed that the use of
these natural ingredients not only does not im-
pair the performance of brake pads but contrib-
utes to improved wear resistance and reduced
friction material emissions.

Composite materials, as noted by F. Khan et
al. (2024), play a key role in improving the dura-
bility of brake linings due to their ability to with-
stand high loads and ensure stable performance
even under extreme conditions. The use of such
materials reduces the risk of damage and wear

to brake components, making the system more
reliable and durable. This is especially important
for heavy vehicles and vehicles operated at high
speeds and requiring frequent braking. The high
strength of the composites also reduces the need
for frequent brake pad replacements, which helps
to reduce maintenance costs and improve overall
vehicle efficiency.

On the other hand, S. Mulani et al. (2022) em-
phasised that the use of composite materials can
considerably reduce the weight of a car, which im-
proves its handling and dynamic characteristics.
Reducing vehicle weight helps to save fuel, which
is an essential factor in reducing carbon dioxide
emissions and increasing the environmental sus-
tainability of road transport. The lighter brake
pads also reduce the load on the suspension and
braking system, which improves the overall sta-
bility of the vehicle on the road and provides a
more comfortable driving experience.

S. Manoharan et al. (2019) further showed
that the morphology of potassium titanate used
in composite materials considerably affects the
performance of braking systems. This component
contributes to the formation of contact plateaus
and transfer films on rubbing surfaces, which re-
sults in high frictional stability and wear resist-
ance. According to the findings, potassium titan-
ate in the form of chips demonstrates improved
characteristics compared to other materials,
which allows increasing the reliability of brake
systems, reducing wear, and ensuring stable fric-
tion properties even under high loads. Thus, the
introduction of new materials and technologies
in the production of brake systems opens new
opportunities to improve the efficiency and envi-
ronmental safety of vehicles.

P. Ghosh et al. (2020) investigated the effect
of the concentration of fibre components (ara-
mid/lapinus) on friction composites. Their find-
ings confirmed that changing the composition
of the composite affects properties such as the
coefficient of friction and thermal conductivity.
S. Jeganmohan et al. (2020) studied the ther-
mal properties of materials, including thermal
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decomposition, while V.V. Kumar & S.S. Kuma-
ran (2019) found that composites with lower fi-
bre content have a lower wear rate, but higher
fibre content increases thermal conductivity.

Therewith, the available information is usu-
ally scattered, and methodological issues are still
understudied, namely definitions, systematisation,
and classification of types, designs, and materials
of brake pads. The purpose of this study was to
review, systematise, and classify the types and de-
sign of brake pads and analyse modern materials
used in the manufacture of brake linings.

The study employed systematic and qual-
imetric approaches, which involve the use of
analysis and synthesis, formalisation, tabular and
graphical interpretation of the results and con-
tribute to the integrity of the study, with the iden-
tification of various characteristic features.

Zagurskiy

Material Requirements for Disc Brake Pads
During braking, the force acting on the pad at-
tracts it to the disc, forming a so-called tribolog-
ical contact between them (Aulin et al., 2024).
Tribological contact is the interaction between
surfaces that are in relative motion to each other.
The term combines the aspects of friction, wear,
and lubrication studied in tribology, which are
characterised by certain tribological properties
that determine the behaviour of materials or
joints in friction. The main tribological properties
are presented in Table 1. These qualities are key
when selecting materials for mechanisms and
joints subject to friction to ensure their durabil-
ity and efficiency. And, as shown in Figure 1, as a
result of friction in the braking system of mobile
agricultural machinery, kinetic energy is dissipat-
ed and converted into heat.

Table 1. Basic tribological properties and their characteristics

Properties

Characteristics

coefficient of friction

determines the sliding resistance between two surfaces

wear resistance

determines the ability of the material to resist mechanical wear

anti-friction property

determines the possibility of reducing friction between moving parts

score resistance

determines the ability of surfaces to resist scoring on contact

lubricating property

indicates the ability of a material or lubricant to reduce friction and wear

temperature resistance

determines the ability to maintain tribological properties

at hot or cold temperatures

corrosion resistance

ability to resist corrosion in friction conditions

Source: compiled by the author of this study based on W. Li et al. (2022)

Brake
pads

,F

Back
plates

Rotor
(disk brake)

Figure 1. Friction force between brake pads
and brake disc surface

Note: F - friction force
Source: A.P. Irawan et al. (2022)

The power dissipation equation proposed by
R.Dante (2015) is a basic expression for any type
of brake, as it introduces the concept of an exter-
nal force, which is a source of counteracting the
motion, into the underlying concept:

e = w(R)Fy, (1)
where W, is the dissipated work; t is time; w()?) is
the proportionality coefficient; X is a set of varia-
bles affecting the proportionality coefficient; v is
velocity; F is the friction force created between
two opposing surfaces.
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The heat energy generated by power dissipa-

tion is transferred to the components in contact.

Excessive thermal load can cause vibration (disc
thickness changes), surface cracking, and severe
wear of the contact surfaces (Fig. 2).

Figure 2. Brake pad failure caused

by excessive heat load
Note: a — wear, b — change in disc thickness, ¢ -
surface cracking
Source: A.P. Irawan et al. (2022)

This reduces the thickness of the friction
material of the pad. Reaching the limit value, the
pad must be replaced. The friction material is
the very obstacle that, when the brakes are ap-
plied, allows the vehicle to decelerate and stop
in time. To avoid such defects, the material used
in the production of brake pads must meet the
following criteria:

> be operable in various operating situations
(e.g., high temperature, pressure, velocity);

» have high thermal conductivity;

> help reduce the rate of wear;

» have a stable coefficient of friction;

» be environmentally sustainable.

Therefore, for the braking mechanism to
function efficiently and for the pads themselves
to be durable, the quality of their manufacture be-
comes a vital aspect to consider when selecting
the right combination of materials.

Main Types and Designs
of Disc Brake Pads

When considering the classification of brake pads,
it can be noted that they are divided into several
main types, depending on the design features and
material of manufacture:

For its intended purpose:

» for ordinary road vehicles — designed for
moderate use in urban and intercity conditions;

» for high-speed vehicles - designed for
higher velocities and frequent braking;

» for trucks and buses - designed for heavy
loads and intensive use;

» for racing cars - optimised for maximum
performance under extreme braking conditions.

For design features:

> single-layer - consisting of a single layer
of friction material;

> multilayer - have several layers of friction
material to increase strength and efficiency;

> with additional layers - have additional
layers of friction material to reduce vibrations
and noise.

According to the composition of the friction ma-
terial:

» semi-metallic;

» NAO - non-asbestos organic;

» ceramic.

The composition and main characteristics of
brake pads by type are presented in Table 2.

Table 2. Composition and main characteristics of brake pads by type

Name Composition

Advantages Disadvantages

The composite of this friction
material consists
of 30-70% metal (copper
or steel) and graphite. This
composite is complemented
by other inorganic materials
and binders

Semi-metallic

» high thermal conductivity,
which allows for efficient heat
dissipation during braking;

» long service life;

» wide temperature range;

» good performance at hot
temperatures.

» noisier;

» higher levels of
brake disc wear;

» less environmentally
friendly and generate
more black dust.
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Table 2. Continued

Name Composition Advantages Disadvantages
The friction linings are made .
. - » less noise and softer L
from a mixture of organic o » shorter service life
braking; )
fibres such as glass fibre, than metal pads;
NAO . » less wear on the brake -
(non-asbestos Kevlar, aramid, carbon discs: > less effective at hot
) fibre, and high-temperature ! . temperatures;
organic) . . » more environmentally
resins. The metal content in . . » used for small
. o friendly as they do not contain
their composition does not passenger cars
o asbestos.
exceed 20%.
The friction layer of this type ~ » long service life; » more expensive to
consists of ceramic fibres » stable performance even at  produce and usually
Ceramic bonded with special resins, hot temperatures; have a higher price;

sometimes with a small
amount of non-ferrous metals

» reduce the amount of brake
dust.

» low initial coefficient
of friction.

Source: compiled by the author of this study based on V.I. Mohyla & M.H. Aldokimov (2018), A. Sinha et al. (2020)

In terms of the availability of wear sensors:

> without wear sensors and without me-
chanical wear detectors;

> with mechanical wear detectors;

> with wear sensors: with pre-installed sen-
sors, with seats for mounting existing sensors,
with integrated sensors.

Each type of brake pad has its advantages
and disadvantages, and the choice depends on
the concrete operating conditions and perfor-
mance requirements. A closer look at the con-
struction of brake pads reveals that they usually
comprise several layers (Fig. 3).

Steel frame
Full metal mesh

Thermal lining

_ Friction material

Figure 3. Brake pad layers
Source: developed by the author of this study

Adhesive - designed to hold the friction ma-
terial to the other layers of the brake pad. This
is ensured by a sub-layer placed between the
friction material and the back plate. The main

function of the sub-layer is to reduce vibrations
caused by the contact of friction materials with
the disc. Rear plate - designed to maintain the
necessary rigidity in the brake pad to allow it to
continue to move along the calliper guide. Some
brake pads use special interference pads to min-
imise the amount of unnecessary noise during
braking. Friction material is the main layer on the
brake pads that comes into direct contact with
the brake disc during braking. Friction material
comprises various components, each of which
is designed for specific applications (Arman et
al.,2018; Ige et al.,2019; Kumar & Selvaraj, 2019).
The combination of these components can vary
depending on the performance requirements and
the purpose of the material (Rogovskii, 2021).
Such materials are widely used in various indus-
tries, and therefore their composition is adapted
to concrete operating conditions. This approach
allows achieving optimum performance that en-
sures the reliability and durability of products in
various environments.

Main Components
of Brake Lining Friction Materials
Brake lining materials are usually composites cre-
ated by hot pressing coarse powders, which also
contain many (usually 10-20) different compo-
nents. The components of friction materials are as
follows: Binders— designed to create a thermally
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stable matrix (holding all other components to-
gether). Typically, they consist of thermosetting
phenolic resins, often with the addition of rubber
to improve the damping friction properties; Struc-
tural materials - provide mechanical strength of
the pad. For these purposes, metal, mineral, and
ceramic fibres, glass, and/or Kevlar fibres, and
rarely various carbon fibres are used; Fillers - de-
signed to reduce the cost and improve the pro-
cessability of the lining. Various minerals such
as mica and vermiculite are often used as fillers;
Friction additives - help to ensure stable friction

properties of the pad and control the wear rate of
the friction pair (disc and pad). They contain solid
lubricants (graphite and various metal sulphides)
that help to stabilise the coefficient of friction, es-
pecially at hot temperatures. Abrasive particles —
designed to create a more reliable friction surface
by removing iron oxides and other unwanted sur-
face films from the brake disc. The latter are usu-
ally made of aluminium oxide and silicon, which
increase both the coefficient of friction and disc
wear. The main components of the brake lining
friction materials are described in Table 3.

Table 3. Composition and characteristics of the main components

of brake lining friction materials

Components Materials Characteristics
Steel » used to increase strength and thermal conductivity,
» promotes rapid dissipation of heat generated during braking.
» increases thermal conductivity and wear resistance,
Metal particles Copper » improves braking performance at hot temperatures,
» its use is decreasing due to environmental restrictions.
Brass and » used to reduce pad weight and increase corrosion resistance,
aluminium » improve heat transfer and resistance to deformation during heating.
Cellulose » provides good adhesion and reduces the weight of the material.

Natural rubber

» added to improve flexibility and reduce braking noise,

Organic and rubber » contribute to increased wear resistance and durability at cold
materials compounds temperatures.

Kevlar and other > used to increase strength and heat resistance,

synthetic fibres > provide high resistance to abrasive wear.

» increases the wear resistance and heat resistance of the material,
. Silicon carbide  » known for its ability to operate at hot temperatures without losing
Cergm|c efficiency.
particles - ; - .
Aluminium » increases wear resistance and helps dissipate heat,
oxide > helps to reduce braking noise.
. . » used as a binder to hold all the components together,
Phenolic resins : )
Resi » high heat resistance and strength.
esins
Epoxv resins » used to provide additional strength and chemical resistance,
poxy » improve the adhesion between different components of the material.
Graphite » reduces friction and wear,
P > helps to avoid squeaks and noises when braking.
Fillers and » increases thermal conductivity and wear resistance,
: Copper powder . . -

modifiers » improves overall friction characteristics.

Metal sulphides » used to reduce friction and increase wear resistance,

P » reduce the possibility of jamming the pads.
Anti-friction Anti-friction » reduce wear and friction between the brake disc and brake pad,

additives additives » improve the overall efficiency and durability of the braking system.

Source: compiled by the author of this study based on D. Chan & G.W. Stachowiak (2004), R. Dante (2015),
G. Gautier di Confiengo & M.G. Faga (2022)
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rials in brake linings is to achieve the optimum
combination of strength, wear resistance, thermal
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conductivity, noise absorption, and other characteris-
tics that are important for effective braking. Their ad-
vantages and disadvantages are presented in Table 4.

Table 4. Advantages and disadvantages of using composite materials in brake linings

Advantages

Disadvantages

Stable performance regardless of operating conditions

Higher cost

Less aggressive on brake discs, reducing wear

Greater sensitivity to operating conditions

Higher environmental friendliness compared to asbestos pads
which reduces the impact on the environment and human health

" Need for special storage conditions

More effective braking compared to conventional materials

Source: compiled by the author of this study based on R. Dante (2015)

Notably, current research on the components
of friction materials for brake linings is large-
ly concerned with two areas: 1) ceramic-based
materials, which use high-purity inorganic com-
pounds and ultrafine synthetic substances as
raw materials, which have a high melting point
and can maintain good chemical stability at hot
temperatures (Li et al., 2021), which allows for
stable friction coefficient, good heat resistance,
long service life, comfortable braking, no braking
noise, etc. Such pads have an exact chemical com-
position, precision production technology, and ex-
cellent structure; 2) ceramic-based materials that
use natural fibres that are not harmful to human
health. Biomass from agricultural activities is a
trendy material to produce brake pads because it
is commercially acceptable and environmentally
friendly. Banana peels, palm waste, aramid fibres,
flax fibres (Arman et al., 2018), cashew shells, co-
conut shells (Irawan et al., 2022), rice straw, and
rice husks (Carlevaris et al., 2023) all contain ag-
ricultural waste that can be used as reinforcing
material in polymer composites. Natural fibres
have many advantages over synthetic fibres due
to their low density, abundance, low cost, recycla-
bility, biodegradability, renewability, and relative-
ly high strength and rigidity.

Earlier studies, presented by A.A. Kash-
kanov et al. (2010), mainly focused on the inter-
action of the brake disc and pad, with special at-
tention to the formation of a tribofilm on the disc

surface. This study has identified critical aspects
of the braking process but has hardly addressed
the characteristics of the brake pad surface itself.
Other researchers noted this shortcoming, spe-
cifically, M. Eriksson & S. Jacobson (2000). They
stressed that the surface of the pad is still rel-
atively unexplored, noting the need for a deeper
investigation of this element of the tribosystem.

Subsequent research, such as the study by
P. Balaji et al. (2024), aims to expand the knowl-
edge of the brake disc and pad tribosystem, in-
cluding a detailed analysis of the pad surface.
V. Jankauskas & D. Kairitnas (2021) also con-
firmed the significance of this aspect, focusing on
the characteristics of the pad surface and its ma-
terials. M. Kchaou et al. (2013) indicated that pad
surface properties play a crucial role in ensuring
stable braking. Additionally, the materials used to
make the pad substantially affect its performance,
as discussed in T.Singh et al. (2016).

UV. Saindane et al. (2020) discussed the
prospects for the use of new friction materials
for brake pads, focusing on improving their wear
resistance, stability of friction characteristics, and
environmental safety. Scientists propose the use
of alternative materials that can replace conven-
tional metal or asbestos components, which are
still widely used but have a series of disadvan-
tages, including negative impacts on health and
the environment. According to their research, new
composite materials, which can include organic
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and inorganic components, such as fibres, nano-
particles, ceramics, help to improve braking effi-
ciency and reduce wear, as well as reduce emis-
sions of harmful particles during operation.

Interms of environmental impact,A.P.Irawan et
al. (2022) raised the issue of the environmental
impacts of brake pad wear. N.M. Kharytonova &
V.0. Khrutba (2021) developed a classification of
micro-pollutants contained in waters near motor-
ways, where a considerable proportion of pollu-
tion comprises polymeric components from brake
pads. This highlights the significance of investigat-
ing the environmental impact of brake materials.

Special attention is paid to improving brake
pad materials. D. Aleksendri¢ & P. Carlone (2015)
propose innovative solutions for the design and
manufacture of composite materials that can
improve the efficiency and reliability of braking
systems. According to K.L. Sundarkrishnaa (2015),
composite materials not only improve the perfor-
mance of brake pads, but also reduce brake dust
and noise during braking, which is a compelling
argument in favour of their use.

Another area of research is the impact of
nanomaterials. K.H. Cho et al. (2008) investigat-
ed how nanoparticles of various materials can
improve the performance of brake pads. The re-
searchers highlighted the potential of nanopar-
ticles in composite materials to improve their
friction properties. M. Baklouti et al. (2015) ana-
lysed the effect of various ingredients in friction
material compositions, which also contributed to
the efficiency of the braking process.

Thus, research in this area is expanding the
understanding of the mechanisms of interaction
between brake discs and pads, specifically their
surface characteristics and the impact of the latest
materials, which opens opportunities for improv-
ing the design and efficiency of braking systems.

Using agricultural waste in brake linings can
reduce environmental pollution and health risks.
However, the use of agricultural waste or natural
fibre in the manufacture of brake linings consid-
erably affects the wear rate, friction coefficient,
and durability.

Conclusions

A critical review of scientific sources related to
the study of the tribological properties of brake
pads, their operating modes, friction materials
that make up brake linings and emissions of
harmful particles into the environment during
braking showed certain methodological gaps in
this area of research, namely, a lack of definitions,
systematisation of information, and a lack of clas-
sification of types, designs of pads and materials
for the manufacture of brake linings.

To overcome the identified shortcomings, the
study systematised and classified the types and
design of brake pads and analysed the key char-
acteristics of the main materials used in the man-
ufacture of brake linings for mobile agricultural
machinery. It was found that the main criteria for
selecting materials for brake pads are wear resist-
ance,temperature resistance,and corrosion resist-
ance. Accordingly, the materials used to produce
brake pads must be able to perform under dif-
ferent conditions, have high thermal conductivity,
help reduce the wear rate, have a stable coeffi-
cient of friction, and be environmentally friendly.

In this study, all brake pads were divided into
four types depending on the requirements of par-
ticular brakes and vehicles: by purpose; by design
features; by friction material composition; and by
wear sensors. Each type of brake pad has its ad-
vantages and disadvantages, and the choice de-
pends on the concrete operating conditions and
performance requirements. By composition, brake
pads are classified into semi-metallic, non-asbes-
tos organic, and ceramic

As for modern components of friction mate-
rials for brake linings, they were divided into six
main groups: metal particles (steel, copper, brass);
organic materials (cellulose, natural rubber, rub-
ber compounds, Kevlar, and other synthetic fi-
bres); ceramic particles (silicon carbide, alumini-
um oxide); resins (phenolic and epoxy); and fillers.

Further research will be related to the de-
velopment, testing, and application of new com-
ponents of brake lining friction materials and,
accordingly, the expansion of the classification
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TexHi4yHuM ornag OCHOBHUX TUMIB, KOHCTPYKLiM Ta MaTepianis
rafibMiBHUX KOJIOA0K MO6iNbHOI CiNnbCbKOrocnoAapCcbKol TEXHIKU

AHppiit 3arypcbkuin

AcnipaHT

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoH#, 15, M. Kuis, YkpaiHa
https://orcid.org/0009-0001-7746-4116

AHoTauif. [anbMiBHI KOMOLKM € KPUTUYHO BAXK/IMBUM e€NeMeHTOM Oy[ib-SIKOi TEXHiKM, OCKiNIbKU BOHM
6e3nocepefHbO BMAMBAKOTL Ha 6e3neky ii BUKOPUCTaHHA. BionoBiAHO SKiCTb ranbMiBHUX KONOLOK,
iX CTiMKiCTb Ta [OBrOBIYHICTb € KNOYOBMMM acnekTaMu sKi 060BI3KOBO NOTPiGHO BpaxoByBaTW Npw
po3pobLi ranbMiBHUX CUCTEM MOBINBbHOT CiNbCbKOrOCNOAAPCbKOi TEXHIKM. MeTot poboTu Byno 34iMCHUTH
OMNAA HAyKOBMX [Kepen MNOoBM3aHMX 3 AOCNIIKEHHSMU TPUOONOriYHMX BNACTMBOCTEM TaNbMiBHUX
KONOAOK, PEXMMIB iX QYHKLIOHYBaHHA Ta QPUKLIMHMX MaTepianis, SKi BXOAATb A0 CKAALY rasbMiBHUX
Haknanok. lNpoaHanizoBaHO OCHOBHI MapaMeTpw, WO BNAMBAKOTb HA eEKTUBHICTb raIbMiBHUX KONOLOK
Ta BW3HAYEHO TONIOBHI KpuTepii wono BuGOpy MaTepianis AN ranbMiBHMX KONOAOK MOBiNbHOI
CiNbCbKOrOCNOAAPCbKOI TEXHIKM, @ CaMe: 3HOCOCTINKICTb, TeMNepaTypHa CTIMKICTb Ta KOPO3iiHa CTIMKICTb.
BiznoBigHO MaTepianu LLO 3aCTOCOBYHOTHCS NMPU BUPOOHULTBI rasibMiBHUX KOMOAOK A/ TaKOi TEXHIKM
MatloTb BYTM npaues3fatHuM 3a Byab SKMX YMOB, MaTW BMUCOKY TEMMOMPOBIAHICTb, CIPUATU 3HMKEHHIO
LUBMAKOCTI 3HOCY, MaTK CTabiNbHUI KoedilieHT TepTa Ta 6yTM eKonoriyHo CTiikuMm. OCHOBHY yBary B
LOCNIAKEHHI NPUAINEHO OTNSAY TUMIB Ta KOHCTPYKLIT rafbMiBHUMX KOMOZOK, iX CUCTEMATU3aL,ii 33 pi3HUMKU
03HaKaMM (33 MPU3HAYEHHSIM; 33 KOHCTPYKTMBHUMM 0COBNMBOCTAMMU; 3a CKNAAOM PpUKLIiAHOrO MaTepiany;
33 HAsIBHICTIO AATYMKiB 3HOCY) Ta CKNafoM (HaniBMmeTaneBi, opraHiuyHo-6e3ac6ecToBi Ta KepamiyHi).
[poBeaeHO OnMMC CYYaCHUX KOMMOHEHTIB (GPUKLIAHMX MaTepianiB ranbMiBHUX HAKNA[OK Yy SAKOMY
BM3HAYeHO, L0 BOHM 3a3BMYail SBASIOTb COOOK KOMMO3UTUBM YTBOPEHI LWISXOM rapsyoro npecyBaHHs
rpyoux MopoLLKiB, WO BK/OYAOTL 6AraTto pisHUX KOMMOHEHTIB: CMOMYYHY PEYOBUHY (TEPMOPEAKTUBHI
deHOoNbHI CMONK, YacTo 3 AOAABAHHAM KayuyKy), KOHCTPYKLiMHI MaTepianu (MeTanesi, Byrneuesi, CKNsHi
Ta/abo KeBnapoBi BONOKHA), HAMOBHIOBAYI (CNOAA Ta BEPMIKYNIT), GpuKLiiHi fobaBku (rpadiT Ta pisHi
cynbdian mMetanis). Takox B po60Ti A4aHO OLiHKY OCHOBHMM XapakTepUCTUKAM KOMMOHEHTIB MPUKLLIMHMX
MaTepianis, LLO 3aCTOCOBYHOTbCS NPU BUFOTOB/EHI raflbMiBHUX HakKNafok. Pe3ynbTaTv Lboro LOCNiAXeHHS
MOXYTb HaAaTM AOCNIAHMKAM | BYEHUM KOPMUCHY iHOpMaLio WoA0 TUNIB Ta KOHCTPYKLIT ranbMiBHUX
KONOAOK Ta OCHOBHMX MaTepianis, WO 3aCTOCOBYIOTLCA NPU BUIOTOBNAEHI FanbMiBHMX HaKNagok i 6ytu
KOPUCHUMM ANS NOAANbLINX MPAKTUYHUX pO3POOOK rasbMiBHUX MEXaHi3MiB

KniouoBi cnoBa: ranbMiBHa CUCTEMA; KOMMO3UTHI MaTepianu; TepTs; TPMBONOriYHi BNaCTMBOCTI; bPUKLiiHI
MaTepianu
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