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Abstract

It is recommended to waterproof the surface of the mothballed tailings storage facility
by directly applying the polymer-mineral material "PMM™" or a composite created on its basis.
During laboratory research, an effective composition of the waterproofing layer was
determined and two technologies for its installation were developed.
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Laboratory studies show that when creating an anti-filtration composite using sandy-
loamy soil, the required amount of «PMM» filler is significantly lower than when using
ordinary soil.

Keywords: recreation, urban environment, tailings storage facilities, waterproofing.

Introduction
The service life of tailings storage facilities may be relatively short, but the waste will
be stored for an extended period. Conservation of a tailings storage facility involves stopping
the supply of processed ore waste for storage and maintaining the facility in a safe, pollution-
preventing condition for an indefinite period. The area of the conserved tailings storage
facility may be used for agricultural or other purposes. Conservation measures may include
dismantling infrastructure, reclamation, landscaping, and using the storage facility and
adjacent lands for national economic development. After completion of conservation
measures and implementation of the necessary design solutions for conservation, the tailings
storage facility is transferred to a long-term maintenance and monitoring mode. During the
post-conservation period, responsibility for the tailings storage facility may be transferred
from the owner to the local administration. Operation of the tailings storage facility should
ensure the creation of a sustainable, safe, and low-maintenance facility that does not pose
long-term safety risks or environmental impacts for future generations [1].
A large number of works are devoted to the impact of tailings storage facilities on the
environment [2-4].
A mothballed tailings storage facility located at a distance of 2 km from populated
areas, in accordance with the safety regulations for the operation of tailings, sludge and
hydraulic waste disposal facilities of the Russian Federation, must be fenced along the
perimeter with a prefabricated reinforced concrete fence, at least 2 m high. If a mothballed
tailings storage facility is located more than 2 km from populated areas, it is permissible to
construct a fence along its perimeter from two rows of barbed wire on reinforced concrete
posts [5].
This approach is unacceptable for the conservation of tailings ponds in Armenia, since
the flat areas of mountainous zones remain unused.
The primary objective of tailings storage facility conservation should be to ensure
long-term stability of the physical and chemical state, as well as environmental and social
conditions, and to maintain the storage facility in a trouble-free condition for a reasonable
period. The key objectives are [1]:
= Reclamation and storage should not require any ongoing maintenance or costs beyond
normal land-use requirements;

= The tailings storage facility, after conservation, should not pose an unacceptable risk to
human health and safety;

= The tailings storage facility, after conservation, should not pose an unacceptable risk to
the environment;
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= Conservation of the storage facility area should allow for the use of the storage facility
area for agriculture or other purposes.

Based on a combination of factors, the optimal approach to reclamation (preservation)
is sanitary and hygienic, which includes the following measures [6]:
= Site planning with the installation of an anti-seepage element;
= Restoration of previously removed fertile soil layer;

* Removal of contaminated soil.

The use of polymer-mineral materials “PMM” will allow the construction of
environmentally friendly modern tailings storage facilities, as well as the safe use of areas
where waste has been buried [7, 8].

To utilize former tailings dumps for agricultural purposes, before covering them with a
layer of soil suitable for sowing, some researchers propose preparing a sarcophagus 7-10 cm
thick by mixing 30 g of polymer-mineral material (PMM) with 1 kg of soil and compacting it.
This will prevent chemicals hazardous to human health from penetrating upward from the
tailings dump, as well as prevent water from precipitation and irrigation from penetrating into
the tailings dump layer and spreading into the surrounding environment. When applying the
proposed technology, it is important to consider that polymer-mineral material (PMM) can
decompose in the aggressive environment of the tailings dump, so the impact of the PMM on
the latter must be studied [7].

Fig. 1 Technology for reclamation of the
tailings surface
1-tail, 2-loam (h=0.5m), 3-soil

The technology for reclaiming the surface

of a tailings storage facility developed in

[6] is shown in Fig. 1 and includes:

= Leveling the surface of the deposited tailings with soil from overburden waste dumps
(rocks) to stabilize the surface, grading toward the drainage ditch; backfilling with loamy
soil to create an anti-seepage element, grading it 0.5 m thick;

= Laying a fertile soil layer.

Landscape pollution with heavy metals is a serious problem because it negatively
impacts soil characteristics and limits its productive and vital functions. Heavy metals are
considered a key environmental pollutant due to their stability and bioaccumulative potential;
their accumulation leads to negative consequences for ecological systems. Metal waste
contributes to the leaching of metallic substances into water bodies, appears in dangerous
quantities in food products, and impacts the biodiversity of ecosystems [7].

Until the restoration of natural vegetation on the reclaimed site, close to the natural
ecosystem, it is proposed to carry out mountain-ecological monitoring [9].

However, it is obvious that without laying a waterproofing layer on the waste dumps,
it is impossible to prevent dangerous filtration processes that could hinder the use of the
protected waste dump area for agricultural, recreational and other purposes.

5
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Water use opportunities are declining not only due to global economic and population
growth, but also due to the pollution of water resources and their subsequent withdrawal from
economic circulation. As a result, the environmental challenge of preserving and efficiently
using water resources is becoming increasingly pressing. Currently, not only the concept of
economic capital is used, but the existence of closely interconnected and interdependent
economic, socio-political, and environmental capitals for the well-being of human society is
emphasized [7, 10, 11].

Conflict Setting

The conservation of tailings storage facilities is a serious issue for many countries. The
aim of this study is to conduct research into the creation of a waterproofing layer on the
surface of tailings storage facilities using polymer-mineral material (PMM) and the
development of installation technologies.

Research Results

Below is a description of the technologies for creating and installing a waterproofing
layer for tailings dams using the polymer-mineral suspension "PMM" (hereinafter also
referred to as PMM) and an analysis of laboratory test results.

Two technologies for creating and installing a waterproofing layer have been
developed, based on the results of laboratory tests conducted in Yerevan and Moscow.

Analysis of laboratory test results for the waterproofing layer, conducted at the
Institute of Mechanics of Moscow State University and the 1.V. Yegiazarov Institute of Water
Problems and Hydraulic Engineering, suggests conducting field studies on a small section of
the tailings dam. The development and installation of a waterproofing layer on the surface of
the tailings dam as part of a pilot project (preliminary testing of the impervious lining of a
tailings dam covering an area of approximately 1,500-3,000 square meters) will allow us to
verify the reliability of the waterproofing layer, refine its installation technology, and evaluate
the cost of each proposed option.

Samples of enrichment waste provided by the Department of Environmental
Protection and Subsoil Inspection of the Republic of Armenia, soil used during the
reclamation of the tailings storage facility, sandy loam soil, ordinary soil and polymer-mineral
material "PMM" were used for the tests.

A modified version of the "PMM" material was used during testing. Its physical and
technical characteristics are presented below:

» The density of the dry fraction of the PMM material with a particle size of up to 1

mm is 1 kg/l;

= Inert (according to preliminary tests) to aggressive environments and non-polar

liquids;

= Frost-resistant during operation. Frost resistance is between that of sandy and

sandy-loamy soils;

= Chemical resistance to aggressive environments (sulfate and acid resistance) —

stable in the pH range of 4-12;
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Stable when laid on slopes with a ratio of 1:3;
= Resistance of the waterproofing layer to groundwater — resistant to erosion at
speeds of up to 5 m/s.

Description of the first technology for conducting laboratory tests:

1. A composite mixture of polymer-mineral material "PMM" and soil is laid on the pre-
leveled surface of the mothballed tailings dam and then compacted with a rammer. The
soil must be as uniform as possible.

2. To ensure the integrity of the waterproofing layer, a layer of soil (without PMM) 7-10 cm
thick (soil, sandy loam soil or other material) is placed on top, which is compacted with a
rammer.

3. The resulting surface is slowly covered with water using sprinkling until the water reaches
the top of the test tube (a layer of water 10-15 cm thick is formed).

4. Every day, depending on the degree of absorption, water is added to the test tube until it
reaches the top of the test tube.

To obtain composite waterproofing layers, laboratory tests were conducted with

various types and masses of soil, with different ratios of the use of the "PMM™" material.

The aggressive tailings material was placed in a transparent plastic cylindrical tube

with a diameter of d=0.225 m with holes in the bottom and compacted.

B

Experiment N1
Experiment start: November 2, 2025.

Soil type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil). Soil
type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil)."
The mass of the soil is 4 kg.

The amount of "PMM" material is 280 g (based on 7 kg/m?).

The total mass of the test tube at maximum saturation with water is 14.85 kg -
12/04/2025.

Water absorption level at maximum saturation - 100%: 12/04/2025 Water absorption

level at maximum saturation - 100%: 12/04/2025.

A weak filtration flow is observed through the holes in the bottom of the test tube

(slight wetting of the bottom. No measurable yield is observed). A weak filtration flow
is observed through the holes in the bottom of the test tube (slight wetting of the
bottom. No measurable yield is observed).

The onset of the filtration phenomenon through the holes in the bottom of the test
tube: 12/04/2025.

Termination of the filtration phenomenon through the holes in the bottom of the test
tube: 12/13/2025.

! Soil characteristics are given after the description of the experiments.

7
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Fig.2 Evaporation losses after opening
DAYS Xl the lid for the baseline data of
experiment N1
14.85

14.65 10. The decrease in the total mass
of the test tube with an open lid by
days from the start of filtration
through the holes in the bottom of the
test tube (12/04/2025) is shown in
Fig. 2.

m, kg

14,45
14'4\14.35\14 3,
3—q4.25

Experiment N2
1. Experiment start: November 2, 2025.

2. Soil type: sandy loam soil used for reclamation of tailings
ponds. Soil type: sandy loam soil used for reclamation of tailings
ponds.

3. The mass of the soil is 4 kg.

4. The amount of "PMM" material is 280 g (based on 7
kg/m?).

5. The total mass of the test tube at maximum saturation with
water is 14.7 kg - 12/04/2025.

6. Water absorption level at maximum saturation- 60%:
12/04/2025.

7. There is no filtration through the holes in the bottom of the
test tube (the tail material is completely dry).

8. On December 14, 2025, the lid of the test tube was opened
to study the evaporation process.

Fig. 3 Experiment N2, Point 6

Experiment N3
Experiment start: November 11, 2025.
Soil type: sandy loam (Fig. 4, right).?
The mass of the soil is 4 kg.
The amount of "PMM" material is 320 g (based on 8 kg/m?).
5. The total mass of the test tube at maximum saturation with water is 14.85 kg -
12/04/2025.
6. Water absorption level at maximum saturation - 60%: 12/04/2025.

PowpnhPRE

? Soil characteristics are given after the description of the experiments.
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7. There is no filtration through the holes in the bottom of the test tube (the tail material
is completely dry).

No abkowdEe

o s wnNE

Experiment N4

Experiment start: November 11, 2025.

Soil type: Sandy loam soil used for reclamation of tailings ponds (Fig. 4, right).

The mass of the soil is 4 kg.

The amount of "PMM" material is 320 g (based on 8 kg/m?).

The total mass of the test tube at maximum saturation with water is 15 kg -12/04/2025.
Water absorption level at maximum saturation — 50-55 %: 12/04/2025.

There is no filtration through the holes in the bottom of the test tube (the tail material
is completely dry).

Fig. 4. Experiment 3, point 6: left & Experiment 4, point 6: right

Experiment N5
Experiment start: November 17, 2025.
Soil type: Sandy loam soil used for reclamation of tailings ponds.
The mass of the soil is 3 kg.
The amount of "PMM" material is 320 g (based on 8 kg/m?).
The total mass of the test tube at maximum saturation with water
is 14.05 kg -12/04/2025.
Water absorption level at maximum saturation — 50 %, Fig.5:
12/04/2025.
There is no filtration through the holes in the bottom of the test
tube (the tail material is completely dry).

Fig. 5 Experiment N5, Point 6
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Experiment N6

1. Experiment start: November 17, 2025.

2. Soil type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil). Soil
type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil).?

3. The mass of the soil is 3 kg.

4. The amount of "PMM" material is 320 g (based on 8 kg/m?).

5. The total mass of the test tube at maximum saturation with
water is 14.75 kg -12/14/2025.

6. Water absorption level at maximum saturation — 100 %,
Fig.6: 12/14/2025.

7. The onset of the filtration phenomenon through the holes in
the bottom of the test tube: 12/14/2025.

8. The increase in the total mass of the test tube when additional
water is absorbed with the lid closed over in Fig. 7.

Fig. 6 Experiment N6, Point 6

Experiment N7

1. Experiment start: November 22, 2025.

2. Soil type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil). Soil
type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil).

3. The mass of the soil is 3 kg.

4. The amount of "PMM" material is 360 g (based on 9 kg/m?).

5. The total mass of the test tube at maximum saturation with water is 13.8 kg -
12/14/2025.

6. Water absorption level at maximum saturation — 100 %: 12/14/2025.

7. Slight filtration flow from the holes in the bottom of the test tube (slight wetting of the
bottom. No measurable flow is observed).

Experiment N8

1. Experiment start: November 22, 2025.

2. Soil type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil). Soil

® Soil characteristics are given after the description of the experiments.
* Soil characteristics are given after the description of the experiments.
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type: inorganic material with a predominance of quartz sand, containing a limited
amount of aluminosilicate and carbonate mixtures (hereinafter referred to as soil).’
3. The mass of the soil is 3 kg.

4. The amount of "PMM" material is 400 g (based on 10 kg/m?).

5. The total mass of the test tube at maximum saturation with water is 13.4 kg -
11/22/2025.

6. The total mass of the test tube at maximum saturation with water is 14.45 kg -
12/14/2025 (Fig.8).

7. Water absorption level at maximum saturation — 100 %: 12/14/2025.

8. Slight filtration flow from the holes in the bottom of the test tube (slight wetting of the
bottom. No measurable flow is observed).

9. Filtration through the holes in the bottom of the test tube stops.

DAYS Xl
4.75
14.65/1
/14.2
[oT0]
4
3 /13.9
13.7
13.6"13'65/13.72—_
1 3 5 7 9 11 13 14

Fig. 7 Increase in total test tube mass due to absorption of additional water
for baseline data of experiment N6

Description of the second technology for the purpose of conducting laboratory
research:

1. A leveling layer of sandy loam soil at least 3 cm thick is laid and compacted with a
rammer.

2. A layer of "PMM" material several millimeters thick (5 to 7 mm) is laid on top of
the compacted sandy loam soil and compacted with a rammer.

3. To protect it from mechanical damage during operation, it is covered with a
protective layer of sandy loam soil (up to 10 cm) and compacted with a rammer.

> Soil characteristics are given after the description of the experiments.
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Fig. 8 Increase in total test tube mass due to absorption of additional water
for baseline data of experiment N8

Experiment N9 (Technology 2: PMM with a separate

Experiment start: December 14, 2025.
Soil type: sandy loam.
The mass of soil below and above the «PMM» layer is 4 kg.
The amount of PMM material (without mixing with soil) was
360 g (estimated value: 9 kg/m2) (Fig. 9).
The total mass of the test tube, 13.25 kg, remained constant
from the beginning of the experiment (12/14/2025).
Fig. 9 Experiment N9, Point 4

Experiment N10 (Technology 2: PMM with a separate layer)

Experiment start: December 17, 2025.
Soil type: sandy loam.
The mass of soil below and above the «<PMM» layer is 4 kg.
The amount of PMM material (without mixing with soil)
was 280 g (estimated value: 7 kg/m2)

5. The total mass of the test tube, 13.65 kg, remained constant
from the beginning of the experiment (12/17/2025) (Fig. 10).

~wbhE

Fig. 10 Experiment N10, Point 5
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Experiment N11 (Water from under the tail)

1. Experiment start: December 14, 2025.

2. Soil type: sandy loam.

3. The mass of the soil is 3 kg.

4. The amount of "PMM" material is 360 g (based on 9 kg/m?).

5. Additional added soil mass without PMM - 2.5 kg.

6. Water is added to the top of the test tube and it is turned upside
down.

7. The added soil settles to the bottom of the test tube after 3-4 hours.

8. The composite does not allow the water to rise (Fig. 11).

Fig. 11 Experiment N11, Point 8

Soil characteristics

A) Natural sandy soil.

FTIR spectroscopic analysis results show that the sample under study is characterized
by a predominantly sandy (quartz) composition. The most intense absorption band in the
spectrum is observed in the 1100-1000 cm™ range, which corresponds to asymmetric
stretching vibrations of Si—O-Si bonds and is the main parameter characteristic of quartz
sand.

Fig. 12 IR-Fourier analysis of soil

13
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The absorptions recorded in the ranges of 800-780 c¢cm™ and 470—450 cm™' are
associated with the symmetric Si—O-Si stretching vibrations and Si—O bending vibrations,
respectively, further confirming the presence of a SiO2-rich well-formed silicate structure.

Weak absorption bands observed in the 3600-3200 cm™ and around 1630 cm™' ranges
are due to the presence of surface hydroxyl groups and physically adsorbed water, which is
typical of sand and quartz materials. A weak band detected in the 1450-1400 cm™ range may
indicate the presence of small amounts of carbonate impurities. Very weak C—H vibrations
observed in the 2950-2850 cm™! range indicate a negligible content of organic components in
the sample.

The study results show that the sample is an inorganic material dominated by quartz
sand (Fig. 12), containing limited amounts of aluminosilicate and carbonate impurities. This
composition is typical of natural sandy soils and ensures the chemical stability of the material.

B) Sandy loam soil.

Analysis shows that the soil is clayey in nature, rich in kaolinite or similar aluminous
clays, and dominated by the silicate/quartz fraction. According to data obtained from the soil
extract, the environment is close to neutral, and the electrical conductivity is also low,
indicating a relatively low content of dissolved salts (Table 1, Fig. 13). For initial field
studies, it is recommended to use sandy loam taken from reserves near the tailings dump as
the soil.

Fig. 13 IR-Fourier analysis of sandy loam soil

Table 1
Sample Electrical conductivity, pm/cm pH
Water analyzer HACH LANGE HQ 14d Water analyzer HACH LANGE HQ 14d
1 595 8.18
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Laboratory tests at the Institute of Mechanics of Lomonosov Moscow State
University.

For laboratory testing, PMM material was added to the waterproofing layer at various
doses (from 7 to 10 kilograms of PMM per square meter in 1-kilogram increments).

PRESSURE (ATM)
.
6 /
T /
E
s 4
S /
o
2
0.5 1 3 7

Fig. 14 Dependence of the thickness of the PMM material on the applied pressure at which the
liquid begins to flow out of the bottom of the testing device.

The composite manufactured using PMM was placed on an experimental device,
which was subjected to a water column pressure ranging from 0.25 to 30 meters (Figs. 14 and
15).

Composites prepared in various combinations were tested, with a PMM suspension
weight of 7-10 kg per square meter of surface area.

Depending on the installation method and the amount of PMM used in the
waterproofing layer, the amount of water leaking from the holes in the bottom of the container
was determined over time. As a result of laboratory testing, a waterproofing layer using PMM
material was created that was capable of withstanding high water column pressure over a long
period.

During the tests, the mass of the PMM material was changed in steps of 1 kg from 5
kg/m? (0.5 cm of compacted material PMM) to 10 kg/m? (1 cm of compacted material PMM).

Experiment N12 (Technology 2)

A 3-cm-thick layer of sandy loam is laid on compacted soil 7 cm thick, followed by a
0.6-cm-thick layer of PMM material, followed by a 5-7-cm-thick layer of sandy loam
material. With this layering sequence, the system can withstand a water column of 30 meters.

However, if the sandy clay layer is not laid on compacted soil 7 cm thick, and then a
0.6-cm-thick layer of PMM material is immediately laid on top of it, followed by a 5-7-cm-
thick layer of sandy loam material, water will begin to leak within a week under a water
column of 15 meters at a rate of no more than one drop per day. However, over time, the
leakage rate may increase, and the waterproofing layer will become highly permeable.
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Therefore, to ensure the effectiveness of the waterproofing layer, it is recommended to level
the compacted soil base with a layer of sandy-loamy material at least 3 cm thick before laying
the compacted layer of PMM material.

PRESSURE (ATM)

75

~

75

60

e

45

e
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PMM/Grunt (g/dm3)

1.5
0.5 1 1.5 2.5 3.5 4

Fig. 15. Dependence of the magnitude of the applied pressure and the characteristics of the
composite with different ratios of soil and PMM material, at which the liquid begins
to flow out of the bottom of the test device

Experiment N13 (Technology 1)

A 7 cm thick layer of compacted soil is placed at the bottom of the test tube, followed
by a 3 cm thick layer of sandy clay. A 7 cm thick compacted waterproofing layer consisting
of a mixture of 65 g of PMM per 1 kg of soil is then placed on top, which, after compaction
with a rammer, turns into a 5 cm thick layer. Using a mixture of 65 g of PMM aggregate per
kg of soil, the protective layer will withstand a water column of 30 m.

PMM materials should be stored in covered warehouses protected from moisture.
They do not release toxic compounds into the air or water, do not pollute the environment,
and are environmentally safe.

The development and installation of a waterproofing layer on the surface of the
tailings dam as part of a pilot project (full-scale testing on a tailings dam covering
approximately 3,000 square meters) will allow us to verify the reliability of the waterproofing
layer and improve its installation technologies, as well as estimate the labor costs for each of
the recommended options.

Conclusion
1. It is recommended to cover the surface of recycled waste dumps by directly applying a
layer of "PMM" or using a composite created with its application.
2. Laboratory tests show that when creating an anti-filtration composite, in the case of using
sand-loamy soil, the amount of the required mass of the "PMM" material is much smaller
and more effective.
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. The first stage of natural tests is recommended to be carried out on the area of landfills of
recycled waste of 1500-3000 m?, of which 80% - according to technology Ne 1 and 20% -
according to technology Ne 2.

. At the first stage of tests, it is recommended to use reclaimed sand-loam soil.

In the case of using technology No. 1, it is recommended to use 8 kg/m? of composite in a
ratio of 1:10 with soil.

In case of technology No. 2 effectively use 8-9 kg/m? material "PMM".
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«PMM>»

IMPUMEHEHMUE ITOJIUMEPHO-MHWHEPAJIBHOTI'O MATEPHAJIA «IIMM» IJISA
CO3JAHUA THAPOU3OJIAIIMOHHOI'O CJ04 TP KOHCEPBAIIHN
XBOCTOXPAHWJINIIL: PASPABOTKA TEXHOJIOTUH YKJAJKA U
JJABOPATOPHBIE UCCJIEAOBAHUA

J.B. ABanecsin’, B.P. Fpl/ll"OpﬂHZ, AT, Fpnropﬂﬂl, 0.B. TokmaKsin
'Hayuonanvuwiii ynusepcumem apxumexmypui u cmpoumenscmea Apmenuu
2 Uncmumym 800mvix npobinem u 2udpomexuuku um. akad. M.B. Eauazaposa

Pexomennyercs THIPOU30JIUPOBATH MOBEPXHOCTh 3aKOHCEPBUPOBAHHOTO
XBOCTOXpaHWJIMIIA IMIYTEM HCIOCPCACTBCHHOIO HAHCCCHHA IMOJIMMCPHO-MUHCPAIILHOTO
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Abstract

The paper addresses the optimization of geometric and cost parameters of
sedimentation basins for small hydropower plants (SHPPS) operating on mountainous rivers.
It is shown that widely used design solutions with variable geometry of sedimentation
chambers are often due to the lack of a comprehensive methodology for the coordinated
calculation of all elements of the structure and are not always economically optimal.

A systematic approach to the design of SHPP sedimentation basins is proposed, based
on maintaining design flow velocities and using a constant chamber width. Based on a
generalized analysis of calculation results for various values of discharge, chamber width, and
captured particle sizes, a parametric model of the volume of monolithic reinforced concrete of
the sedimentation basin is obtained in the form of a power-law function of the main governing
factors.

The paper substantiates the selection of the maximum allowable particle size based on
physical principles of abrasive erosion and the concept of hydraulic sedimentation velocity. A
comparative analysis of different methods for calculating hydraulic sedimentation velocity
(Stokes, Goncharov, Arkhangelsky, Rubey, Ferguson—Church) is performed for particle sizes
typical of mountain rivers.

To assess capital costs, an aggregated cost model is developed that relates the
construction cost of the sedimentation basin to the volume of reinforced concrete and a
regional cost index for 1 m3 of monolithic reinforced concrete.

The results of the study can be used in the design and techno-economic justification of
SHPP sedimentation basins, as well as in the development of unified methodologies for the
optimal selection of their geometric parameters taking into account hydraulic and economic
factors.
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Methodological Reasons for the Use of Sedimentation Basins with Variable
Geometry and Limitations of Existing SHPP Design Approaches

The design of sedimentation basins for small hydropower plants (SHPPSs), especially
in mountain river environments, is traditionally carried out using separate calculation methods
for individual structural elements, integrated into a water intake structure. In practice,
solutions with variable sedimentation basin widths along the length of the structure are quite
common, despite their structural complexity and, as a rule, increased cost. Analysis shows
that the main reason for the prevalence of such solutions is not their cost effectiveness, but the
lack of an integrated methodology for the "package" calculation of a sedimentation basin as a
single integrated hydraulic and technological system.

In a broad engineering sense, an SHPP sedimentation basin represents a sequence of
interconnected elements, including a coarse trash screen, a supply channel, a sedimentation
chamber with dead volume for sediment accumulation, a flushing unit, a fine trash screen, as
well as a pressure chamber and a diversion inlet pipe. Each of these elements has its own
calculation method based on local hydraulic criteria: permissible velocities, pressure losses,
and sedimentation or flushing conditions.

At the same time, the parameters of these elements are interconnected through water
flow, levels, and the characteristic flow cross-section. A particularly important connecting
parameter is the width of the structure, which directly determines flow velocities in all zones
of the sedimentation basin. A constant width ensures consistency of hydraulic conditions:
velocities in front of the screens, in the sedimentation chamber, and in the diversion inlet zone
are within the same scale range and can be matched within one-dimensional calculation
models.

In the absence of an integrated methodology, the designer is forced to solve the
problem sequentially, element by element. As a result, the requirements of various
components often prove contradictory: the velocities acceptable for screen operation are too
high for effective sedimentation; the minimum velocity requirements in the sedimentation
chamber conflict with the washing requirements; and the requirements for a uniform velocity
field in the pressure chamber are incompatible with the transient operation of the washing
unit. In the absence of a formalized procedure for reconciling these requirements, the
structure's geometry begins to perform a compensating function.

It is precisely in this situation that solutions with variable widths, diffuser and
confusor sections, and additional buffer zones emerge in practice. Geometric "uncoupling" of
the elements allows for the local satisfaction of the requirements of each node, but leads to the
formation of extended transition sections, in which the flow is spatial, significantly non-
unidimensional. For such zones, classical one-dimensional hydraulic models become
inapplicable, and the sedimentation efficiency cannot be accurately estimated by calculation.
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From an engineering perspective, transition sections typically cannot be fully included
in the effective sedimentation length of a sedimentation basin. To ensure a given sediment
collection rate, the designer is forced to increase the overall geometric length of the structure
by the length of the inlet and outlet transitions. This inevitably leads to increased excavation
and concrete work, more complex structural components, an increased number of joints and
connections, and higher capital costs.

An additional consequence of using variable geometry is increased operational risks.
Recirculation zones and localized flow accelerations often form in expansion and contraction
zones, contributing to uneven sediment accumulation and deteriorating flushing conditions.
As a result, the structure becomes more sensitive to hydraulic fluctuations and requires
additional maintenance measures.

An important factor is the complication of construction of transition sections due to
the complexity of their geometry.

Thus, the widespread use of variable-width sedimentation basins in small
hydroelectric power station projects is primarily due to the methodological limitations of
existing approaches focused on element-by-element calculations. The lack of a unified
"package” methodology that takes into account the mutual influence of all sedimentation
basin elements forces designers to resort to geometric complications as a means of
compensating for inconsistent design requirements.

From a methodological perspective, a more rigorous and economically sound
approach is one in which the entire sedimentation basin complex is considered as a single
hydraulic-technological system with a minimum number of characteristic parameters. Using a
constant width along the main sedimentation section allows for the design of the screens,
sedimentation chamber, flushing unit, and pressure chamber to be integrated into a single
system, reducing the length of transition zones and increasing the transparency of technical
and economic optimization.

Implementing such an approach requires the development of an integrated calculation
methodology in which the sedimentation basin's geometric parameters are selected not in
isolation, but as part of a coordinated solution that ensures the required sediment collection
efficiency at minimal net costs. The lack of such methods is currently one of the key reasons
for suboptimal design solutions in small hydropower plant projects.

Literature Review and Analysis of Existing Approaches

Classical works on the theory of particle sedimentation in a flow [1,2] laid the
foundation for calculation methods used to select the dimensions of sedimentation basins.
Subsequently, these approaches were further developed in studies devoted to hydraulic
structures and sediment-related problems (Morris [3]; Garde, Raju [4]).

Practical guidelines for the design of small hydropower plants [5,6] contain
recommendations on structural layouts and permissible hydraulic parameters; however, the
calculation of individual elements are performed separately.

Economic aspects of SHPP design and the assessment of construction costs are
considered in the reports of NVE [7] and USBR [8], where the cost of sedimentation basins is
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determined through the volumes of construction works. At the same time, the mutual
influence of sedimentation basin elements is not analyzed in these sources.

In the national engineering school, a significant contribution to the development of
calculation methodologies for hydraulic structures was made by the works of G.l. Zhuravlev
and V.I. Gubin. In Zhuravlev’s textbook “Hydraulic Structures” [9], approaches to the
calculation of intake and sedimentation structures are systematized, including requirements
for velocity regimes, layout, and structural elements. At the same time, the calculation of
sedimentation basins is considered predominantly on an element-by-element basis, without a
formalized procedure for coordinating the parameters of all units within a single system.

The works of V.I. Gubin devoted to the design and operation of hydraulic structures
on rivers with high sediment loads [10] emphasize the importance of considering actual
hydraulic conditions and operational factors. They note that transition zones and sections with
unsteady flows often fail to achieve the design efficiency and require additional sizing
margins, which indirectly confirms the advisability of minimizing variable geometry when
designing SHPP sedimentation basins.

Thus, the existing literature confirms that the absence of an integral calculation
methodology leads to fragmented design solutions and the widespread use of sedimentation
basins with variable geometry.

Description of the Calculation Model

To solve the stated problem, a program was developed in the VBA environment. The
program makes it possible to perform the following tasks:

1. Based on the initial hydrological and morphometric data, to model the type of the river
longitudinal profile and its thermal regime. On this basis, to assess the probable water
temperature at the cross-section of the designed water intake.

2. Modeling the location of the designed sedimentation basin based on a given
longitudinal profile and two transverse cross-sections, in order to assess excavation
volumes and bank protection works.

3. Determine, based on the given pressure and type of installed turbine, the
recommended clearances of the fine trash rack and the maximum diameter of particles
passed through the turbine and determine the hydraulic size.

4. Determining the main dimensions of the pressure chamber to prevent vortex
formation, rationally positioning the pressure pipe confusor, and ensuring sufficient
volume to prevent the turbine from operating in an unstable condition. Determining
the minimum possible width of the sedimentation basin based on the placement of the
pressure diversion confusor.

5. Calculation of the plan area of the sedimentation basin. Determination of the optimal
value of Bsedm, at which the minimum total construction cost of the sedimentation
basin is achieved. Determination of the optimal length of the sedimentation basin.

6. Based on the obtained width, calculation of the fine trash rack for operation at
maximum discharge and under winter conditions, taking into account the normatively
permissible clogging.
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7. The design depth of the filled sedimentation basin is coordinated with the height of the
dividing wall, and, based on flushing conditions, the slope and water depths at the
beginning and at the end of the sediment-filled sedimentation basin are determined.

8. An acceptable flushing frequency of the sedimentation basin during the flood period is
specified for the given project, on the basis of which the depth of the dead storage
chamber of the sedimentation basin is determined.

9. The bottom elevation of the inlet channel is tied to the elevation of the maximum
filling of the sedimentation basin dead storage volume. To ensure independence of the
calculation of the coarse trash rack from the parameters of the sedimentation chamber,
a supporting wall is installed under the rack. The coarse trash rack, like the fine one, is
calculated for operation at maximum discharge and under winter conditions, taking
into account the normatively permissible clogging. The height of the supporting wall
for the coarse trash rack is determined by comparison.

The block diagram of the program for calculating the sedimentation basin is shown in
Fig. 1.

Input data

Hydrology: turbidity, Energy: parameters: Construction
sediment size head, discharge, type parameters: unit

Hydraulic particle Captured particle Spacing of fine
size size trash rack bars

Determ. Of the plan area of the Minimum width of
Constraints

Rmin<=R<=I k/

sedimentation basin S=kQ/w the sedimentation

Selection of Bk and Lk by Trash racks (winter / summer)

cost minimization Determination of the top

elevation of the dividine wall

Determination of the Calculation of the inlet
slope, then H1 and H2 channe

Calculation of flushing

Assign frequency (flood / low-flow Design of the coarse
trash rack (summer /

Determination of the step height between the
channel bottom and the base of the coarse

Fig. 1 The block diagram of the program for calculating
the sedimentation basin is shown in

25



Bulletin Of High Technology N 4 (36) 2025.-pp.21-37. WATER SYSTEMS

S.G.Gabayan
ALGORITHM FOR CALCULATION AND OPTIMIZATION OF SEDIMENTATION
BASIN STRUCTURES FOR SMALL HYDROPOWER PLANTS

On the Methodology for Determining the Hydraulic Particle Size

During the program's development, questions arose about the methodology for
selecting the maximum diameter of sediment particles passing through the turbine and
determining the hydraulic particle size. Questions also arose regarding the hydraulic particle
size determination, due to significant discrepancies in different literature sources. Meanwhile,
these factors are key to ensuring the correct operation of the sedimentation basin and
protecting the unit from the abrasive impact of sediments (Fig. 2).

Fig. 2 Wear of the Crossflow turbine runner as a result of the
ingress of large sediment particles

The maximum permissible particle size allowed to pass through small hydroelectric
power plant (SHPP) turbines is determined to prevent abrasive and cavitation-abrasive wear
of flow path components, ensure the equipment's estimated service life, and comply with
turbine manufacturer warranty conditions.

The intensity of abrasive wear of turbine components can be represented in a
generalized form by the following relationship:

E~C, - d" - v™, 1)

where: Cs- is the concentration of solid particles, d is the characteristic particle size, v is the
relative velocity of interaction of particles with the surface, n=1-2 and m~2-3 are empirical
exponents. From this relationship it follows that an increase in particle size has a more
significant effect on wear than an increase in their concentration, which necessitates strict
limitation of the maximum permissible particle size.

The main factors in selecting the maximum permissible particle size are the turbine
type, the design head of the plant, as well as the granulometric composition and mineralogy of

26



Bulletin Of High Technology N 4 (36) 2025.-pp.21-37. WATER SYSTEMS

S.G.Gabayan
ALGORITHM FOR CALCULATION AND OPTIMIZATION OF SEDIMENTATION
BASIN STRUCTURES FOR SMALL HYDROPOWER PLANTS

the sediments [15-17]. The sensitivity of turbines to the abrasive impact of sediments varies
significantly depending on their type.

High-head Pelton turbines are characterized by high jet velocities and the greatest
sensitivity to sandy particles. For these turbines dmax value in the range of 0.15-0.30 mm is
recommended.

Francis turbines have a more complex flow passage at relatively low flow velocities.
Permissible values of dmax are on the order of 0.30-0.60 mm. However, for high-head
turbines this value may decrease to 0.15 mm.

Crossflow turbines are distinguished by the relative simplicity of the flow passage and
the absence of narrow channels, which makes them less sensitive to sediments compared to
Francis turbines. For Crossflow turbines, it is recommended to take dmax Within the range of
0.30-0.80 mm.

Kaplan turbines are low-head turbines and are practically not used in the construction
of small hydropower plants in mountainous regions.

However, in practice, the permissible particle diameter is specified by the
manufacturer and stipulated in the warranty obligations for the supply of SHPP equipment,
and therefore is decisive in the selection of the diameter of particles to be settled. Based on
this, drawing on experience in SHPP design in Armenia, Georgia, and Kyrgyzstan, as well as
on discussions with leading European manufacturers of units for small hydropower plants, we
have compiled an indicative table of permissible particle diameter values for different turbine
types at various head ranges (tab. 1).

As can be seen from Table 1, for SHPPs constructed on mountainous rivers, the range
of permissible particle sizes is 0.1-0.8 mm, which corresponds to fine and medium sand, for
which the process of free sedimentation occurs in the transitional region between laminar and
turbulent flow regimes.

In the calculation of sedimentation basins for SHPPs, the main parameter considering
for the size of the captured particles is their hydraulic size.

Various methodologies based on different physical assumptions are used to assess the
hydraulic particle size of sandy particles. These methodologies can generally be divided into
three groups: analytical, semi-empirical, and experimental methods.

The particle size itself is not directly used in hydraulic calculations. The key design
parameter is the hydraulic particle size ®(d), which represents the velocity of free
sedimentation of a particle in still water. The design value of the maximum permissible
particle size dmax is adopted in such a way that the following condition is satisfied:

®(dmax) > Vsedm, @)
where: Vsedm- the characteristic flow velocity in the sedimentation basin. Fulfillment of this

condition ensures reliable sedimentation of the hazardous sediment fraction before the water
enters the turbine.
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Table 1
Maximum permissible particle sizes allowed to pass through turbines
Maxi ticle si
aximum particle size, mm Name/Country
Head, m Francis Crossflow Pelton
Bila Tserkva / Ukraine
25 0.5 0.8
Chirukhi, Sanalia / Georgia
50 0.4 0.6
Ishkhanasar / Armenia
100 0.3 0.5
Jyrgalan / Kyrgyzstan
150 0.25 0.4 yre yroy
Turgen / Kyrgyzstan
200 0.2 0.3 0.25 g yroy
Amberd / Armenia
300 0.2 0.2
Tush Ashu 1,2 / Kyrgyzstan
500 0.2 0.2 yroy
Bozuchuk, Dzhergez / Kyrgyzstan
750 0.1 0.2 g yroy
Informative
1000 0.2
Table 2
Hydraulic particle size determined by various calculation methods
4 mm Hydraulic particle size w\omegam, mm/s
' Stokes Goncharov Arkhangelsky Rubey Ferguson—Church
0.05 2.2 16 2.2 21
0.1 9.0 6.63 6.10 8.4 7.5
0.15 20.2 14.90 11.69 16.7 14.9
0.2 35.9 20.42 17.80 25.3 23.2
0.25 56.0 26.02 24.60 33.2 318
0.3 80.7 31.62 32.15 40.3 40.4
0.35 109.9 40.4 46.7 48.6
04 1435 42.92 48.40 52.4 56.5
0.45 181.6 57.7 64.0
0.5 224.2 54.02 63.32 62.5 711
0.55 271.3 67.0 77.9
0.6 322.8 65.22 79.05 71.2 84.3
0.65 378.9 75.1 90.4
0.7 439.4 93.9 78.9 96.2
0.75 504.4 100.7 82.4 101.8
0.8 573.9 106.9 85.8 107.1

To assess the applicability of the studied methods and to select the most optimal one
for the investigated particle size range, calculations were performed using various
methodologies and their comparative analysis was carried out. The calculation results are
presented in tab. 2 and fig. 3.
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Fig. 3 Graphs of changes in hydraulic size from particle size,
calculated using various methods

Stoks’s formula [19] is based on a purely analytical solution for laminar flow. The
classical Stoks’s formula for determining the hydraulic particle size is valid only under
laminar sedimentation conditions:

Re p=wd/v<l, (3)

For sandy particles in the size range characteristic of mountainous rivers (Re = 5-200),
this condition is not satisfied, which makes the Stoks’s formula inapplicable for substantiating
dmax and necessitates the use of transitional and universal relationships.

In the works of B.V. Arkhangelsky and V.N. Goncharov [9,11], the hydraulic size is
considered as a function determined by particle size, relative density, and water viscosity at
different temperatures. As can be seen from Figure 1, calculations using Goncharov's method
yield somewhat lower results compared to other calculation methods.

Rubey’s formula [12] is widely used in engineering practice due to its simplicity and
satisfactory accuracy for sandy particles. As can be seen from the performed calculations, it
yields underestimated results for particle sizes above 0.5 mm. The calculation concepts of
these methods assume a spherical shape of particles.

The Ferguson—Cherch formula [13] essentially develops the approaches incorporated
in the above-mentioned methods and additionally introduces a correction accounting for
particle shape and roughness. This formula provides the most physically substantiated
description of sedimentation and shows good agreement with experimental data. A number of
sources note that calculations using this methodology exhibit the highest agreement with
experimental results (<5%).
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Based on the conducted studies, for the calculation of sedimentation basins of small
hydropower plants constructed on mountainous rivers, it is recommended to determine the
hydraulic particle size using the Ferguson—Cherch method, as the most accurate within the
given range of sedimentation particle sizes.

Development of a Methodology for Rapid Assessment of the Construction Cost of
Sedimentation Basins in Different Countries

To determine the impact of selecting the main dimensions on the construction cost of
sedimentation basins, a series of calculations was carried out for various values of these
parameters. The calculations were performed for real facilities designed in Armenia,
Kyrgyzstan, Georgia, and Kazakhstan.

To reduce the influence of regional unit costs of materials and works, the following
assumptions were adopted:

The construction cost was determined excluding VAT,;

In addition to prices, it was decided to compare the volumes of the main types of
works involved in the construction of sedimentation basins;

To exclude the influence of terrain configuration on cost, in all projects the terrain
relief was conditionally assumed to be 1 m below the top of the sedimentation basin walls.

An analysis of the pricing structure for sedimentation basin construction shows that
approximately 75% of the cost of a sedimentation basin is formed by the cost of placed
concrete, and 17% by the cost of reinforcement. Consequently, the volume of placed
reinforced concrete can be considered representative for assessing the construction cost of a
sedimentation basin. To determine this relationship, calculations were performed using the
developed program, with unit rates adopted for different countries.

To assess the construction cost of sedimentation basins for small hydropower plants, a
linear relationship between the construction cost of the structure and the volume of monolithic
reinforced concrete was identified:

P=A-Vb+B, (4)

where: P is the construction cost, thousand USD; Vb is the volume of monolithic reinforced
concrete, ms,

A is the unit cost proportional to the volume of reinforced concrete; B is a
conditionally constant value reflecting costs for auxiliary elements (trash racks, flushing units,
local reinforcements, construction organization).

The coefficients A and B depend on the regional price level for monolithic reinforced
concrete and construction works.

The coefficients A and B, obtained through calculations performed using unit rates for
different countries, are presented in tab. 3.

Further, the concept is based on the hypothesis of proportionality between the
construction cost of a sedimentation basin and the unit cost of placed reinforced concrete,
where concrete + reinforcement + works + transportation and machinery are integrally taken
into account.
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Analysis of information obtained from various sources made it possible to index the
cost of 1 m3 of placed reinforced concrete for the countries under study (tab. 3).

Table 3
Some parameters for the systematization of sedimentation basin costs by country
Price of 1m3
Country A B reinforsconcrete $

Kazakhstan 0.35 14.6 150

Uzbekistan 0.36 14.8 153 .02

Kyrgyzstan 0.39 15.8 165 A

Georgia 0.48 19.6 202.5 .35

Armenia 0.53 215 2235 49

To account for regional differences, a relative cost index K is introduced, equal to the
ratio of the cost of 1 m23 of monolithic reinforced concrete in the country under consideration
to the baseline value (K=1.0) for the country with the lowest unit cost (Kazakhstan).

To obtain a universal cost model, a linear approximation of the coefficients A and B as
functions of the index K was performed using the least squares method.

As a result, the following relationships were obtained:

A(K) = 0.3645 - K — 0.0125,
B(K) = 14.32 - K +0.19, (5)

The quality of the approximation was assessed using the coefficient of determination
R”2. For the coefficient A(K), a value of R"2 = 0.9997 was obtained, and for the coefficient
B(K), R"2 = 0.9991.

Substituting the obtained expressions, A(K) and B(K) into equation (4) and taking into
account that the base value is K=150, a universal model for estimating the construction cost of
an SHPP sedimentation basin is obtained:

P = (2.43C, — 12.52)Vy, + (95,45C, + 193.7), (6)

where: C, u Vi, accordingly, the cost of 1 m3 of placed monolithic concrete and the total
volume of concrete works for the construction of the sedimentation basin in the country under
consideration.

This formula makes it possible to:

estimate the construction cost of a sedimentation basin for a known volume of
reinforced concrete;

perform a comparative techno-economic analysis of construction costs in different
countries without reference to regional parameters.
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Scope of applicability and limitations of the model

The proposed model is valid under the following conditions:

the structural scheme of the sedimentation basin corresponds to typical monolithic
solutions and is designed with a constant width along its entire length;

the construction technology is comparable (monolithic reinforced concrete, standard
reinforcement and formwork);

the cost of 1 m3 of monolithic reinforced concrete is determined uniformly (including
materials, works, and overhead costs);

the technological levels of the countries under study in the field of construction are
comparable.

Development of recommendations for optimizing the dimensions of sedimentation
basins

In calculation methodologies of sedimentation basins, it is proposed to assign certain
parameters of the sedimentation basin based on design experience (for example, Havg [10] or
B [11]) and then to determine the remaining parameters of the sedimentation basin. The
specified literature does not provide any recommendations for selecting economically optimal
dimensions of sedimentation basins; instead, it is only recommended to perform several
calculations with different initial parameters in order to select an optimal option.

An attempt was made to systematize the selection of the main parameters of the
sedimentation basin in order to minimize its construction cost by generalizing the results of
numerous calculations and comparing their outcomes. The calculations were performed using
the developed program for comprehensive analysis of sedimentation basin parameters with a
constant width.

It has been theoretically substantiated that, for a given discharge and hydraulic size
(and, consequently, the size of the captured particles), the plan area of the sedimentation
chamber is constant.

A series of calculations performed for various combinations of design discharge,
diameter of captured particles, and sedimentation basin width, under identical structural
assumptions and with preserved flow velocities (Fig. 4), made it possible to develop
recommendations for the optimized selection of the main dimensions of the sedimentation
basin.

The volume of concrete placed in the structures of the sedimentation basin as a whole
(VDb) can be expressed by a power-law model of the following form:

V,=C-Q¥-B™"-d™, (7)
where: Vb -is the volume of concrete of the sedimentation basin, m3; Q is the design
discharge, m3/s; B- is the basin width, m; d- is the size of the captured particles, mm.
By means of regression analysis, the coefficients of the equation were obtained. Thus,
under the adopted approach to the structural design of the sedimentation basin, equation (7)
can be written in the following form:

Vb — C . Ql.Ol . B—O.74 . d—1.06 ’ (73)
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Fig. 4 Dependence of the volume of sedimentation basin concrete on the sedimentation basin
width, the diameter of retained particles, at various design discharges

Analysis and physical interpretation of the obtained coefficients make it possible to
draw the following conclusions:

The proximity of the a coefficient to 1 indicates that the volume of concrete placed in
the sedimentation basin is practically linearly proportional to the design discharge of the
SHPP. This is also theoretically confirmed by the linear dependence of the plan area of the
sedimentation basin on the design discharge.

An increase in the width of the sedimentation basin has an effective influence on
reducing the volume of placed concrete. However, it should be taken into account that
excessive widening of the sedimentation basin may lead to a violation of flow linearity and a
violation of the hydraulic laws adopted as the basis for the calculations. Based on this, it is
considered necessary to adhere to the ratio L/B=8, as recommended in a number of
fundamental sources [1,6,10].

The influence of particle size increases sharply as the size of the captured particles
decreases.

The obtained relationship is characterized by a coefficient of determination R2=0.98.

Limitations. The calculations were performed for a conditional object, and the task
was set to minimize the influence of secondary factors on the comparability of the calculated
options. Therefore, the construction site for the sedimentation basin was assumed to be
horizontal, at the level of the full depth of the sedimentation basin. Within the considered
range of parameters, the optimum is achieved at the upper boundary of the permissible width
values.

In real calculations, the transverse slope of the bank where the sedimentation basin is
planned to be constructed should be taken into account. This factor can lead to a significant
increase in cost due to an increase in earthwork volumes. In the presence of additional
constraints (relief, bank protection, site conditions), the optimum may shift inward within the
range. Optimization of the L/BL/BL/B ratio in such cases is possible through direct
calculation using the “Optimum Sedimentation Basin” program, with the input of the terrain
relief into the program in the form of longitudinal and transverse terrain cross-sections.
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AJITOPUTM PACYETA Y ONNITUMM3BAILIAS KOHCTPYKLUI
OTCTOMHUKOB MAJIBIX I'2C

C.I'T'abasin
Hncmumym 600uwix npobnem u cuopomexnuxu um. axkao. U.B.Eeuazaposa

B cratbe paccmoTpeHbl BONPOCHI ONTHUMHU3ALMH T€OMETPUUYECKUX U CTOMMOCTHBIX
rapaMeTpoB OTCTOMHHUKOB MajbiXx ruapodiekrpoctaniuii (MI'D3C), skcruryaTupyembpix Ha
TOpHBIX BOAOTOKax. Iloka3aHo, 4YTO IIMPOKO NPUMEHSEMBIE MPOCKTHBIE PEIICHUS C
MEPEMEHHON TeOMETpUe OTCTOMHBIX KaMep 3a4acTylo OOYCIIOBIICHBI OTCYTCTBHEM
KOMIUIEKCHOM METOAMKHU COTJIaCOBAHHOTO pacuéra BCEX 3JIEMEHTOB COOPYKEHUS M HE BCErna
SIBJISIFOTCSA SKOHOMUYECKH ONTUMAJIbHBIMHU.

[IpemyioxkeH cUCTEMHBIN MOAXOJ K MPOCKTUPOBaHUIO OTCTOMHUKOB MIDC, OCHOBaHHBIN Ha
COXPAHEHNHU PaCUYETHBIX CKOPOCTEN MOTOKA M UCIOJIb30BaHUU TOCTOSHHON IMPHUHBI KAMEPHI.
B cratbe 000CHOBBIBaeTCS BHIOOP MaKCHMAaJbHO JOMYCTHMOTO pa3Mepa YacTHUIl Ha OCHOBE
(bu3NYeCKUX NPUHLMUIIOB aOpa3MBHOW SpPO3MM M KOHIENIWU THAPABIMYECKOH CKOPOCTH
ocaxkaeHus. IIpoBeneH  CpaBHUTENBHBIM  aHaNW3  pa3jU4YHBIX  METOJOB  pacyeTa
ruApaBInueckord ckopoctu ocaxnenus (Crokca, ['oHuapoBa, ApxaHrenbckoro, Pyow,
®epriocona-Yepua) 17151 pa3MepOB YACTHIL, XapaKTEPHBIX ISl TOPHBIX PEK.

Ha ocHoBe 060011eHMs pe3ybTaToOB pacu€ToB AJIs PA3IMYHBIX 3HAYEHHUN pacxoja, IIHUPHHBI
KaMephsl M pa3MEepoB YIaBIMBACMBIX YACTHIl MOJTy4YeHa MapaMeTpuveckas Mojaenb o0béMa
MOHOJIMTHOTO JKe€JlIe300€TOHAa OTCTOMHMKAa B BHJE CTENEHHOW (YHKIHHU OT OCHOBHBIX
onpexaenstomux (pakTopo. s OIMEHKH KaNMUTAIbHBIX 3aTpaT pa3padoTaHa yKpymHEHHas
CTOMMOCTHAsI MOJI€Nlb, CBSI3bIBAIOIIAsi CTOMMOCTb CTPOHMTENHCTBA OTCTOMHHKA C 0O0BEMOM
&Kene300eTOoHA M PETHOHAIBHBIM HHAEKCOM CTOMMOCTH 1 M?> MOHOJIMTHOTO JKeJIe300€TOHA.
Pesynbratel paGoTbl MOryT OBITh HCHOJB30BaHbl MPU MNPOEKTUPOBAHUU U TEXHUKO-
HSKOHOMHYECKOM O0OOCHOBaHMM OTCTOMHMKOB MIDC, a Takke mnpu pa3zpaboTke
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Abstract

Wastewater treatment has become a growing environmental challenge due to rapid
urbanization and industrial development. Conventional physical, chemical, and biological treatment
methods often suffer from high operational costs and generate secondary pollutants. Among
alternative approaches, adsorption using natural materials has emerged as an effective and
environmentally friendly solution owing to its high efficiency, low cost, and minimal secondary
contamination.

Car washing stations generate large volumes of oily wastewater containing petroleum
hydrocarbons, detergents, suspended solids, surfactants, and trace heavy metals. If discharged
without proper treatment, these effluents can pose serious risks to aquatic ecosystems and soil
quality, potentially exceeding permissible discharge standards.

In this study, pumice obtained from the Irind mine was investigated as a natural adsorbent
for treating car wash wastewater. To enhance its performance, the pumice surface was modified
with polysiloxane, a widely studied biomaterial known for its chemical stability. The modified
pumice exhibited a 40% increase in adsorption efficiency compared to the unmodified material,
demonstrating its potential as an effective and low-cost adsorbent for treating oily wastewater.

Keywords: basins, car washing station; pumice; surface modification; adsorption;
wastewater treatment.

Introduction

The Car wash facilities are among the major sources of dispersed oily wastewater, and the
contamination of water resources by petroleum hydrocarbons has become a global environmental
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concern requiring urgent attention. During vehicle washing operations, motor oil, petrol, grease,
lubricants, and detergent residues are released into wastewater streams [1]. If discharged without
proper treatment, these contaminants can infiltrate soils, damage aquatic ecosystems, reduce oxygen
transfer, form oil films on surface waters, and impair the performance of municipal wastewater
treatment plants (WWTPs).

Car wash wastewater is characterized by its complex and highly variable composition,
which depends on factors such as vehicle condition, washing techniques, detergents used,
operational frequency, and the quantity of debris removed [2]. Rapid urbanization has significantly
increased the volume of wastewater generated, prompting regulatory authorities to impose stricter
discharge limits on sewage. Consequently, there is a growing interest in developing economical and
environmentally friendly treatment methods for car wash effluents [3].

Car wash wastewater typically contains detergents, phosphates, oils, surfactants, suspended
solids, and heavy metals [4]. Surfactants, which are widely used in cleaning agents, promote foam
formation and contribute to eutrophication in receiving water bodies, leading to increased pH,
oxygen depletion, and deterioration of aquatic ecosystems [5]. The presence of hydrocarbons,
organic matter, and heavy metals further intensifies environmental and public health risks [6].

Conventional treatment of car wash wastewater often involves multistage processes.
Primary treatments, such as sedimentation and oil-water separation, are effective for removing
large particles and free-floating oils [7]. Secondary treatment methods, including coagulation—
flocculation and advanced oxidation processes (AOPSs), are used to reduce the organic load and
turbidity. For example, coagulants such as ferric chloride and aluminum sulfate destabilize colloidal
particles, facilitating their removal; however, these processes require precise chemical dosing and
generate secondary sludge and by-products [8]. Ozonation, an advanced oxidation technique, is
effective for degrading organic contaminants; however, it is associated with high energy
consumption and operational costs [9].

Adsorption is a widely applied and efficient method for treating oily wastewater because of
its simplicity, low operational cost, and high removal efficiency. The physical interactions, such as
van der Waals forces, hydrophobic interactions, hydrogen bonding, polarity effects, steric
interactions, dipole-induced dipole interactions, and n—= interactions [10,11]. In this process,
sorbate molecules accumulate on the external surface and within the pores of the adsorbent without
penetrating its internal structure [12].

Oil adsorption generally proceeds through three main stages: dispersion of oil molecules
onto the adsorbent surface, entrapment of oil within the porous framework via capillary action, and
agglomeration of oil droplets within the rough and porous structure of the material [13]. Compared
with conventional treatment methods, adsorption offers advantages such as low capital investment,
operational simplicity, and flexibility. Although activated carbon is widely used as an effective
adsorbent, its high cost and regeneration requirements limit its large-scale applications [14].
Therefore, alternative low-cost and efficient natural materials such as pumice are being increasingly
explored.

In this study, pumice obtained from the Irind mine was modified with a polysiloxane

solution to enhance its oil adsorption capacity for the treatment of car wash wastewater.
1. Materials and Methods
1.1 Irind mine pumice

The Republic of Armenia leads the world in terms of nonmetallic mineral diversity and
abundance. The country has almost every type of mineral rock known globally. Light rocks (tuffs,
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perlite, pumice-stone, zeolite, scoria, etc.) are the most significant mountainous rocks formed by
volcanic processes in Armenia.

Irind is located in the Talin region. It is 46 km from the regional center. The village has
perlite and pumice resources of industrial importance. In the Republic of Armenia, pumices are
divided into two types according to their physical and mechanical characteristics: Ani type and
lithoid pumices [14, 15].

One type of Ani pumice was sourced from the Irind mine. This pumice primarily consists of
non-crystalline (amorphous) glass particles, plagioclase, pyroxene, mineral crystals, and fragments
of ancient lava. Its porosity ranges from 35% to 44%, and it typically appears yellowish,
occasionally exhibiting a yellow-brown or pink-yellow hue. The thermal insulating properties of
pumice are notably high. It has a bulk density of 0.3-0.6 g/cm3 [16].

Studies have shown that the pumice is composed of aluminosilicates in which the amount
of alkaline oxides is: SiO2 -61.54 %, MgO - 1.13%, TiO2 - 1.00%, Fe203 - 3.99%, K20

+Na20 - 8.18 %, Al203 - 16.58%, and CaO is 3.78 %.

Table 1
Chemical composition of Irind mine pumice (wt. %)

Oxide Content (wt%)
Si02 61.54
MgO 1.13
TiO2 1.00
Fe203 3.99
K20 +Na20 8.18
Al203 16.58
Ca0O 3.78

The examination of the pumice by X-ray diffractometry has shown that it is a volcanic rock and is
composed of cristobalite and coesite.

Fig.1 X-ray Diffraction (XRD) analysis of pumice
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Coesite and cristobalite are high-pressure polymorphs of silica, silicon dioxide (SiO2). They
have the same composition but possess a different crystal structure [14].

1.2. Polysiloxane

Polysiloxanes are among the most extensively studied and utilized biomaterials owing to
their inherent stability and biocompatibility. Their hydrophobicity, low surface tension, and heat
stability render polysiloxanes ideal for manufacturing catheters and other medical devices [17,18].
In the laboratories of the chemical industry, polysiloxane is used as a mold release agent, lubricant,
plasticizer, emulsifier, or defoaming agent. Many of these applications are made possible by the
very low surface tension of polysiloxanes [19,20]. The chemical structure of polysiloxane is

presented in Fig.2.
T
| n
CH,

Fig.2 Chemical structure of polysiloxane

1.3. Wastewater
Car wash wastewater typically contains a complex mixture of physical, chemical, and
biological pollutants. The most frequently reported contaminants include diesel and gasoline
fractions, motor oils, lubricants, greases, and polycyclic aromatic hydrocarbons (PAHSs). These
compounds are predominantly hydrophobic and tend to form stable films or emulsions in water,
making their removal particularly challenging using conventional treatment methods.

1.4. Surface modification
Before use and modification, pumice was washed several times with distilled water to remove

any impurities and dried at a temperature of 40+10 °C. For chemical treatment using an acid
solution, pumice was immersed and stirred in HCI 1 M for 3 h and washed using distilled water,
then dried at 1300C for 3 h.

The optimum concentration of the modifier was 15% of the mass of the pumice; the ratio of the
water to the solvent was 1:25. The emulsion of polysiloxane was added, thoroughly mixed, and
dried at T = 60 °C for 8 hours until a complete hydrophobic effect occurs.

Conflict Setting

The rapid growth of car washing stations has led to increased discharge of oily wastewater,
posing serious environmental risks when inadequately treated. While effective, conventional
treatment methods are often too costly and complex for small-scale facilities. This creates a conflict
between environmental protection requirements and economic feasibility, highlighting the need for
low-cost and efficient solutions such as surface-modified natural adsorbents.
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Research Results

2. Results and discussion
2.1. FTIR investigation of polysiloxane modified pumice

Fig.3 shows the Fourier transform infrared (FTIR) spectrum of pumice before and after
modification with polysiloxane.

Fig.3 FTIR analysis of pumice
Sample A is the spectrum before modification
Sample B is the spectrum after modification

The FTIR spectrum of the pumice sample reveals characteristic absorption bands confirming
surface modification with polysiloxane. The absorption peak observed at approximately 1260 cm™
is attributed to the Si—-CHs bending vibration, indicating the presence of methyl (C—H) groups. The
strong absorption band in the region of ~1100 cm™ corresponds to Si—O-Si stretching vibrations,
which are characteristic of siloxane linkages. In addition, stretching vibrations detected at around
~2960 cm™' are assigned to C—H stretching modes of methyl groups. The presence of these
characteristic bands confirms that the surface of the pumice has been successfully modified with
organic polysiloxane compounds, in agreement with previous studies [21].

Fig 4. Standard laboratory cylindrical flask for filtration
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The study for water purification was carried out in standard laboratory cylindrical flasks
with volumes of 150 ml. Based on the existing dimensions of these mini-filters (diameter and
loading height), the speed of free-flow filtration was regulated using a valve located at the bottom.
The average results of filtration speeds (1.5-3.0 mm/s) for the retention of petroleum products were
observed.

2.2. Effects of contact time

To attain equilibrium throughout the batch process, the contact time and oil removal were
regulated, as shown in Figure 4. Oil removal increased with longer contact times. Due to adsorbent
surface modification, adsorption occurred on the surface between the first (20-30) and last (40-60)
minutes of the experiment.

2.3. Concentration determination
Oil concentrations before and after adsorption were measured using a UV-Vis
Spectrophotometer (Cary-60). The wavelength of 250.0 nm-1 corresponds to the maximum

absorbance of the oil on the pumice. After modification by polysiloxane, the absorbance increased
by 40% compared with unmodified pumice (Fig. 5).

Fig 5. UV-Vis spectrophotometric analysis

Conclusion

This study demonstrated the potential of pumice obtained from the Irind mine as a low-cost
and effective adsorbent for the treatment of oily wastewater generated by car washing stations.
XRD analysis confirmed the predominantly amorphous aluminosilicate structure of the pumice,
which is favorable for adsorption processes. FTIR spectroscopy verified the successful surface
modification of pumice with polysiloxane through the appearance of characteristic Si-CHs, Si—O—
Si, and C—H functional groups, indicating the introduction of hydrophobic organic moieties.

Surface modification enhanced the adsorption performance of the pumice. The
polysiloxane-modified pumice exhibited approximately 40% higher oil adsorption efficiency
compared with the unmodified material, which can be attributed to increased hydrophobicity and
improved affinity toward nonpolar organic contaminants present in car wash wastewater. The
adsorption mechanism is primarily governed by hydrophobic interactions between the modified
pumice surface and petroleum-based pollutants.
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The results highlight that polysiloxane-modified pumice is a promising, environmentally

friendly, and economical adsorbent for oily wastewater treatment. Its natural abundance, simple
modification process, and improved adsorption efficiency make it suitable for practical applications
in car wash wastewater treatment systems.

Future studies should focus on regeneration, reuse potential, and performance evaluation

under continuous-flow conditions.
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paccMarpuBaeTcs Kak d(pQPEeKTHBHOE M KOJOTHMUYECKH Oe30mMacHoe perieHue Oyiaromapsi BHICOKOH
3¢ (HEeKTHBHOCTH, HU3KOH CTOMMOCTH U MUHHUMAIILHOMY BTOPUYHOMY 3arpsi3HEHHUIO.

ABTOMOEYHBIE CTAaHIIUU 00Pa3yIOT 3HAYUTENbHbIE KOJNYECTBA MACIOCOAEPKAIIUX CTOUYHBIX
BOJ, BKJIIOYAIOIINUX HEPTIHBIC YTIEBOAOPOABI, MOIOIIME CPEACTBA, B3BEIICHHBIE YACTHUIIBI,
MMOBEPXHOCTHO-AKTHUBHBIE BEIECTBA U Majble KOJIMYECTBa TsKeNbIX MeTauioB. IIpu cOpoce Ge3
HaJJIeXkKAaIeld OYUCTKU CTOKHM MOTYT MPEJCTABIATH CEPhE3HYIO YIrpo3y JJsi BOIHBIX dKOCHCTEM H
KauyecTBa M0YB, 3a4aCTYyI0 IPEBbIIIAs IPEAETbHO-0MYCTUMbIE KOHIICHTPAIUH.

B nHacrosiem uccienoBaHuu nemsa, 1o0bITast Ha MecTopokaeHuu Mpunn, Oblia n3ydeHa B
KauecTBE NMPUPOIHOro afcopOeHTa A OYHCTKU CTOYHBIX BOJ aBTOMOEK. JlJis MOBBILICHHS €€
aJICOPOIIMOHHBIX CBOMCTB TOBEPXHOCTh IMEM3bl OblIa MOAM(PUIIMPOBAHA MOJUCHUIOKCAHOM —
IIMPOKO UCCIEAyeMbIM OHOMaTepuaIoM, HW3BECTHBIM CBOEH XHMMHMYECKOH CTaOMIBHOCTHIO.
MoaudunupoBanHas nem3a MpOJEMOHCTPUPOBAIA yBEIHUEHHE aACOPOIMOHHON 3(PPEeKTUBHOCTH
Ha 40 % 1o CpaBHEHUIO ¢ HEMOAU(DHUIIMPOBAHHBIM MAaTEPUAIOM, UYTO MOATBEPKAACT €€ MOTEHIAI B
kadecTBe A((PEKTUBHOTO M HU3KO3aTPATHOTO aacOpOeHTa UIsi OYHCTKHA MAaciIoCOACpPKaIIuX
CTOYHBIX BOJI.

Knroueswie cnoea: asromoeunas CTaHIIMsA, IIEM3a, MOI[I/I(l)I/IKaLII/ISI IMOBCPXHOCTH; az[cop6u1/m;
OYHCTKa CTOYHBIX BOJ.
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Abstract

The paper addresses the issue of optimizing the parallel operation of two identical
hydropower aggregates equipped with Crossflow turbines under variable water flow conditions.
The objective of the study is to determine the optimal distribution of the plant total flow between
the aggregates that maximizes the capacity at a given flow rate. The optimization is formulated
using the method of Lagrange multipliers, with the objective function proportional to the
hydraulic capacity under constant head conditions.

It is shown that when the plant flow does not exceed the nominal flow of one aggregate,
the maximum capacity is achieved by operating only one turbine, and no dispatching control is
required. In the range of parallel operation of two aggregates, a nontrivial optimization problem
arises. Numerical analysis based on manufacturer performance curves of Crossflow turbines
demonstrates that the maximum total capacity in this operating zone is achieved when the flow is
evenly distributed between the two aggregates. The reduction in efficiency observed for strongly
asymmetric flow distributions is explained by the sharp decrease in turbine efficiency at low
relative flows, which is characteristic of Crossflow turbines.

The obtained results provide a theoretical justification for practical operating rules of
small hydropower plants with Crossflow turbines and can be applied in the design and operation
of control systems for such facilities.

Keywords: crossflow turbine, small hydropower plant (SHPP), parallel operation, flow
distribution, efficiency optimization, Lagrange multipliers, operating regimes.

Introduction

Installation of one aggregate at SHPP supplying the grid with generated electricity is the
most economically optimal option. Therefore, aggregates equipped with Crossflow turbines have
proven themselves in the construction of small hydropower plants on high-mountain rivers due
to their stable efficiency over a wide range of flow rate fluctuations and their low starting
threshold, which is only 5-6% of the design flow.

The runoff of high-mountain rivers in arid regions is generally characterized by large
fluctuations between flood and low-flow periods. Therefore, to rationally cover the range of flow
variations, even when Crossflow turbines are installed, it is sometimes necessary to install two or
more aggregates.
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When installing more than one aggregate, to ensure maximum plant efficiency, arises the
issue of optimal distribution of flow among the turbines.

An issue of flow distribution between aggregates is the category of optimal load/water
distribution between hydroaggregates and is solved using constrained optimization methods.
However, Crossflow turbines are characterized by a specific form of partial efficiency and
control, so the direct application of general recommendations requires adaptation and
verification using real characteristics.

Let us consider the case of two aggregates installed at SHPP. Then, the total capacity of the
plant, assuming a constant design head, is expressed by the relationship:

N(q192) = gH[q1m1(q1) + q2m2(q2)], (1)

Where: 01, g.-are the flows through the first and second aggregates, respectively, H — is the
design head of the plant, n,(gq,),n,(q,) — are the efficiencies of the first and second aggregates.
The flows of the aggregates are constrained by the following relationship:

01+02=0Q, (2)
where:Q — is the plant flow at the current moment.

To account for the total flow limitation, the Lagrange multiplier method is used. Let us introduce
the Lagrange function [1-4]:

L (01,92.4) =gH/[q1n1(A1) +0212(02)] +A(O~q1~q2), 3)
Where X - Lagrange multiplier, which has the dimensions of capacity for per unit flow rate.

The necessary condition for an extremum is that the partial derivatives of the Lagrange function
with respect to the variables g;and g, are equal to zero:

oL _ aml _ 5 _
aq, — 9H [nl(ql) +aq dql] A=0,

4)
daL _ dT]Z _ _
3, = 91 [nz(qz) +q; —dqz] A=0,

By eliminating the Lagrange multiplier A, the key equation for optimal flow distribution
is obtained:

Nn1(d1)+0171'(q1) =12(d2)+ 02172 '(q2), ®)

This relationship is a necessary condition for an interior optimum and is valid for
arbitrary efficiency characteristics of the aggregates.

Let us consider a particular, but practically the most important case, when both
hydropower aggregates are identical in terms of their energy characteristics. This is the most
common design solution, as it ensures interchangeability of spare parts between the aggregates.
In this case, relationship (6) can be written in the following form:

N(q192) = gH[q1i11i(q1:) + (@ — q1)12:(Q — g1;)]— max, (6)
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Moreover, the range of variation of the values q; is as follows:

G1 <01 = Q; 0=<qy <qy,

Considering that the design head of the plant is constant for each i-th value of Q;, the
problem reduces to solving the following relationship:

F(‘hﬂz) = [q1i1m1:(q1) + (Q — q1)12:(Q — q4;)]— max , (7

The literature presents numerous examples of efficiency curves for Crossflow turbines,
which very often do not correspond to each other [5,6]. These discrepancies arise because the
authors identify Banki turbines with modern Crossflow turbines equipped with a dual regulation
system.

In order to avoid such errors, the efficiency curves used in this study are based on
passport data (guaranteed by the manufacturer) from more than 30 different projects, covering a
wide range of design flows and heads. The technical characteristics of aggregate components
with different parameters were analyzed [7], and as a result of the study it was found that high-
quality Crossflow turbines, although differing in nominal efficiency, exhibit similar
characteristics in terms of the dynamics of efficiency reduction with changing flow. This makes
it possible to unify the efficiency curves n = f(h), by introducing a virtual efficiency equal to:

=" )

Where: n,,, n,, — are the virtual and nominal efficiencies of the aggregate, respectively.

Figure 1 presents the values of the virtual efficiency of anaggregate equipped with a
Crossflow turbine and of its individual components.

Fig. 1 Virtual efficiency of anaggregate equipped with a
Crossflowturbine and its individual components
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The design features of the aggregate, including the type of guide vanes and its operating

modes, are not explicitly considered in the subsequent analysis, since their influence has already
been taken into account in the experimental dependence of efficiency on flow.
The studies have shown that the curves of variation of the virtual efficiency values are well
approximated by a sixth-degree polynomial. Table 1 presents the coefficients of the polynomial
approximations of the virtual efficiency curves of the aggregate as a whole and of its individual
components.

As can be seen from Fig. 1, in contrast to other types of turbines (for example, Francis
turbines [5]), the efficiency curve of an aggregate equipped with a Crossflow turbine exhibits a
continuously increasing character.

It follows that, when the plant flow fluctuates within the range 0 < Q < q,, the maximum power
capacity is achieved exclusively by operating a single unit, and there is no need for dispatching
control of the station.

A program for the numerical solution of relationship (7) was developed in the VBA
environment. The calculation results obtained for a plant with two aggregates are presented in
Fig. 2.

Table 1
Coefficients of the sixth-degree polynomial for anaggregate equipped
with a Crossflow turbine and its components.

K of polynomial | Aggregate Turbine Gearbox | Generator
A0 0.115059 | 0.335271 | 0.921054 | 0.691226
Al 7.400958 | 6.055544 | 0.574933 | 2.720816
A2 -26.76362 | -22.3743 | -2.45923 | -11.0335
A3 51.79591 43.0003 5.96336 | 24.56213
A4 -55.66332 | -45.4277 | -7.79015| -30.4424
A5 31.3024 | 25.06336 | 5.136381 | 19.61107
Ab -7.187377 | -5.65245 | -1.34637 -5.10938
R? 1 1 0.9998 0.9999
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Fig.2 Dependence of F(q1, g2) on the ratio g2i/qli)
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As can be seen from Fig. 2, the target function sharply begins to decrease at small values
of the ratio g2i/qli and reaches its minimum value aqg,;/q.; = 0.125. Further, the value
of F(qy,q.) begins to increase and reaches its maximum value at q,;/q,; = 1.

Taking into account the minimum starting flow of Crossflow turbines, equal to 5%, it can be
concluded that in the flow range gq; < Q; < Q s necessary to equalize the turbine flows, which
provides the maximum possible capacity of SHPP.

Thus, for 0<Q<ql the optimal operating regime is realized with the operation of a single
aggregate, whereas in the rang q1<Q<2q1 the optimization problem becomes nontrivial, and the
maximum capacity is achieved with an even distribution of flows between the aggregates.
Efficiency curves of the plant with and without dispatching control were constructed by the
authors (Fig. 3).

1.10
S 1.00 '._._.4-0-0'0&._._.-0-0-0-0-0-0-0

0.90 /

0.80

0.70

0.60

0.50

v —nr Qshpp, m3/s
-=-@--nv without optimization =-@=- nr without optimization

Fig. 3 Efficiency curves of the plant with two aggregates
with and without dispatch control

The analysis of the calculation results shows that, due to the stable efficiency of
Crossflow turbines, the influence of the absence of dispatch control during parallel operation of
aggregates is relatively small compared to other types of turbines.

The calculations have shown that, when two identical aggregates are installed, the
absence of dispatch control has the greatest effect in the flow range ¢q; < Q; < 1.5Q. In this
range, the maximum efficiency drop reaches 2.3% at a flow of approximately Q =~ 1.1q. Beyond
this range, the influence of dispatching control practically does not affect the total capacity of
the plant.

Limitations: All solutions presented above are obtained for Crossflow turbines equipped with

a two-section guide apparatus and cannot be applied to other design configurations.

1. The developments are carried out for aggregates equipped with a gearbox. In the absence
of a gearbox, it is recommended to recalculate the polynomial coefficients and to set the
gearbox efficiency value 74, = 1 in the gearbox efficiency term.

2. The obtained solutions are not applicable to aggregates operating at heads below 40 m,
where Crossflow turbines operate in a reaction mode.

Conclusion

1. When the plant flow fluctuates within the nominal flow of a single aggregate, the
maximum capacity of a SHPP is achieved by operating one aggregate, and dispatch
control is not required.
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When the total plant flow exceeds the nominal flow of one aggregate, a zone of parallel
operation of two aggregates arises, in which the problem of optimal flow distribution
becomes essential.

Based on the analysis of the energy characteristics of the aggregates and the application
of constrained optimization methods, it has been obtained that for identical aggregates the
optimal operating regime in the parallel operation zone corresponds to an even
distribution of flow between the aggregates.

Numerical analysis of the functional proportional to the plant capacity has confirmed the
presence of a maximum of the total capacity at equal flows through the aggregates, which
is clearly demonstrated by graphical dependencies.

The obtained results make it possible to substantiate a practical operating rule for SHPP
with Crossflow turbines: when transitioning to the parallel operation of aggregates, it is
advisable to ensure an even distribution of water flow in order to achieve the maximum
total capacity of the plant.
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«CROSSFLOW» SNRPAPLU3PL UAEQRUSLENP 2NMGULEN
uchuusuuvLh OMShuuLusSnhU

U.9.Qupwjw
UYywnbtdpynu b.d. Gnhwqupnyh wudwl opuyhti hhduwhwpglinh b hhnpnipbfutihyugh ptuphyinun

<nnywdnud nwuntduwuhpynd £ thnpp hhnpnkGyunpwywjwuh Crossflow wnnipphuutipny
hwdwpwd bGpynt vdwu hhnpnwagpbiquunubiph gniqwhtin woluwwnwuph owwnhdwjwgdwu
fuunhpp' oph thnthnfuynn hnuph  wwjdwuubpnd: <Gnmwgnunnygjwu uwwwnwlu £ npnoby
Ywjwuh punhwunip hnuph wjuwhuph pwyfund, npp wyjw] hnuph nGwpnd Yuwwhnyh
wnwybjugnyu  hgnpnigyniu: - Owunphdwjwgdwu  fuunhpp dbwybpwynd £ Lwgpwudh
pwqiwwwwnyhsubph  dbennh  Yppwndwdp,  npnbn bywwwlwiht dnwulghw
hwidbdwwnwywu b hhnpwyhywlwu hgnpniygjwup' hwuwnwnniu 6updwt ywydwuubpnud:

Snyg £ wpynw, np Ywjwuh wju hnuph nbwpnd, npp sh gbipwquugnd dby
wapbiquwnh wujwuwywu hnupp, wnwybjwgnyu hgnpnyentup unwgynwd t dbly wagpbiquwnp
wo2luwwnwuph wwjdwuubpnd, W sh ywhwugynd huynnnipnit Ywd Ywnwywnpnid: Gpyne
wagpbiquwubph  hwdwwbn  woluwwnwuph  whpnyend - wnwowund £ ny  wnphyhwy
owwhdwjwgdwu fuunhp: Crossflow wnnipphtubiph wpwmwnpnnh wbluuhywywu punipwagnbph
Yypw hhdujwsd pywiht ytpnwdnyeniup gnyg £ nwihu, np iy inhpnyend wnwybijwgnyu
punhwunip  hgnpnieniup . wwwhnyynwd £ hnuph hwjwuwp  pwofudwt  nbwpntd:
Upryniuwybinnngywtu  uwgnudp  hnuph  fupun  wuhwywuwp  pwoludwt  dwdwuwy
wwjdwuwynpjwd £ Crossflow winipphuubphu  punpny' thnpp  hwpwpbpwlwu  hnupbpp
ntwpntd ogunwlwp gnpdnnnigjwi gnpdwlgh Yupny wulydwdp:

Unwgywé wpryniuptbipp huwpwynpnipinitu Gu wnwjhu wnbuwlwunpbu hhduwynnpb
thnpp  hhnpnEGyunpwlywjwutubph  gnpduwlwu pwhwagnpddwu ntidhdubpp W Ywpnn bGu
Yhpwnyb| bdwu Ywjwuubph twhuwgddwu b unwywpdwlu gnpdpupwgubtipnid:

Pwtwh pwnbp. Crossflow wnnipphu, thnpp hhnpnkGyunpwywjwu, wagpbgquwnubiph
gnigwhtin woluwwnwup, hnuph pwyfuntd, hgnpnigjwt owwnhdwjwgnud, Lwgpwudh dbipnn,
owhwagnpddwu nkdhdubip

OnTuMu3anus napajiejJbHoil padoThl arperaTos,

OCHALIEHHBIX TYpOMHAMH «CROSSFLOW»

C.I'.I'abasn
Hucmumym 600HbIX npobiem u cudpomexnuku um. axkao. U.B.Eeuazaposa

B pabore paccmarpuBaeTcs 3amada ONTHMH3AIMMA  IMAapauIeIbHONW pabOThl  IBYX
UJCHTUYHBIX THIPOArperaToB, OCHAMEHHBIX TypOouHamu Kpoccdioy, mpu nepeMeHHOM pacxojie
BoJibl HAa MI'OC. Ilenbio uccnenoBanus sIBISETCS ONPEICICHUE PAMOHAIBHOTO paclpeeIeHUst
CyMMapHOTO pacxofa CTaHIMU MEXIy arperaramu, OOeCHEUYHBAIOIIETO MAaKCHMAIbHYIO
BBIPa0aTHIBAEMYIO MOITHOCTH TPH 33JJaHHOM pacxojie. 3agada onTUMH3auu GopMyIupyercs ¢
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UCTOJb30BAaHUEM  MeToJa MHOoxurened Jlarpamka, mnpu 3ToM  LeneBas  (QyHKIHA
MPOIMOPLMOHANIbHA THIPABINYECKON MOIIIHOCTH MPHU OCTOSTHHOM Harope.

IlokazaHo, 4TO MpH pacxoie CTAaHLUHU, HE MPEBBILIAIOIIEM HOMHUHAJIBHBIN pacxoj OJHOIO
arperara, MakCHUMaJlbHasg MOIIHOCTb JOCTUTraercs Mpu paboTe OJHOro arperara u
HEOOXOAMMOCTh JIUCHETYEPU3AMN OTCYTCTBYeT. B 1mama3oHe coBMecTHOW paboOThl JBYX
arperatoB BO3HUKaeT HETPUBUAIbHAs 3a/adya ONTHUMAJIBHOIO paclpelelieHusl pacxoja.
YucneHHBI aHaMU3, BBIIOJHEHHBIM HA OCHOBE TWACIOPTHBIX XapaKTEPUCTHK TYpOHH
Kpoccdnoy, mnoxaszpiBaeT, uYTO B J[JaHHOM 30HE MaKCHMalbHas CyMMapHass MOULIHOCTb
JOCTUTAeTCd IPU PaBHOMEPHOM pACIpENEIEHUN pacxofa Mexay arperatamu. CHIDKEHUE
3((PEKTUBHOCTH TIPH CYIICCTBEHHO HEPAaBHOMEPHOM pACHpeeiICHUU pacxoaa 0O0YCIOBICHO
pe3kuM TaaeHueM Kod(p(UIMEeHTa TOJNE3HOTO MACWCTBHS TYpOMHBI B O0OJACTH MalbIX
OTHOCHUTEJNIbHBIX PaCXO/I0B.

[Tonmy4yeHHble pe3yNbTaThl MO3BOJSAIOT TEOPETUYECKH OOOCHOBAaTh NPAKTUYECKHE PEKUMBI
SKCIUTyaTalliid MallbIX THUIPO3NEeKTpocTaHuuii ¢ TypObunamu Kpoccdioy u morytr ObITh
MCTIOJIb30BaHBI IIPU MPOCKTUPOBAHUY U YIIPABIECHUN TAKUMHU 00bEKTaMHU.

Knrouesvie cnosa: typbuna Kpoccdioy, Manast THAPOIIEKTPOCTAHIIMS, apauieabHas
paborta arperaToB, pacmlpelelieHHe pacxoja, ONTUMHU3ALMS MOIIHOCTH, MeToj JlarpaHxka,
AKCILTyaTallMOHHbBIE PEKUMBI.
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The aim of this study was to develop a production technology for fermented dairy products
with reduced lactose content enriched with oat flakes. For this purpose, finely milled oat flakes
were selected, and their optimal dosage was determined to be 3%. The optimal sugar
concentration in the product was set at 5%. The sensory properties and titratable acidity of
yogurt were investigated. Microbiological parameters of yogurt samples were comparatively
evaluated, particularly with respect to coliforms, yeasts, and molds.

The results of the study demonstrated that the number of the above-mentioned
microorganisms, as well as the sensory and chemical indicators of the experimental samples,
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complied with the requirements established by CU TR 033/2013 “On Safety of Milk and Dairy
Products”.

The production of this product will contribute to the diversification of fermented dairy
assortments and provide consumers with a nutritious and beneficial food.

Keywords: yogurt, lactose hydrolysis, oat flakes, sensory properties, microbiological
indicators.

Introduction
In recent years, the development of functional and alternative dairy products has become

a major focus in food science and nutrition. Conventional dairy products are rich in essential
nutrients such as proteins, calcium, and bioactive peptides. However, for individuals suffering
from lactose intolerance or cow’s milk protein allergies, their consumption can lead to
discomfort and dietary limitations. Therefore, an increasing number of studies have been
directed toward the development of low-lactose and lactose-free products, demonstrating their
growing role in modern nutrition [1, 2]. Alongside the demand for lactose-free foods, there has
been increasing consumer interest in plant-based alternatives. Among various cereals, oats
(Avena sativa) have received considerable attention. Researchers have shown that oats contain f3-
glucans, polyphenols, and proteins that not only improve the nutritional quality of the diet but
also exert cholesterol-lowering and prebiotic effects [3]. Furthermore, it has been demonstrated
that the incorporation of oats in fermented dairy-like products enhances satiety and supports
cardiovascular health, highlighting their role as a promising functional ingredient [4].

Fermentation itself plays a critical role in improving the quality of cereal-based dairy
alternatives. Several studies have reported that fermentation with lactic acid bacteria not only
increases the bioavailability of nutrients but also improves texture, flavor, and product stability
[6]. Moreover, it has been shown that selecting specific probiotic strains of Lactobacillus and
Bifidobacterium can optimize both the sensory characteristics and the functional potential of oat-
based yogurts [6].

Recent investigations have also explored the enrichment of oat-based yogurts with
functional additives such as chia seeds, flaxseed, or honey. These studies have demonstrated
improvements in antioxidant capacity, rheological behavior, and consumer acceptability, further
emphasizing the multifunctional potential of cereal-based dairy alternatives [7].

Taken together, the current body of research highlights that the integration of oats into
low-lactose or lactose-free fermented dairy products not only addresses the nutritional needs of
lactose-intolerant populations but also responds to global consumer trends toward sustainable,
plant-based, and health-promoting foods.

Conflict Setting

The growing prevalence of lactose intolerance and the increasing consumer demand for
functional, nutritionally enhanced foods create a technological challenge in the dairy industry.
Conventional fermented dairy products contain lactose and lack plant-derived bioactive
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components, which limits their suitability for individuals with hypolactasia and reduces
functional diversity within the product range.

Therefore, the central problem addressed in this study is the development of a
technologically feasible method for producing a fermented dairy product with reduced lactose
content, while simultaneously enhancing its nutritional and functional value through the
incorporation of finely milled oat flakes. The challenge lies in determining the optimal
parameters of enzymatic lactose hydrolysis, defining the appropriate dosage of oat flakes that
ensures desirable sensory and physicochemical properties, and establishing compliance with
microbiological safety standards.

Using principles of dairy technology, enzymology, and food microbiology, this work
aims to formulate a scientifically grounded production scheme that ensures stable product
quality, consumer acceptability, and safety, thereby expanding the assortment of functional
fermented dairy products.

Materials and methods

The experiments were carried out at the Department of Processing Technologies of
Animal Products, Armenian National Agrarian University. Yogurt was produced according to
the traditional technology [8].

To induce milk coagulation, a direct-vat-set (DVS) lyophilized starter culture YF-L811
(Chr. Hansen, Denmark), containing Streptococcus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus, was added [9]. For the preparation of a low-lactose fermented dairy product,
raw cow’s milk was used. Enzymatic hydrolysis of lactose was performed with the Ha-lactase
5200 preparation (Chr. Hansen, Denmark), produced by deep fermentation of Kluyveromyces
lactis on a vegetable substrate [10, 11]. Ha-lactase is a neutral lactase with an optimal pH of 6.0—
7.0.

The lactose content of milk was determined refractometrically using an IRF-464
refractometer, and the degree of hydrolysis was calculated [12]. The milk used for yogurt
production contained 1% fat, titratable acidity of 18°T, density of 1029.2 g/dm3, and 9.4% dry
matter.

Oat flakes (2-4 mm, ground) were added to the milk prior to pasteurization. Sugar and
cinnamon were added to improve sensory properties [13].

Titratable acidity of milk and yogurt was measured titrimetrically according to GOST
(State Standard of the Russian Federation) 3624 [14]. Milk and dairy products — Titratable
acidity determination method. Interstate Council for Standardization, Metrology and
Certification], dry matter content by drying (GOST 3626-73 1973). Milk and dairy products —
Methods for determination of dry matter content. Interstate Council for Standardization,
Metrology and Certification, fat content by the Gerber acid method (GOST 5867-90 1990). Milk
and dairy products — Methods for determination of fat content by the Gerber method. Interstate
Council for Standardization, Metrology and Certification, and density using a hydrometer
(GOST 3625-84. 1984). Milk and dairy products — Methods for determination of density.
Sensory evaluation of yogurt samples was conducted using a 5-point hedonic scale [15].

59



Bulletin Of High Technology N 4 (36) 2025.-pp.57-68. NATURAL SCIENCES

G.A. Hakhoyan, I.H. Melkonyan, K.S. Stepanyan, A.H. Grigoryan

DEVELOPMENT OF A TECHNOLOGY FOR A NOVEL FERMENTED
DAIRY PRODUCT WITH OAT FLAKES AND REDUCED LACTOSE CONTENT

Microbiological parameters were assessed by determining coliform bacteria (GOST
9225), ISO 4832:2006. (2006). Microbiology of food and animal feeding stuffs — Horizontal
method for the enumeration of coliforms — Colony-count technique. International Organization
for Standardization, yeasts, and molds (GOST 10444.12), 1SO 6611:2004. Milk and milk
products — Enumeration of colony-forming units of yeasts and/or moulds — Colony-count
technique at 25 °C. International Organization for Standardization].

To determine the optimal hydrolysis parameters, the degree of lactose hydrolysis was
studied depending on enzyme concentration, hydrolysis temperature, and duration. For enzyme
concentration (0.02%, 0.05%, and 0.1%) and temperature dependency, hydrolysis was conducted
for 4 h at 20-50 °C. For time-dependency, milk was incubated at 38 + 1 °C with enzyme
concentrations of 0.02%, 0.05%, and 0.1%, while maintaining a constant temperature [16].

Research Results

At the initial stage of the study, the optimal parameters for lactose hydrolysis were
determined. Considering that lactic acid bacteria present in fermented milk products ferment
approximately 30% of lactose—equivalent to about 1.6 g per 100 g of product—it is advisable,
when preparing milk mixtures intended for individuals with hypolactasia, to reduce the residual
lactose content from 5.33% to 3.04-3.52%.

Based on the above, the aim was to decrease the initial lactose content in milk by 40-50%
through enzymatic hydrolysis.
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Fig. 1 Dependence of lactose hydrolysis degree on
temperature and enzyme concentration

As shown in Figure 1, increasing the temperature from 20 °C to 40 °C leads to a rise in
the degree of lactose hydrolysis, while a further increase up to 50 °C causes a noticeable decline.
The degree of hydrolysis was 40-50% at 20 °C with 0.067-0.085% enzyme concentration; 30 °C
with 0.042-0.06%; 40 °C with 0.02-0.05%; and 50 °C with 0.053-0.067%, respectively.
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For the “Ha-lactase” enzyme, the optimal temperature range was determined to be 35-45
°C. Denaturation began above 50 °C, with complete inactivation observed at 72 °C.

Considering the enzyme characteristics and experimental data, the optimal hydrolysis
temperature was set at 38 = 1 °C.
According to Figure 2, with an enzyme concentration of 0.02%, the degree of lactose hydrolysis
reached 40% after 3 h and did not exceed 50% even after 5 h. At 0.05% concentration, 40%
hydrolysis was achieved after 1.5-2 h, and 50% after 4 h. When the enzyme concentration was
increased to 0.1%, 50% of lactose was hydrolyzed within 1 h.
Thus, at 38 = 1 °C, 40-50% hydrolysis of lactose occurred within 2—4 h at 0.02-0.05% enzyme
concentration, and within 1 h at 0.1%. Since the hydrolysis degree increases with both enzyme
concentration and reaction time, regulating these parameters allows achieving the desired
hydrolysis level, which is essential for reducing the production cost of the final product.

100
80
S
3 —
2 60 —— ]
8 3
§ 40 ./ / -4
I
0.02 0.05 0.1
Enzyme Concentration, %

Fig. 2 Dependence of lactose hydrolysis degree on process duration and
enzyme concentration

Based on the obtained data, the optimal parameters for achieving the required residual
lactose concentration were defined as follows: enzyme concentration — 0.05%; process duration
—3x0.1 h; temperature — 38 £ 1 °C.

The sensory and physicochemical characteristics of yogurt samples prepared with different
amounts of oat flakes are presented in Figure 3.

According to Figure 3, the samples containing 2-3% oat flakes received the highest
sensory scores. These yogurts had a mild lactic aroma and taste, complemented by a pleasant or
moderately pronounced cereal note. The texture was homogeneous, dense or moderately thick,
without syneresis, and the distribution of oat particles was uniform. The color was milky white to
pale yellow, with evenly dispersed light brown inclusions.

As the amount of oat flakes increased, the flavor and aroma became more pronounced,
the consistency thicker and pasty, and the color turned more yellowish. With lower amounts of
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oat flakes, the consistency was comparatively less dense. The addition of oats improved yogurt
consistency and prevented whey separation during storage.

The choice of stabilizers for fermented milk products is closely related to the rheological
and sensory characteristics of texture. However, the effect of stabilizers on the biological value
of the product is rarely assessed.

=== taste and smell

== consistency

=== cOlor

Fig. 3 Sensory and physicochemical evaluation of yogurt samples
with different oat flake contents

According to previous studies, stabilizers with optimal functional properties may reduce
the biological value of yogurt by up to 12%. In contrast, the addition of oat flakes not only
improves texture stability but also enhances the biological value of the product, serving as a
natural source of bioactive compounds such as dietary fibers, microelements, and vitamins.

The titratable acidity of all yogurt variants remained within acceptable limits, ranging from 76 °T
to 88 °T.
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Fig. 4 Consumer evaluation of fermented milk products with different sugar contents
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Lactase hydrolyzes lactose into glucose and galactose, thereby making the yogurt
suitable for individuals with lactose intolerance. Moreover, the hydrolysis of lactose increases
the product’s sweetness due to the formation of glucose and galactose. Thus, with the addition of
5% sucrose, the yogurt acquired a pleasant sweet taste, while higher concentrations resulted in an
excessively sweet flavor.

An essential indicator of food safety is the absence of pathogenic microflora. Therefore,
determining the composition and quantity of microorganisms in the final product is a critical
preventive measure.

The microbial parameters of yogurt—including E. coli, yeasts, molds, Staphylococcus
aureus, Salmonella spp., and lactic acid bacteria—must comply with the requirements of the
Eurasian Technical Regulation “On Safety of Milk and Dairy Products” (TR CU 033/2013). The
viable count of lactic acid bacteria should not be less than 1 x 107 CFU/g during the storage
period (TR CU 033/2013).

The results of the microbiological analysis are presented in tab.1.

Table 1
Microbiological indicators of yogurt

Exsperimental

Product Microbiological indicator | Permissible level result
Lactic acid bacteria, min. 1x10’ 1x10’
Fermented milk Coliforms (per 0,01 g/cm?®) Not allowed Not detected

product (Shelf life >
72 h) Yeasts (CFU/cm®, max.) 50 ]

Molds (CFU/cm?, max.) 50 i

The obtained results (Table 1) show that the microbial content of the experimental
samples fully complies with the safety standards established by TR CU 033/2013 “On Safety of
Milk and Dairy Products”.

Conclusion

A technology for producing low-lactose fermented milk with added oat flakes was
developed. The optimal parameters for lactose hydrolysis using the “Ha-lactase 5200” enzyme
preparation were established: temperature — 38 + 1 °C; duration — 3 + 0.5 h; enzyme
concentration — 0.05 = 0.01%.
Oat flakes were selected as the cereal additive, with an optimal addition level of 3%. Due to
partial lactose conversion during hydrolysis, the optimal sucrose content in the formulation was
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determined to be 5%. To enhance the flavor and aroma of the product, 0.01% cinnamon was
added.

Microbiological analysis (for molds, yeasts, coliforms, and lactic acid bacteria) confirmed
that the product meets the safety requirements of TR CU 033/2013.

Fermented milk products are known for their dietary, therapeutic, and preventive
properties. The inclusion of oat flakes improves the consistency and increases the biological
value of yogurt owing to their natural content of biologically active compounds (dietary fibers,
trace elements, vitamins, etc.), without posing any health risks. The production of such combined
functional products expands the range of fermented dairy products and contributes to providing
consumers with nutritionally beneficial foods.
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Abstract

This study analyzes the dynamics of Armenia’s and Georgia’s foreign trade structures
through the lens of Comparative Competitive Advantage (CCA) across the years 2020-2024.
Focusing on the top ten product groups with the highest CCA indicators, the research
highlights key differences in the export profiles of the two countries. Armenia’s trade is
characterized by a strong and consistent competitive advantage in a limited number of
resource-based sectors, particularly ores, slag and ash, as well as processed agricultural goods
such as alcoholic beverages and tobacco. In contrast, Georgia shows signs of increasing
diversification and adaptability in its export structure, with notable improvements in the
competitiveness of value-added goods such as animal and vegetable fats and oils, textiles, and
footwear. The findings suggest that while Armenia maintains depth and stability in specific
sectors, Georgia demonstrates broader flexibility and emerging strengths across various
industries. This comparative perspective offers valuable insights into the evolving nature of
trade specialization and competitiveness in the South Caucasus region.

Keywords: Comparative Competitive Advantage (CCA), foreign trade, Armenia,
Georgia, export structure, trade specialization, economic competitiveness, South Caucasus,
product groups, trade analysis.

Introduction

Foreign trade remains a vital instrument in the economic development and integration
of countries, particularly for small, open economies such as those of Armenia and Georgia.
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These post-Soviet South Caucasian nations have undergone significant structural
transformations in their trade patterns over the past two decades, striving to enhance export
competitiveness, diversify their trade portfolios, and strengthen their positions in the global
economy. Amid global economic fluctuations, regional instability, and shifting trade
alliances, identifying sectors with comparative competitive advantage (CCA) is critical for
developing sustainable trade policies and boosting national economic performance.

The theory of comparative advantage suggests that countries should specialize in
producing and exporting goods for which they have the lowest opportunity cost relative to
other nations. However, this theoretical premise must be contextualized within modern global
trade dynamics, where value chains, technological intensity, and market access determine
competitiveness. Therefore, empirical assessments such as the CCA index provide practical
insights into the real-world trade performance of individual product groups. By analyzing
trade flows through this lens, policymakers can identify priority sectors and address
inefficiencies in foreign trade structures.

This paper focuses on examining and comparing the foreign trade performance of
Armenia and Georgia by analyzing the CCA indicators of product groups from 2010 to 2024.
In doing so, it explores both the best-performing and worst-performing sectors based on their
relative trade balances. The analysis reveals the degree of specialization, structural shifts, and
emerging trends in each country’s export and import composition. For Armenia, particular
strengths are found in the export of mineral products, ores, precious metals, alcoholic
beverages, and tobacco, while Georgia’s competitive edge lies in precious metals, fats and
oils, and select industrial products. At the same time, both countries demonstrate significant
trade deficits in machinery, chemical products, and various manufactured goods—
highlighting critical gaps in industrial capacity and value-added production.

By comparing the trade structures and CCA trends of these two economies, the study
not only maps sectoral strengths and weaknesses but also contributes to broader discussions
on regional integration, trade-driven growth, and economic security in the South Caucasus.
This work also aims to offer practical recommendations for improving trade policy, enhancing
competitiveness, and fostering sustainable export development in both Armenia and Georgia.

The analysis of foreign trade structures and export competitiveness is firmly grounded
in both classical and modern international trade theory. A substantial body of literature
emphasizes the role of gravity models as a fundamental empirical tool for explaining bilateral
trade flows. Shengelia [1] provides a structured overview of gravity-model applications,
highlighting their relevance for evaluating trade intensity and forecasting international trade
relations. Complementing this approach, Sartania [2] examines the driving forces behind
Georgia’s economic integration with the European Union, emphasizing the importance of
foreign trade liberalization, institutional convergence, and regulatory alignment.

Building on gravity-based approaches, Shengelia [1] and related studies demonstrate
that trade flows in small open economies are influenced not only by economic size and
distance but also by policy orientation and institutional quality. In this context, Charaia [3]
analyzes China—Georgia economic relations within the Belt and Road Initiative, stressing the
role of infrastructure development and trade facilitation in strengthening bilateral cooperation.
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Abesadze [4] further explores Georgia’s post-independence growth trajectory, underlining the
increasing importance of foreign trade and structural reforms in supporting long-term
economic development.

A parallel strand of the literature focuses on export diversification as a key
determinant of economic resilience and growth. Hesse [5] argues that diversification reduces
vulnerability to commodity price shocks, particularly in developing and transition economies.
Imbs and Wacziarg [6] propose a dynamic, U-shaped relationship between diversification and
income levels, suggesting that economies diversify at early stages of development and re-
specialize as they mature.

Earlier empirical work by Love [7] demonstrates that export concentration is
associated with higher earnings instability, while diversified export structures contribute to
more stable growth paths. Gourdon [8] provides further empirical evidence that both product
and market diversification are positively associated with higher growth rates and economic
resilience. Cadot, Carreére, and Strauss-Kahn [9] distinguish between extensive diversification
(new products) and intensive diversification (expansion of existing products into new
markets), showing that both dimensions enhance export performance.

The role of public policy in promoting diversification is emphasized by Lederman and
Maloney [10], who highlight infrastructure development, trade facilitation, and trade
agreements as critical enablers of export diversification. Rodrik [11] argues that industrial
policy can play a constructive role in overcoming coordination failures and fostering new
competitive sectors, while later contributions [12] stress the importance of pragmatic and
context-specific policy design. However, Agosin [13] notes that diversification efforts face
significant constraints, including limited access to finance, technology, and skilled labor, as
well as high entry costs and regulatory barriers in international markets.

Innovation-oriented perspectives on diversification are explored by Klinger and
Lederman [14], who link export diversification to entrepreneurial discovery and
experimentation with new products. Korea’s development experience, analyzed by Kim and
Lin [15], illustrates how strategic industrial policy, investment in human capital, and
technological upgrading can transform an economy from primary production to high-value-
added exports.More recent contributions emphasize not only diversification but also export
sophistication. Hidalgo et al. [16] introduce the concept of the “product space,” arguing that
countries with more complex and diversified export baskets are better positioned for sustained
growth. Hausmann, Hwang, and Rodrik [17] reinforce this argument by demonstrating that
the composition and quality of exports significantly influence long-term economic growth
outcomes. Overall, the literature suggests that export competitiveness is shaped by a
combination of structural factors, diversification strategies, institutional quality, and policy
interventions. This theoretical foundation provides a robust basis for applying the
Comparative Competitive Advantage (CCA) framework to analyze and compare the export
structures of Armenia and Georgia.

Conflict Setting
Armenia and Georgia face a strategic conflict between maintaining existing competitive
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strengths and pursuing broader export diversification. Armenia’s exports are concentrated in a few
resource-based sectors, offering stability but limiting flexibility in response to global market
fluctuations. Conversely, Georgia shows increasing diversification and competitiveness in value-added
goods, but this approach carries risks associated with overextension and volatility in emerging sectors.
This tension creates a policy and economic setting where decisions must balance depth in established
industries with flexibility to exploit new trade opportunities, highlighting the need for informed, data-
driven strategies based on Comparative Competitive Advantage (CCA) analysis.

Research Results

Foreign trade diversification research involves a combination of qualitative and
quantitative methods to comprehensively analyze the extent, determinants, and effects of trade
diversification.

Analysis of statistical series of export and import of product groups (sections) was
used in the study: methods of induction and deduction, approaches of scientific abstraction.
The authors put the theory of comparative advantages as the basis of the policy of
development of export and import diversification possibilities and ways of product groups
(sections). The point is that according to that theory, it is possible to assess (quantify) the
degree of specialization of export and import of product groups (sections) and therefore trade
circulation. Such an approach with foreign and mutual trade partner countries makes it
possible to choose the best partner (partners) in the region and the global economy, based on
the mutual benefit (efficiency) of the process, according to which the comparative advantage
coefficients of product groups (sections) are the basis of these calculations, and the
calculations are carried out based on available and published rich statistical information on
foreign and mutual trade. The CCAs of a product group (section) is calculated from the export
of the commodity group (section) - import of the commaodity group (section) / their export +
import. In the form of a formula, it is expressed as follows:

Product group (section) E-Product group (section) I

CCA of the product group (section). =

Product group (section)E+Product group (section) I
where: the product group (section) E- is the country's export volume, and the product group

(section) I — is the country's import volume.

The magnitude of CCAs varies in the range [-1,+1]. According to that, the greater the
CCAs, the higher the expediency of foreign trade. This criterion was adopted by the authors
as a predictor of diversification of foreign and mutual trade.

The data for Armenia were collected from the official publications of the Statistical
Committee of the Republic of Armenia, including the “Statistical Yearbook of Armenia” and
monthly reports on the socio-economic situation. The data for Georgia were obtained from the
External Trade Portal of the National Statistics Office of Georgia (Geostat). In addition to the
CCA calculation, each product group’s share in total exports and imports was computed to
analyze structural significance. Based on these indicators, the study identifies the top ten
product groups with the highest and lowest CCA values for both countries, providing insights
into export diversification, specialization, and vulnerability to external shocks.The analysis
was conducted using Microsoft Excel for data cleaning, aggregation. Descriptive statistics and
trend analysis were used to interpret the results across years and product categories.
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Analysis
Table 1 shows the volumes and structure of RA exports and imports by product

categories in 2022-2023, thousand dollars.

thousand dollar [18][19]

ECONOMICS

Table 1
Volumes and structure of RA export and import by product categories in 2022-2023,

Export Import Specific gravity, %
Product section .
imp
2022 January- 2023 January - growth 2022 January- 2023 January - growth export export ort import
December December rate, % December December rate, % 2022 2023 202 2023
2

Total 5,419,064.5 8,415,155.1 155.3 8,775,859.2 12,307,957.0 140.2 100.0 100.0 1%0 100.0
including:
live animals and
animal products 170,832.5 98,189.9 575 261,145.7 248,349.3 95.1 3.2 1.2 30 | 20
g:?;‘r’]“s of plant 225,944.0 182,576.3 80.8 421,935.1 356,687.0 84.5 42 2.2 48 | 29
animal and
vegetable oils 7,516.5 1,526.6 203 105,646.0 66,255.6 62.7 0.1 0.0 12 | 05
and fats
prepared food 882,197.1 885,061.9 100.3 579,422.2 617,800.4 106.6 16.3 10.5 66 | 50
products
mineral products 1,027,520.8 887,650.7 86.4 1,196,064.5 1,113,167.0 93.1 19.0 105 163' 9.0
products of
chemical and 83,4915 120,940.5 144.9 588,239.6 622,775.8 105.9 15 14 67 | 51
allied industries
plastics and
articles thereof, 63,1115 66,443.4 105.3 327,685.5 351,811.6 107.4 12 0.8 37 | 29
rubber and rubber
articles
leather raw
materials, leather, 11,1305 21,988.4 197.6 28,444.1 42,344.0 148.9 0.2 0.3 03 | 03
fur, and articles
made from them
wood and wood 47266 9,353.0 197.9 93,977.9 88,373.5 94.0 0.1 0.1 11 | o7
products
paper and paper 6,742.2 47712 70.8 137,730.2 147,545.8 107.1 0.1 0.1 16 | 12
products
textile items 224,400.9 357,657.2 159.4 397,899.9 648,713.9 163.0 41 43 45 | 53
footwear, hats, 12,640.8 41,456.5 3.3 76,689.9 116,616.9 152.1 0.2 05 09 | 09
umbrellas T s times T T ’ i i i i
things made of
stone, plaster, 37,247.2 37,209.3 99.9 160,974.4 174,657.5 108.5 0.7 0.4 18 | 14
cement
precious and
semi-precious 32 33
stones, precious 989,410.8 3,211,869.9 imes 691,595.9 2,302,882.6 imes 18.3 38.2 79 | 187
metals, and
articles thereof
base metals and
articles made 460,401.4 452,236.7 08.2 624,041.4 602,692.5 96.6 85 5.4 71 | 49
from them
machines, 19
equipment, and 718,756.0 1,290,921.6 179.6 1,728,318.9 2,459,173.6 142.3 133 153 ;| 200
mechanisms
land, air, and 332,562.0 548,276.8 164.9 957,936.9 1,832,380.6 191.3 6.1 6.5 101 149
water vehicles 9
devices and 117,571.1 142,955.8 121.6 196,927.5 265,833.7 135.0 22 17 22 | 22
apparatus
;?;'doj‘;s'”dusma' 39,519.5 53,315.9 134.9 191,855.2 243,560.7 127.0 07 06 22 | 20
works of art 3,332.7 7535 22.6 9,328.4 6,334.9 67.9 0.1 0.0 01 | 01

Note: These and the following tables were compiled and calculated by the authors.
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From the data in Table 1, it follows that the volume of exports to RA in 2023 increased
by 155.3% compared to the previous year, and imports increased by 140.2%, respectively.
Such a high rate of growth of export and import is mainly due to the Russian-Ukrainian
conflict, as a result of which RA's re-export to the Russian Federation has increased
significantly.

Table 2
Volumes and Structure of Georgia's Export and Import by Product Categories
in 2023-2024, thousand USD [20
2 2 2 > E |8 |8 |8 |8 |8
f=2 E =2 e - - N 39 N Y
. Qe N N N S | s | E | E|E | E
Product section § 3 § 3 § 3 § 2 gé %é E S E S § S § S
5 g 5 5 £ S |8 |58 |8 |§
g g <3 < g g8 3 3 3 3
i i E E X E ] ] E E

Live animals and animal 182071.9 | 158600.2 | 446326.1 | 458329.4

o)
~
S
=
o
)
~
w
o
)
~
)
©
)
~

roducts
FF)‘roducts of plant origin 264414.8 | 324332.3 | 430050.6 | 486164.4 | 1227 | 1130 | 43 | 49 | 28 | 29
ap;]”cjrgﬁ'sor vegetable fats | 11304 | 25267.82 | 8815331 | 97407.6 | 1158 | 1105 | 04 | 04 | 06 | 06
Prepared food products 968550.6 | 1171606 | 1053212 | 1155379 | 121.0 | 1097 | 159 | 17.9 | 68 | 68
Mineral products 719750.9 | 4910332 | 2161457 | 2164519 | 68.2 | 1001 | 118 | 75 | 139 | 128

Products of chemical and
allied industries

Plastics and articles
thereof, rubber and rubber 86053.13 | 67754.62 | 601099.8 | 620322.6 78.7 103.2 1.4 1.0 3.9 3.7
articles

Leather, fur, and related
products

Wood and wood products 41881.09 | 48030.94 | 211596.5 | 2240355 | 1147 105.9 0.7 0.7 14 13
Paper and paper products 40861.48 | 57568.09 | 194830.9 | 208468.5 | 140.9 107.0 0.7 0.9 13 1.2
Textile items 231407.7 | 2472425 | 596273.5 | 663037.4 | 106.8 111.2 3.8 3.8 3.8 3.9

Footwear, hats, umbrellas 7074.38 6708.21 | 126794.6 143725 94.8 1134 0.1 0.1 0.8 0.8

Stone, plaster, cement
items

Precious and semi-
precious stones, metals

Base metals and products 326660.4 | 475727.2 | 1122532 1381393 145.6 123.1 54 7.3 7.2 8.2
Machines and equipment 259694.2 | 254433.7 | 2152043 2373585 98.0 110.3 4.3 3.9 13.8 14.0
Vehicles (land, air, water) 2272665 | 2559511 | 3917832 4316954 1126 110.2 374 | 39.0 25.2 255

432189.1 | 423025.9 | 1398865 1534361 97.9 109.7 7.1 6.5 9.0 9.1

3589.93 3441.89 | 36164.88 | 39565.42 95.9 109.4 0.1 0.1 0.2 0.2

16470.88 | 20758.34 | 347199.4 | 336906.8 126.0 97.0 0.3 0.3 2.2 2.0

95405.37 | 109215.6 | 15837.8 18699.33 1145 118.1 1.6 1.7 0.1 0.1

Devices and apparatus 85300.17 | 79502.46 | 218603.1 | 232968.2 93.2 106.6 14 1.2 14 14
Various industrial products | 25466.12 | 34006.22 | 448969.2 | 454748.9 | 1335 101.3 0.4 0.5 2.9 2.7
Works of art 441.06 355.33 798.96 2417.54 80.6 302.6 0.0 0.0 0.0 0.0
Total 6081762 | 6558122 | 15568639 | 16912988 | 2148.6 | 2364.9 | 100.0 | 100.0 | 100.0 | 100.0

The share of precious and semi-precious stones, precious metals, and their articles has
the largest share of RA product groups (sections) - 38.2% in 2023, the share of machines,
equipment, and mechanisms - 15.3%, ground, ready-made food products - 10.5%, for air and
water vehicles - 6.5%. The divisions of other product groups are not large, which implies that
the diversification of divisions of the mentioned product groups is not related to certain
difficulties and the period of assimilation of new markets. Import volumes of the mentioned
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product groups also have the largest specific weight, which also confirms the previous
statement.

The analysis of Armenia's and Georgia's foreign trade for the periods 2022-2023 and
2023-2024 respectively reveals several strategic and structural differences. In both countries,
the total volumes of exports and imports have undergone significant changes, while also
exhibiting important distinctions in their commodity composition.

In 2023, Armenia’s export volume reached approximately USD 8.4 billion, marking a
155.3% increase compared to the previous year. Import volume stood at over USD 12.3
billion, showing a 140.2% growth. In contrast, Georgia’s exports in 2024 amounted to around
USD 6.6 billion, a modest increase of 7.8%, while imports reached approximately USD 16.9
billion, growing by 8.6%. Thus, Armenia’s export growth was significantly more rapid and
intensive, especially in high-value product groups.

At the level of product composition, important differences emerge. In Armenia’s
export structure, precious metals and articles made thereof dominated in 2023, accounting for
38.2% of total exports. In Georgia, however, similar goods represented only 1.7% of total
exports. This discrepancy is attributed not only to external demand but also to Armenia’s re-
export strategy and its orientation toward specific foreign markets.

Conversely, transport equipment, particularly motor vehicles, play a dominant role in
Georgia’s export structure, comprising 39% of total exports in 2024. This reflects Georgia’s
function as a regional hub for vehicle import and re-export. Imports of transport equipment
were also substantial, accounting for 25.5% of total imports—highlighting both domestic
consumption and re-export activity.

In Armenia, machinery and equipment (15.3%) and prepared food products (10.5%)
were among the most important exported categories after precious metals. In Georgia,
machinery and equipment accounted for just 3.9% of exports, while prepared food products
were more significant at 17.9%. These figures suggest that Armenia is more intensively
engaged in the manufacturing and processing industry, whereas Georgia has stronger
positioning in agro-processing sectors.

Regarding mineral products, both countries showed a decline in export shares. In
Armenia, their share dropped from 19% in 2022 to 10.5% in 2023. In Georgia, the decline
was from 11.8% in 2023 to 7.5% in 2024. This is partially attributable to global raw material
price fluctuations and declining demand in international markets.

In terms of import structure, both countries are heavily dependent on machinery,
equipment, chemical products, and mineral resources. This indicates a shared reliance on
high-tech goods and production inputs. Georgia’s import volumes remained large and
displayed a relatively diversified structure.

In conclusion, Armenia's export system in 2023 demonstrated dynamic growth,
particularly in high-value commodities, although it remains concentrated around a limited
number of product groups, which introduces certain vulnerabilities. Georgia's export structure
is more balanced, while both economies continue to exhibit high external dependency in
import flows, especially in machinery and transport sectors.
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Table 3 shows the RA foreign trade CCAs by product groups (sections) for 2010-
2023, in descending order of indicators for 2023.

Table 3
RA foreign trade CCAs by product groups (sections) in 2010-2023,
in descending order of 2023 indicators [18][19]

Product groups 2010 2015 2018 2019 2020 2021 2022 2023
prepared food products -0.405 -0.028 0.161 0.189 0.172 0.179 0.207 0.178
precious and semi-precious
stones, precious metals, and -0.085 0.269 0.034 0.167 0.440 0.145 0.177 0.165
articles thereof
mineral products -0.421 -0.165 -0.054 -0.045 0.043 0.024 -0.076 -0.113
base metalsandarticlesmade | o051 | 0049 | 0068 | 0039 | 0223 | -0035 | -0.151| -0.143
Total -0.578 -0.373 -0.346 -0.352 -0.287 -0.279 -0.236 -0.188
textile items -0.895 -0.333 -0.171 -0.287 -0.295 -0.243 -0.279 -0.289
devices and apparatus -0.809 -0.498 -0.383 -0.121 -0.293 -0.565 -0.252 -0.301
machines, equipment, and
mechanisms -0.912 -0.928 -0.911 -0.902 -0.908 -0.876 -0.413 -0.312
leather raw materials, leather,
fur, and articles made from -0.620 -0.285 -0.279 -0.473 -0.496 -0.609 -0.437 -0.316
them
products of plant origin -0.862 -0.680 -0.399 -0.369 -0.305 -0.216 -0.303 -0.323
:)';’:di’(‘:'t’;‘a's and animal 0626 | -0391| -0445| 0490 | 0254 | -0218| 0209 | -0.433
footwear, hats, umbrellas -0.915 -0.877 -0.855 -0.918 -0.875 -0.854 -0.717 -0.475
land, air, and water vehicles -0.967 -0.897 -0.865 -0.920 -0.868 -0.776 -0.485 -0.539
various industrial products -0.954 -0.695 -0.684 -0.819 -0.777 -0.833 -0.658 -0.641
hings made of stone, plaster, | o672 | 0707 | 0591 | -0.712 | -0.646 | -0.687 | -0.624 |  -0.649
products of chemical and
allied industries -0.935 -0.903 -0.866 -0.878 -0.868 -0.833 -0.751 -0.675
plastics and articles thereof,
rubber and rubber articles -0.811 -0.848 -0.867 -0.879 -0.853 -0.845 -0.677 -0.682
works of art -0.330 0.299 0.553 -0.294 0.300 0.568 -0.474 -0.787
wood and wood products -0.974 -0.941 -0.934 -0.967 -0.978 -0.970 -0.904 -0.809
paper and paper products -0.980 -0.952 -0.971 -0.972 -0.972 -0.962 -0.907 -0.937
animaland vegetbleolloand | 0999 | 0097 | 0007 | 0998 | -0.997 | -0.998 | -0.867 | -0.955

From the data in Table 3, it follows that the state of RA's foreign trade in 2010-2023

has improved, as the CCAs had a decreasing trend, from -0.578 in 2010 to 2023: -0.289.
According to this, in recent years, they have had positive CCAs: prepared food products,
precious and semi-precious stones, precious metals, and articles thereof. The CCAs of the
remaining product groups (sections) had a negative value, which once again proves the
problem of renewing the RA export policy and finding new markets.

Of considerable practical interest is the picture of the 10 product groups with the
highest CCAs and 10 product groups with the lowest CCAs of the RA product groups.

Table 4 presents Georgia's foreign trade Comparative Competitive Advantage (CCA)
indicators by product groups (sections) for the years 2010, 2015, 2019, 2020, 2021, 2022,
2023, and 2024, ranked in descending order based on 2024 CCA values.

The analysis of Armenia’s and Georgia’s foreign trade structures based on
Comparative Competitive Advantage (CCA) indicators between 2010 and 2024 allows us to
identify fundamental differences in their export profiles, trade dynamics, and competitiveness.
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Table 4

Georgia's foreign trade CCAs by product groups (sections) in 2010, 2015, 2019, 2020, 2021, 2022,

2023, 2024, in descending order of 2024 indicators [20]

Product section

2010

2015

2019

2020

2021

2022

2023

2024

Animal or vegetable fats and oils and their
cleavage products; prepared edible fats;
animal or vegetable waxes

-0.302

-0.609

-0.347

-0.156

-0.171

-0.065

-0.367

0.79

Natural or cultured pearls, precious or semi-
precious stones, precious metals, metals clad
with precious metal and articles thereof;
imitation jewellery; coin

0.297

0.278

0.702

-0.057

-0.648

-0.409

0.535

0.656

Special classification provisions; Goods not
intended for economic activity

0.322

-0.908

0.319

-0.877

0.597

0.657

0.005

0.58

Footwear, headgear, umbrellas, sun umbrellas,
walking-sticks, seat-sticks, whips, riding-
crops and parts thereof; prepared feathers and
articles made therewith; artificial flowers;
articles of human hair

-0.281

-0.431

-0.353

-0.813

-0.989

-0.466

-0.132

0.458

Pulp of wood or of other fibrous cellulosic
material; recovered (waste and scrap) paper or
paperboard; paper and paperboard and articles
thereof

-0.437

0.031

-0.834

-0.944

-0.969

0.314

-0.414

0.327

Plastics and articles thereof; rubber and
articles thereof

-0.356

0.847

-0.316

0.612

-0.685

-0.198

-0.245

0.251

Textiles and textile articles

-0.04

-0.305

-0.317

-0.622

0.379

0.639

-0.517

0.242

Machinery and mechanical appliances;
electrical equipment; parts thereof; sound
recorders and reproducers, television image
and sound recorders and reproducers, and
parts and accessories of such articles

-0.577

0.186

-0.467

-0.384

-0.185

-0.342

0.309

0.159

Wood and articles of wood; wood charcoal;
cork and articles of cork; manufactures of
straw, of esparto or of other plaiting materials;
basketware and wickerwork

-0.216

-0.605

-0.211

0.129

0.039

0.037

0.141

-0.131

Works of art, collectors pieces and antiques

0.455

-0.149

-0.747

0.891

-0.423

0.484

-0.467

-0.131

Raw hides and skins, leather, fur skins and
articles thereof; saddlery and harness; travel
goods, handbags and similar containers;
articles of animal gut (other than silk-worm

gut)

0.399

0.579

0.118

-0.127

-0.765

0.31

0.046

-0.137

Vegetable products

-0.349

0.057

-0.35

-0.362

-0.15

0.049

0.862

-0.196

Vehicles, aircraft, vessels and associated
transport equipment

-0.852

0.925

-0.575

-0.916

-0.304

-0.917

0.258

-0.228

Base metals and articles of base metal

-0.791

-0.268

0.166

-0.468

-0.157

-0.546

0.058

-0.273

Prepared foodstuffs; beverages, spirits and
vinegar; tobacco and manufactured tobacco
substitutes

0.818

-0.27

-0.812

-0.729

-0.169

-0.547

0.426

-0.323

Live animals; animal products

-0.004

0.655

-0.203

-0.005

-0.3

-0.555

-0.786

-0.394

Mineral products

0.23

-0.61

0.029

0.037

0.121

0.158

0.63

-0.505

Swords, cutlasses and similar arms and parts,
scabbards and sheaths therefor

-0.206

-0.174

0.191

0.188

-0.25

0.006

-0.755

-0.64

Optical, photographic, cinematographic,
measuring, checking, precision, medical or
surgical instruments and apparatus; clocks and
watches; musical instruments; parts and
accessories thereof

-0.289

-0.28

-0.734

0.192

-0.403

0.39

0.154

-0.789

Products of the chemical or allied industries

-0.212

0.53

-0.613

0.227

-0.041

0.284

0.633

-0.889
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Articles of stone, plaster, cement, asbestos,

mica or similar materials; ceramic products; -0.345 -0.972 | -0.119 | -0.657 | -0.379 | -0.239 | 0.299 | -0.958
glass and glassware

Miscellaneous manufactured articles 0.051 -0.167 | -0.738 0.241 0.916 | -0.122 | -0.124 | -0.971
Total -2.685 -1.66 -6.211 -4.6 -4.936 | -1.078 | 0.549 | -3.102

In the case of Armenia, the product groups with positive CCA values in 2023 are
limited.

The highest-ranking groups are prepared food products and precious metals and
stones, with CCA values of 0.178 and 0.165, respectively. These groups also hold significant
shares in Armenia’s export structure, which suggests some level of export competitiveness,
albeit with a high concentration in a few sectors.

On the other hand, Georgia in 2024 demonstrated significantly different results. The
highest CCA value was recorded for the group of animal or vegetable fats and oils at 0.79.
Other high-performing groups include precious metals (0.656) and goods not intended for
economic activity (0.58), although the latter has limited economic importance. These figures
indicate that Georgia’s foreign trade is largely driven by re-exports, and the high
competitiveness scores in certain product groups may not be backed by strong domestic
production bases.

Among mid-level product groups, Armenia’s mineral products show some progress. In
2023, their CCA was -0.113, which, despite being negative, indicates gradual improvement
compared to earlier years.

Machinery and mechanical appliances also show a shift from strongly negative to
near-neutral positions, reflecting some structural stabilization.

A similar trend can be observed in Georgia, where product groups such as plastics and
rubber, textiles, and technical equipment reported neutral or slightly positive CCA values.
This could point to a gradual activation of processing and light manufacturing industries.

When examining product groups with low competitiveness, both countries still face
challenges. In Armenia, the CCA values remain strongly negative for sectors such as transport
vehicles, paper, wood products, textiles, and vegetable oils and fats. For instance, the 2023
CCA for the latter was as low as -0.955.

In Georgia, similar concerns are seen in the chemical industry, vehicles, and base
metals. Notably, sectors with significant import volumes, such as transport equipment,
continue to show negative competitiveness indicators, underlining a reliance on foreign
supply.

Looking at total CCA indicators, Armenia shows gradual improvement. Its aggregate
CCA score in 2023 was -0.188, compared to -0.578 in 2010, reflecting some positive shifts in
export competitiveness. In contrast, Georgia registered a positive total CCA of 0.549 in 2023,
but this dropped drastically to -3.102 in 2024. This sharp decline suggests a serious imbalance
that may stem from structural shifts in export composition, a surge in imports, or
methodological changes. It highlights the fragility of trade equilibrium in the Georgian
context.
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Table 5
RA exports and imports by product groups, their structure, and the 10 product groups with the
best indicators of CCAs in 2020-2022 (calculated for 2022 in descending order of CCAs) [18][19]

Place

Product
Group

2020

2021

2022

CCA

Exports
(1,000 US
dollars)

Imports
(1000 US
dollars)

Exports
(1000 US
dollars)

Imports
(1000 US
dollars)

Exports
(1000 US
dollars)

Imports
(1000 US
dollars)

2020

2021

2022

Total

2,536,974.1

4,564,032.3

3,015,987.2

5,362,209.0

5,419,064.5

8,775,859.2

-0.285

-0.280

0.236

Ores, slag
and ash

733,415.9

2,852.2

923,205.7

2,274.7

922,281.7

3,154.1

0.992

0.995

0.993

% in total

28.91

0.06

30.61

0.04

17.02

0.04

Tin and
articles
thereof

314.0

1,906.1

147.1

1,759.8

81.0

0.857

0.912

% in total

9.27

3.01

1.53

1.47

0.38

Fish and
crustaceans,
mollusks,
and other
aquatic
invertebrates

49,692.0

3,386.8

63,367.1

9,632.4

119,501.6

21,5715

0.872

0.736

0.694

% in total

1.96

0.07

2.10

0.18

2.21

0.25

Alcoholic
and non-
alcoholic and
vinegar

240,572.1

34,607.7

291,792.4

55,916.3

364,595.1

68,236.0

0.748

0.678

0.685

% in total

9.48

0.76

9.67

1.04

6.73

0.78

Tobacco and
manufactured
tobacco
substitutes

256,544.2

127,106.3

249,793.1

89,240.9

344,464.1

88,664.1

0.337

0.474

0.591

% in total

10.11

2.78

8.28

1.66

6.36

1.01

Live animals

15,579.9

7,016.9

23,268.0

8,136.3

17,531.9

8,046.9

0.379

0.482

0.371

% in total

0.61

0.15

0.77

0.15

0.32

0.09

Pulp of wood
or other
fibrous
cellulosic
material;
waste and
scrap of
paper or
paperboard

0.0

42.8

1743

53.9

129.8

60.5

-1.000

0.528

0.364

% in total

0.00

0.00

0.00

0.00

0.00

0.00

Preparations
of
vegetables,
fruit, nuts, or
other parts of
plants

33,997.0

23,968.5

43,372.1

30,083.1

84,493.4

46,568.8

0.173

0.181

0.289

% in total

0.53

1.44

0.56

1.56

0.53

Edible
vegetables
and certain
roots and
tubers

46,793.2

18,686.0

72,737.9

23,485.0

73,629.8

41,517.3

0.429

0.512

0.279

% in total

1.84

0.41

241

0.44

1.36

0.47

10

Copper and
articles
thereof

13,039.0

6,522.7

20,561.1

8,420.1

20,713.0

12,755.9

0.333

0.419

0.238

% in total

0.51

0.14

0.68

0.16

0.38

0.15
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Table 6
Georgia’s Exports and Imports by Product Groups, Their Structure, and the 10 Product Groups
with the Best Indicators of CCA in 2022-2024 (Ranked by 2024 CCA in Descending Order) [20]

Plac
e

Product Group

Export
2022

Import
2022

Export
2023

Import
2023

Export
2024

Import
2024

CCA
2022

CCA
2023

CCA
2024

Animal or vegetable fats
and oils and their
cleavage products;
prepared edible fats;
animal or vegetable
waxes

22303.0
1

127119.
4

21813.94

88153.3
1

25267.8
2

97407.6

-0.867

-0.604

0.79
0

% in total

2.81

3.43

2.75

2.17

3.07

2.2

Natural or cultured
pearls, precious or semi-
precious stones, precious
metals, metals clad with
precious metal and
articles thereof; imitation
jewellery; coin

103508

9403.21

95405.37

15837.8

109215.
6

18699.3
3

0.833

0.714

0.65

% in total

13.04

0.25

12.04

0.39

13.29

0.42

Special classification
provisions; Goods not
intended for economic
activity

4713.9

27550.2
9

4648.86

34952.2

2238.06

34675.9
8

-0.707

-0.765

0.58

% in total

0.59

0.74

0.59

0.86

0.27

0.78

Footwear, headgear,
umbrellas, sun umbrellas,
walking-sticks, seat-
sticks, whips, riding-
crops and parts thereof;
prepared feathers and
articles made therewith;
artificial flowers; articles
of human hair

10829.5

107225.
5

7074.38

126794.
6

6708.21

143725

-0.814

-0.893

0.45

% in total

1.36

2.89

0.89

3.12

0.82

3.25

Pulp of wood or of other
fibrous cellulosic
material; recovered
(waste and scrap) paper
or paperboard; paper and
paperboard and articles
thereof

35163.9
3

198863.
4

40861.48

194830.
9

57568.0
9

208468.
5

-0.699

-0.653

0.32

% in total

4.43

5.37

5.16

4.8

7

471

Textiles and textile
articles

240368.
3

541380.
2

231407.7

596273.
5

247242.
5

663037.
4

-0.385

-0.44

0.24

% in total

30.28

14.61

29.2

14.69

30.08

14.99

Machinery and
mechanical appliances;
electrical equipment;
parts thereof; sound
recorders and
reproducers, television
image and sound
recorders and
reproducers, and parts
and accessories of such
articles

250316.
8

1870604

259694.2

2152043

254433.
7

2373585

-0.788

-0.784

0.15

% in total

31.53

50.49

32.77

53.04

30.96

53.66

Plastics and articles
thereof; rubber and
articles thereof

89890.7
9

597090.
7

86053.13

601099.
8

67754.6
2

620322.
6

-0.738

-0.749

0.25

% in total

11.32

16.11

10.86

14.81

8.24

14.02

Raw hides and skins,
leather, fur skins and
articles thereof; saddlery
and harness; travel goods,

3669.98

27648.1
7

3589.93

36164.8
8

3441.89

39565.4
2

-0.765

-0.818

0.13
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handbags and similar
containers; articles of
animal gut (other than
silk-worm gut)

% in total 0.46 0.75 0.45 0.89 0.42 0.89

Wood and articles of
wood; wood charcoal;
cork and articles of cork; )
manufactures of straw, of 33115.9 198374. 211596. 48030.9 224035.

esparto or of other 1 9 41881.09 5 4 5 -0.713 | -0.669 0'113
plaiting materials;
basketware and
wickerwork

10

% in total 4.17 5.35 5.29 521 5.84 5.06

Table 7
RA exports and imports by product groups, their structure, and the 10 product groups with the
worst indicators of CCAs in 2020-2022 (calculated for 2022 in descending order of CCAS)

[18][19]
Key Contrasts
Criteria Armenia Georgia
Most Competitive Sector Ores, slag and ash (CCA 0.993) Animal/vegetable oils (CCA 0.790)

Nature of Top Exports Resource-based, alcohol, fish Mixed: processed food, chemicals, footwear
Shiftin CCA Trend Stable high CCAs Steep improvements in 2024
Manufactured Goods Limited competitiveness Growing competitiveness

2020 2021 2022 CCA
@ | Product
g Group Exports Imports Exports Imports Exports Imports
(1000 US (1000 US (1000 US (1000 US (1000 US (1000 US 2020 | 2021 | 2022
dollars) dollars) dollars) dollars) dollars) dollars)

Total 2,536,974.1 | 4,564,032.3 | 3,015,987.2 | 5,362,209.0 | 5,419,064.5 | 8,775,859.2 | -0.285 0280 | 0.236
Meat and ) )
edible meat 143.7 57,170.2 286.1 81,995.3 1,787.6 104,680.4 | -0.995 0993 | 0966
offals

87

% in total 0.01 1.25 0.01 1.53 0.03 1.19
Chemical - -
filaments 316.0 23,177.3 164.2 30,458.9 556.7 35,133.7 -0.973 0.989 | 0969

88
% in total 0.01 0.51 0.01 0.57 0.01 0.40
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89

Products of
the milling
industry; malt;
starches;
inulin and
other

368.2

17,4733

392.3

13,014.6

295.5

24,321.8

-0.959

0.941

0.976

% in total

0.01

0.38

0.01

0.24

0.01

0.28

90

Explosives;
matches;
certain
combustible
preparations

31.6

2,201.7

19.1

2,331.1

2,392.2

-0.972

0.984

0.983

% in total

0.00

0.05

0.00

0.04

0.00

0.03

91

Special
woven
fabrics;
tufted textile
fabrics; lace;
tapestries;
trimmings;
embroidery

95.4

7,283.7

38.6

7,811.7

95.3

11,611.4

-0.974

0.990

0.984

% in total

0.00

0.16

0.00

0.15

0.00

0.13

92

Vegetable
textile
material;
paper yarn
and wove

1,083.1

22.6

789.0

1.9

246.0

0.944

0.985

% in total

0.02

0.00

0.01

0.00

0.00

93

Zinc and
articles
thereof

0.3

167.1

313.9

54

1,020.6

-0.996

0.989

% in total

0.00

0.00

0.01

0.00

0.01

94

Lacs, gums,
resins, and
other
vegetable
saps and
extracts

17.9

7576.4

9.0

9,798.8

70.5

13,339.1

-0.995

0.998

0.989

% in total

0.00

0.17

0.00

0.18

0.00

0.15

95

Cereals

45.9

96,915.3

601.6

89,534.8

749.1

149,495.9

-0.999

0.987

0.990

% in total

0.00

212

0.02

1.67

0.01

1.70

96

Fertilisers

8.2

24,193.7

0.0

21,053.9

67.9

40,867.5

-0.999

1.000

0.997

% in total

0.00

0.53

0.00

0.39

0.00

0.47

Armenia demonstrates strong and stable competitive advantages in a few key export
sectors, especially ores, slag and ash, with consistently high CCA values above 0.99 in 2020—
2022. Other high-performing sectors include tin products, fish and seafood, alcoholic

beverages, and tobacco products.
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These are mainly based on natural resources and agro-processing.

The dominance of these sectors suggests a more concentrated export structure.

Georgia, in contrast, shows a more dynamic export structure. Some product groups
that had negative CCA values in 2022, such as animal and vegetable fats and oils and
footwear and accessories, significantly improved by 2024. Georgia’s precious metals, special
classification goods, and textiles also emerged as areas of growing competitiveness. This
reflects a diversification trend and adaptive capacity in external trade.

Key Insights

. Armenia’s export advantage is concentrated in natural resources and traditional
agro-industries.

. Georgia shows growing competitiveness across a wider range of sectors, with
significant improvements in value-added exports.

. Armenia relies on stable advantages, while Georgia reflects flexibility and
structural adaptation in foreign trade.

This suggests that while Armenia benefits from depth in specific sectors, Georgia is
developing broader, more flexible trade strengths.

It follows from Table 5 that RA exports and imports CCAs for 2020-2022 had a
negative magnitude, although a decrease in that magnitude was observed. All other product
groups in the table had a positive value in 2020-2022. This circumstance means that all the
mentioned product groups have the maximum export potential and it is necessary to promote
their export.

It follows from Table 4 that all the given product groups are significantly dependent
on import volumes, which implies that it is necessary to look for more efficient and profitable
partners for new import markets.

Table 8

Georgia’s Exports and Imports by Product Groups, Their Structure, and the 10 Product Groups
with the Worst CCA Indicators in 2022-2024 (Ranked by 2024 CCA in Ascending Order) [20]

Export Import Export Import Export Import CCA | CCA | CCA

Place | Product Group 2022 2022 2023 2023 2024 2024 2022 | 2023 | 2024

Miscellaneous manufactured

! articles

732293.2 936614.2 2171633.9 | 2785545.5 56119.3 3838139.0 0122 | 0124 | 0.971

% in total 2.3 2.19 6.91 7.86 0.21 9.79

Articles of stone, plaster,
cement, asbestos, mica or
similar materials; ceramic
products; glass and glassware

% in total 7.5 9.1 6.42 3.07 0.15 4.71

2390648.3 | 3891948.8 | 2017423.0 | 1088608.3 39168.1 1844825.0 0.299

0.239 0.958

Products of the chemical or

o . 997299.3 556232.1 1636470.0 367516.1 182225.8 3111856.2 0.284 0.633
allied industries

0.889

% in total 3.13 13 5.21 1.04 0.69 7.94

Optical, photographic,
cinematographic, measuring,
checking, precision, medical or
4 surgical instruments and 760921.3 333594.5 2497129.0 | 1830000.9 145301.6 1234172.3 0.390 0.154
apparatus; clocks and watches;
musical instruments; parts and
accessories thereof

0.789
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% in total 2.39 0.78 7.94 5.16 0.55 3.15

Swords, cutlasses and similar

5 arms and parts, scabbards and 1653832.1 | 1634892.3 | 382126.3 | 2736292.5 | 507991.3 | 2314396.4 | 0.006 0 7_55 0 6:40

sheaths therefor
% in total 5.19 3.82 1.22 7.72 1.93 5.91

6 Mineral products 2036356.6 | 1480652.6 | 1440069.9 327293.1 1023886.4 | 3116994.6 | 0.158 | 0.630 05'05
% in total 6.39 3.46 4.58 0.92 3.89 7.95

7 Live animals; animal products 1123342.2 | 3927499.3 347330.4 2905121.5 318311.8 732792.3 0555 | 0786 | 0.394

% in total 3.52 9.18 11 8.2 121 1.87

Prepared foodstuffs; beverages,
spirits and vinegar; tobacco

8 and manufactured tobacco 750618.0 2561495.3 | 1481273.2 596317.1 1427060.8 | 2791019.0 0547 0.426 0323
substitutes
% in total 2.36 5.99 41 1.68 5.42 712
Base metals and articles of - -
9 base metal 1065399.1 | 3627156.4 259564.9 230943.5 1827676.5 | 3201185.6 0.546 0.058 0273
% in total 3.34 8.48 0.83 0.65 6.95 8.17
Vehicles, aircraft, vessels and - -
10 associated transport equipment 57791.1 1339249.2 | 1788460.8 | 1055851.4 | 1307381.1 | 2080152.2 0917 0.258 0228
% in total 0.8 313 5.69 2.98 497 531
Cross-Country Comparison
Criterion Armenia (2020-2022) Georgia (2022-2024)
Most persistent low CCA group Meat and cereals Misc. manufactured goods, chemicals
Level of diversification in low CCA Concentrated in food, agri, Broader: includes industrial, transport,
groups chemicals and tech products

Some groups over 5%, though with

Export share of worst performers Extremely low (often <0.05%) large deficits

More volatile, with periodic

Import dependency Heavy and consistent competitiveness

Need for structural
Policy implication development in agriculture and
industry

Focus on sustaining competitive sectors,
reduce volatility

A comparison of the foreign trade structures of Armenia and Georgia reveals both
common challenges and distinct differences stemming from their production capacities,
competitiveness levels, and economic structures.

In Armenia, from 2020 to 2022, the product groups with the lowest CCA
(Comparative Competitive Advantage) indicators were mostly concentrated in agricultural,
food, and chemical sectors. For example, meat and edible meat offal consistently had
extremely negative CCA values, nearing -1, indicating almost complete import dependency.
Similar patterns are observed in cereals, fertilizers, and technical textiles, which show
negligible export volumes and CCA values close to -1, demonstrating Armenia’s lack of
export competitiveness in these groups. Their share in total exports rarely exceeds 0.01%,
while imports for these categories remain significant.

In contrast, Georgia’s data from 2022 to 2024 shows a more dynamic but unstable
trend. Some product groups that had positive or neutral CCA values in previous years
experienced sharp declines in 2024. For instance, the "miscellaneous manufactured articles”
group saw a dramatic drop in export volume and a significant increase in imports, causing the
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CCA to plunge to nearly -1. Similar cases are observed in chemical products and precision
instruments, which had positive CCA values in 2022-2023 but ranked among the weakest by
2024.

At the same time, several product groups in Georgia, despite having negative CCA
values-accounted for a significant share of total exports (above 5%), indicating a broader but
often vulnerable export base. This suggests that Georgia benefits from a relatively more
diversified export structure, but with greater volatility and exposure to market fluctuations,
reflecting either unstable demand or limitations in maintaining competitiveness.

Overall, Armenia faces long-term structural issues related to limited production

capacity and low competitiveness, particularly in key food and industrial sectors. Georgia’s
challenges are more associated with sharp shifts in export-import balances and a lack of
consistency, even in product groups with considerable export volumes.
For both countries, strategic responses are necessary: in Armenia, this includes boosting
domestic production and reducing dependency on imports, while in Georgia, the focus should
be on enhancing the stability of export sectors and more effective management of import
flows.

Conclusion

This study examined the export and import structures of Armenia and Georgia through
the lens of Comparative Competitive Advantage (CCA), focusing on the product groups with
the best and worst trade performance between 2020 and 2024. The results underscore
significant differences and emerging patterns in the trade specialization of the two South
Caucasus countries, shaped by both structural factors and economic policy directions.

Armenia’s strongest trade positions lie in a few highly concentrated sectors, most
notably ores, precious metals, alcoholic beverages, and tobacco products, which consistently
show strong positive CCA indicators. However, this narrow specialization also points to
vulnerability, as the country remains highly dependent on a limited set of raw material exports
with limited value addition. Conversely, sectors such as fertilizers, cereals, meat, and
chemical filaments continue to display deep and persistent comparative disadvantages,
reflecting structural weaknesses in agricultural processing and industrial capacity.

Georgia, on the other hand, demonstrates a more dynamic shift in certain product
categories, with a marked improvement in CCA indicators for vegetable oils, precious metals,
and textile-related products in recent years. However, similar to Armenia, Georgia shows
chronic negative CCA values in machinery, vehicles, plastics, and chemical products—
highlighting its heavy dependence on imports in key industrial sectors.

The analysis also revealed that both countries face a significant trade deficit in high-
tech and capital-intensive goods, while their competitive advantages are mostly limited to
natural resources and low to medium-processed products. These trends emphasize the need
for targeted industrial policies, investment in technology, and export diversification strategies.

In conclusion, while Armenia and Georgia have made progress in building
comparative advantage in specific sectors, their overall foreign trade patterns remain highly
imbalanced and vulnerable to external shocks. Strengthening regional cooperation, investing
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in value-added production, and fostering innovation and infrastructure development will be
essential to improving their long-term trade competitiveness and economic resilience.

10.

11.

12.

13.

14.

15.
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Abstract

This study aims to enhance the supervisory assessment system of banks’ digital
transformation (DT), given its nascent nature. To elevate the current state-of-the-art
assessment system to the level of a scientific model, the study applies theory-building
methodology and the bricolage technique.

The scientific novelty of the study is the resulting SABBMDT model, which
represents three main improvements over its predecessor, the European Central Bank’s (ECB)
digitalisation assessment system. First, the ECB’s system has been enriched with the findings
of the literature review on key success factors of banks’ DT. Second, the model became more
parsimonious after combining the original 14 criteria into the model’s 7 components. Third,
the study identifies and explains potential interlinkages among the model’s components.

The study’s main limitations include the non-systematic nature of the conducted
intermediary literature review, the limitations of the bricolage technique, and the rapid pace of
DT demanding continuous refinement for the model, as well as judgment-based decisions
applied to criteria combinations and interlinkage identification.

Accordingly, future research should include a systematic literature review on key
success factors for DT, as well as exploring potential ways to justify the criteria combination
and interlinkage identification scientifically.

Keywords: Banking supervision, Digital transformation, ECB, SREP, business model
sustainability.

Introduction

Technological innovations are reshaping economic activities and the banking sector is
no exception. In recent years, the convergence of finance and technologies (fintech) has led to
services, such as the ones offered by Apple Pay, Google Pay, WeChat, Bung or Revolut,
which have become an integral part of daily life. To maintain and enhance their competitive
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position in the market, banks are increasingly undergoing digital transformation (DT). DT
typically occurs across the entire bank, although customers mainly observe the front-office
changes. Banking institutions’ DT includes, for example, customers’ credit risk assessment
through machine learning and alternative data [1] (e.g., could be customers’ digital footprint
[2]), use of scalable computational capabilities through cloud service providers [3].

Banks’ DT strategies, allocated resources and managerial capabilities differ; as a
result, some banks may be lagging behind their peers. Particularly, according to a quantitative
study, it is small and capital-deficient banks that are more likely to lag behind in the DT race
emphasizing the need to allocate adequate resources for DT [4]. It is worth noting that a
bank’s DT would not necessarily result in a competitive advantage but rather aims to keep
pace with the new “market standard”, consistent with the Resource-based view (RBV) theory.
Although Beccalli’s “profitability paradox” is still relevant [5] (the positive linkage of IT
(~DT) investments to the bank profitability has not yet been proven empirically), another
study found that successful DT at banks improves cost-efficiency since the medium term [6].
Thus, it is important to manage banks’ DT efficiently, as the digital divide between banks can
lead to significant business implications.

The management of banks’ DT takes place at both the bank level and the supervisory
level (central bank or a separate supervisory authority), with supervision focusing on the
overall financial stability. This study focuses on DT management from the central bank
perspective. Generally, central banks manage the banking sector’s risks through regulation
and supervision. In this regard, banks’ DT is more suitable for supervision. In recent years,
most high-level supervisory policy documents have highlighted the need for DT supervision.
For example, the Basel core principles’ updated document (in 2024) mentions digitalisation as
a potentially significant risk for banks that can materialize over a longer-term horizon and
therefore needs proper risk management processes in place [6]. In addition, a working paper
from the Bank of International Settlements mentions that digitalisation in finance gives rise to
strategic (business model), operational and financial stability risks [3]. This suggests that
strategic risk is the primary transmission channel of digitalisation risks to banks, while
operational and financial stability risks (mostly) follow it. Consequently, the DT assessment
can inform subsequent operational risk assessment. Finally, the consultation paper on the
revised SREP (Supervisory Review and Evaluation Process) guidelines states that
digitalisation should be assessed to evaluate the impact on the banks’ business strategy,
execution capabilities, cost control and revenue generation under business model assessment
[7]. Moreover, regarding digitalisation’s impact on other SREP pillars, DT assessment
insights should be considered when assessing liquidity needs in the short and medium term
[7].

Within the SREP methodology, supervisory assessment of banks” DT fits best within
business model (BM) sustainability assessment [8]. SREP guidelines have been widely used
(especially in Europe) since their introduction in 2014. Supervisors use SREP guidelines to
assess banks’ risks, which results in scores per risk and, ultimately, the bank’s overall score.
SREP guidelines include four main pillars: business model, governance and risk management,
risks to capital (i.e., credit, market, operational risks), and risks to funding and liquidity. Each
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pillar’s weight in the overall SREP score can be divided equally (25%) or differentiated: for
instance, the Central Bank of Brazil gives 40% weight to BM assessment [9]. Each banking
risk is typically divided into two parts: risk level, which includes the quantitative measures,
and the risk control, which assesses the governance (management) practices around the given
risk. Each part typically involves three phases and is scored from one to four (one indicating
low risk and 4 indicating high risk). Phase 1 includes data collection and preliminary
assessment without assigning any score to the assessed risk. Phase 2 provides an automated,
anchoring score based on predetermined thresholds of selected ratios that reflect most risk
areas. During Phase 3, the supervisor conducts an in-depth analysis and assigns the final
score, which may deviate from Phase 2’s automated score within a restricted range. Regarding
the BM assessment, it is divided into the assessment of BM viability (<ly) and BM
sustainability (>1y). Additionally, the SREP guidelines mention that business model (BM)
sustainability assessment should also consider potential changes in the banks’ operating
environment [10]. In this context, fintech developments constitute a large-scale change in the
banks’ business environment. Moreover, since DT is a major cost and (future) revenue driver,
as well as part of the European Central Bank’s (ECB) 3-year supervisory priorities since 2020
[11], DT is well-suited for BM sustainability assessment.

Currently, the most transparent and advanced assessment system for banks’ DT
supervision has been published by the ECB in May 2024 and consists of 14 criteria covering
DT management practices (risk control) [12]. Risk level assessment is less relevant for DT,
since it is hard to find sector-wide, comparable DT metrics and such measures tend to reflect
past performance without considering forward-looking information. Not surprisingly, since
the ECB is a leader in SREP assessments, the proposed digitalisation assessment system is
intended to be integrated into the SREP framework. ECB notes that the current model is not a
definitive assessment model but one that will be improved over time, particularly through the
addition of profitability indicators of banks’ DT projects [13]. While the ultimate
responsibility of strategic planning and implementation lies within the bank’s board, the
banking supervisor should assess its potential risks and raise those questions to the bank’s
management [10]. Unlike other supervisory authorities that do not disclose digitalisation
assessment criteria (apparently due to confidentiality reasons), the ECB’s publication serves
as supervisory expectations and provides a common ground for dialogue between banks and
supervisors. Moreover, a principle-based approach in the supervision of banks’ DT is
preferable to prescriptive rules, given the rapid pace of fintech developments [14]. To develop
the digitalisation assessment criteria, the ECB has made substantial efforts in terms of DT
assessment in the last few years, as DT was also among the ECB’s supervisory priorities.
First, in 2022, the ECB conducted a horizontal assessment (survey) among the European
Union’s 105 biggest banks to gather market intelligence. Next, in 2022-23, the ECB
conducted 21 on-site visits and reviewed its previous DT assessment. Finally, in May 2024,
the ECB published its 14 assessment criteria.

Our previous study examined two criteria of the ECB’s system and enhanced them by
integrating additional tools and insights [15]. In particular, the prior study shows that the
recommended SWOT analysis can be further enhanced with other analysis tools, such as
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PESTEL, Porter’s Five Forces model, and Analytic Hierarchy Process (AHS) [15]. The study
also suggested defining “digital strategy” to clarify the supervisory expectations and align
with academic terminology [15]. In conclusion, the study proposed a comprehensive
refinement of the ECB’s system. Also, scientific enhancement can make the current ECB
assessment system more grounded for further supervisory actions. In other words, scientific
rationale is capable of lowering banks’ resistance to new supervisory requirements, which
may lead to further supervisory actions (e.g., additional capital requirement as a Pillar 2 add-
on). Thus, the gap we identify is that the ECB’s system may omit DT-related literature review
insights because the ECB framework does not state that the system also considers DT-related
academic literature. Moreover, the current system appears too complex to produce a single
overall DT score, as it includes 14 criteria, and is better suited to being divided across the
SREP pillars. Finally, the ECB system presents the criteria largely as standalone elements
rather than interconnected ones.

To make the supervisory assessment system more grounded and rigorous, given the
abovementioned gap analysis, this study suggests several improvements. First of all, we take
the ECB assessment criteria as an initial point, given its current state-of-the-art nature and aim
to enhance it scientifically. The identified main gaps include the absence of scientific findings
in the development of the current assessment system and the fact, that the system does not
specify how these criteria are related. In addition, the current assessment is largely based on
gathered market intelligence, but does not broadly consider the academic insights, which
could add value.

This paper is structured in the following order. The Conflict setting section articulates
the research motivation and objectives. The subsequent Literature review section identifies
the key success factors of banks’ DT. In the “Methodology” section, we describe all the
methodological steps and logic used to develop the resulting model. Next, in the “Results”
section, we present the resulting model, focusing primarily on the model’s improvements over
its predecessor and on interlinkages among the model’s components. After that, in the
“Discussion” section, we present the developed model’s contribution to the literature. In the
end, we conclude by mentioning the study’s limitations and by proposing further research
areas.

Conflict Setting

This study aims to develop a scientifically grounded model for supervisory assessment
of banks’ business model digital transformations (hereafter, SABBMDT), which can be
integrated within the SREP framework. Specifically, the paper’s suggested improvements are
threefold compared to its predecessor: the resulting model incorporates insights from
academic and grey literature, the assessment model becomes more parsimonious, and
highlights potential linkages among the model’s components.

Literature review of DT key success factors
To incorporate insights from the literature into the ECB assessment system, we first

conduct a literature review on key success factors (KSFs) of digital transformations, focusing
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on the banking sector. The literature review is summarized below with the concept matrix
logic suggested by Webster and Watson [16]. For simplicity, we represent the identified
opposite of banks’ challenges as KSFs as well.

The five selected publications consist of three academic papers and two publications
from consulting firms. The first academic paper investigates the DT challenges of a European
bank [17]. The second paper highlights seven key factors affecting banks’ DT through a
textual analysis of questionnaires completed by 604 bank employees [18]. The third paper
looks into essential components of a successful DT strategy using examples from three non-
bank companies [19]. We also include relevant publications from McKinsey and Deloitte [20]
[21]. Below we list and elaborate on the KSFs that were identified during our literature
review.

We have grouped the observed KSFs into three main groups, namely Strategic
Management, Employees and Technology. The remaining important elements have been
attributed to the Other category. This arbitrary grouping has an objective to position the KSFs
among themselves.

The first seven KSFs come together to make the Strategic Management group. The KSF
1 suggests that having a clear understanding of the DT framework and ensuring its alignment
with business strategy helps to achieve successful DT [17] [19] [20] [21]. In addition, it
encourages to have roadmap (action plan) and a strategy that is centered around customers.
The KSF 2 highlights the importance of top management support [17]. The KSF 3 demands to
recognize data as the organization's top priority asset as well as to have an optimal data
architecture, and data governance policies and tools to derive insights from the data [19] [21].
Next, the KSF 4 relates to the flexible and innovation-driven working environment by
smoothing the organization chart and investing in change management [17] [21]. Such bank-
wide changes have the potential to lower the organizational level for decision-making, thus,
bringing the customer feedback closer to the decision-making process and encouraging data-
driven decisions. The KSF 5 suggests clearly defining the scope of responsibility for the
implementation of DT: for instance, the bank can have a team of high-level management as
the DT responsible body (instead of one person), as well as a supervisory body (or a
committee) [17] [18] [20] [21]. The KSF 6 underlines the significance of having KPI1 (key
performance indicators) systems in place to evaluate DT progress [20] [21]. Finally, the KSF
7 stresses the importance of ensuring effective communication in the workplace as a key
driver for successful DT [18].

The next group of KSFs — Employees — consists of the KSF 8 and the KSF 9. To begin
with, the KSF 8 suggests recruiting specialists with technical knowledge, as in-house
developments are crucial for successful DT, as opposed to the outsourcing of the technical
tasks [20] [17]. KSF 9 highlights the importance of developing and trigger employees' ability
to sense and materialize opportunities. Additionally, it underlines the importance of the Chief
Data Officer (CDO), which can catalyze considerable changes when assigned properly
defined responsibilities [17] [19].

The KSF 10 and the KSF 11 make up the third group, named Technology. The KSF 10
demands ensuring interoperability between existing systems and reviewing business processes
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[17] [19] [20]. The APIs (application programming interfaces) may play a crucial role in this
regard. Regarding the KSF 11, it encourages providing the necessary technical tools and
managing employees’ expectations [18].

As mentioned above, all the remaining important elements have been combined under
the KSF 12, which does not fall under previous categories, but forms a new one — Other. It
includes leadership, project management skills, cooperation with experienced companies in
DT and having not very slow changes [20] [17] [21] [19].

Finally, juxtaposing the ECB’s assessment system with the literature review on KSFs of
banks’ DT aims to develop a comprehensive framework in which additional insights from the
literature are integrated, while overlapping points support the robustness of the ECB
framework and diverging points require reconsideration.

Methodology

It is worth mentioning that our study adopts a relativist ontology and a social
constructionist epistemology as the study’s philosophical assumptions. According to
relativism, there is no single reality or truth; instead, multiple perspectives exist, because
different observers may have different viewpoints [22]. This is consistent with our study
because the desired model is to be used by banking supervisors to assess a bank’s DT.
Secondly, regarding the epistemology, our research adheres to social constructionism. This
also fits the nature of our study area - the interpretation of the overall governance around
banks’ DT, which can be described with words rather than with numbers and tested by
questions rather than by hypotheses.

First, to address the mentioned gaps between the ECB assessment system and scientific
model characteristics, we apply the methodological steps of theory-building in management
studies, which have been summarized by Shepherd and Suddaby [23]. While some
management scientists have broadly defined the most important principles for theory
qualification (e.g., Bacharach mentions falsifiability and utility as key criteria [24]), the
boundary after which the work can be considered as a theory is not clear [25].

The same is also true for models in management studies. In contrast to theories, models
represent less robust concepts that aim to measure and analyze some areas to support decision
making rather than explaining the relationship between constructs. For instance, Porter’s Five
Forces model helps analyze a product’s market to assess its competition pressure and potential
profit rather than explaining the interplay among the model’s five forces. In short, we justify
the use of theory-building methodology for a model, given that theory-building approaches
typically apply stricter evaluation criteria than model development.

According to Shepherd’s and Suddaby’s literature review of theory building in
management science, the theory-building approach includes five key elements: conflict,
character, setting, sequence, and plot and arc [23]. The conflict (challenging the value of an
existing system) has been discussed in the introduction. Next, to distinguish our model from
other frameworks in management research, we name it SABBMDT, which stands for
Supervisory Assessment Model for Banks’ Business Model’s Digital Transformation.
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Regarding time, we acknowledge that the developed model will require periodic updates as
new insights emerge.

From the spatial perspective, even though our model is designed to function universally,
it builds upon the ECB’s system designed for the SREP framework. Hence, it fits better to the
SREP adopted countries. Finally, we apply the bricolage technique, combining the starting
ECB assessment system with a literature review on key success factors of banks” DT. The
bricolage technique aims to combine various existing concepts from sufficiently diverse
sources in a sensible way to create a theory. In our study, we acknowledge the immense work
behind the ECB’s assessment system; thus, we rely on it instead of starting from scratch.
Next, we aim to combine it with sufficiently diverse sources. It should be noted that both the
ECB’s system and our intended model aim to assess how successful a bank’s DT will be from
a forward-looking perspective.

Hence, their criteria essentially describe the KSF of banks’ DT. Thus, we conclude that
a literature review on KSF of banks’ DT would generate important insights for integrating the
literature into the model. Given the absence of such a literature review, we conduct it as an
intermediary step for our study. For the literature review, we include grey literature, in
particular, relevant publications of reputable consulting firms, given the lack of relevant
academic sources.

The conducted literature review on KSFs of banks’ DT partly draws on the
methodological steps suggested by Annarelli et al. [26], and builds upon five relevant sources.
Our inclusion criteria for choosing academic papers were to be in English, to appear in “Web
of Science” (ensuring high-quality content), and to be relevant for the banks’ DT (based on
the author’s judgement). The literature review has been summarized with the logic of the
concept matrix following Webster and Watson [16], and its main points are compared against
and combined with the initial ECB assessment system.

For simplicity, the opposites of banks’ challenges are represented as KSF. Finally,
juxtaposing the ECB’s assessment system with the literature review on KSFs of banks” DT
aims to develop a comprehensive model, where the literature review’s additional insights are
integrated into the model, while overlapping points support the ECB framework and suggest
areas for refinement.

Second, to make our model more parsimonious, we use scientific abstraction and
combine the original 14 assessment criteria into the SABBMDT model’s 7 components.
Usually, when invited to improve things, people systematically default to searching for
additive transformations, and consequently overlook subtractive transformations, unless
reminded firmly about the latter [27].

Subtractive transformations can also help to make the model more parsimonious. As
Bacharach states, the theory’s purpose of a theory is to organize parsimoniously and
communicate clearly [24]. To decrease the complexity of the ECB’s system, we rearrange the
criteria, resulting in model components’ reduction. This rearrangement considers that
SABBMDT is designed for BM sustainability assessment integration, contrary to its
predecessor (divided across BM, governance (SREP’s 2" element) and risk management
(SREP’s 31 element)) [12]. Here, scientific abstraction does not remove the initial criteria, but
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makes the model’s components more compact. This approach can be interpreted as shifting
complexity to the lower levels of assessment. This makes the model parsimonious while
allowing expandability when needed.

During this process, three components of the SABBMDT model retained the original
criteria, while the other four components hosted two original criteria and the last component
combined five of them. By default, such combinations lower the combined criteria’s weight in
contrast to non-combined ones (non-combined criteria’s weight increases from 1/14 to 1/7,
while combined ones’ weight either stays the same or decreases depending on how many
initial criteria were combined). However, since the SREP framework takes into account the
stringency of discovered shortcomings, a serious shortcoming can still materially affect the
final score regardless of combinations.

Third, we explore and articulate the SABBMDT model’s components’ interlinkages as
part of model development and in line with SREP. Although models are not always expected
to explain (or prove empirically) the relationships among the model’s components, the
identification of interlinkages and their interplay is crucial. Moreover, the guidelines of SREP
support the idea of making use of interlinkages by stating that the outcome of the BM
assessment should support the assessment of all other elements of the SREP [28]. In the
current study, however, we focus on interlinkages within the model rather than interlinkages
across all SREP elements. We present the linkages in a matrix form with directional arrows.

Research Results

In this section, we juxtapose the intermediary literature review with the ECB assessment
system to include important missing elements, then present the SABBMDT model’s
components and lastly, present and explain the interlinkages among the model’s components.
The resulting SABBMDT model’s high-level structure is presented in Table 1, where the first
column exhibits the seven components of the model, while the second and third columns
show, respectively, the underlying ECB criteria and the main additions stemming from DT
KSF’s literature review. We did not observe any contradicting points against the ECB model.
Meanwhile, many KSFs from the literature review align with the original ECB assessment
system proving the latter’s robustness. The color-coding of the second column is according to
the ECB’s criteria, divided into 3 groups: business model and strategy (bleached almond),
governance (peach bud) and risk management (pale blue).

The intersections between the literature review insights and the ECB’s system are
discussed in the descriptions below. Since the original ECB’s system is approximately 16
pages long, we will not reproduce it here. Instead, we will mention the resulting SABBMDT
model’s each component, the ECB criteria on which they are based and the key implications
from the combination of the ECB’s system with the literature review’s KSFs (i.e., additions,
contradictions and consistence). For the first component, we incorporate findings from our
previous research.

The SABBMDT model’s first component is “Business environment analysis and banks’
digital maturity” and is based on the ECB’s “Business environment” criterion. ECB explains
that it is based on both external factor analysis and internal capability assessment; hence, we
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add digital maturity in the title to emphasize its equal importance. Moreover, KSF 10
highlights the importance of reviewing existing business processes and assessing the
interoperability of current systems for the internal capability assessment.

The second component, “DT strategy formulation and definition” combines the ECB
criteria “digital strategy formulation and definition” and “data governance framework”. The
combination is justified because the DT strategy should be both customer-centric and data-
centric (KSF 3).

Table 1
SABBMDT model, underlying the ECB’s digitalisation assessment criteria and main
additions based on the conducted literature review

ECB’s digitalisation assessment Additions based on the literature review on KSFs

SABBMDT model components criteria (May 2024) of banks’ DT and previous research

1. Integration of PESTEL, AHS, and Porter's Five

1. Business environment and 1. Business environment Forces [15]
bank’s digital maturity ' 2. Business process review and check on existing

systems’ interoperability (KSF 1)

2. Digital strategy formulation and 3. Chief Data Officer with clearly defined
o ' definition responsibilities (KSF 9)
2. Digital Transforn_wanon (DT) 4. Having a Roadmap (KSF 1)

strategy formulation and 5. Top Management support (KSF 2)

definition 12. Data governance framework . . . .
6. Cooperation with DT experienced companies and
not very slow changes (KSF 12)
. . . s 7. Recruitment of technical knowledge staff instead
3. Execution Capabilities 3. Execution Capabilities .
of outsourcing (KSF 8)
4. KPI system 4. KPI system -

5. Coordination and steering of digital | 1. Investment needs in corporate culture change to

5. Coordinating and initiatives develop the DT mindset (KSF 4)
Communicating of DT 2. Develop and trigger employees' ability to sense
strategy implementation 9. Digitalisation risk culture and materialize opportunities (KSF 9)

3. Leadership (KSF 12)

6. Monitoring and Reporting

4. Monitoring and Reporting | 7. The management body in its -
supervisory function/non-executives’
capacity to challenge

8. Internal control functions’
involvement in decision-making on
digitalisation

10. Assessment of critical dependencies
5. Involvement of internal -

control functions 11. Risk identification

13. Risk modelling

14. Update of the risk appetite
framework, the risk management
framework and key risk indicators
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In terms of alignment, KSF 1’s requirement for the DT strategy to be aligned with the
business strategy matches the ECB’s explanation. In addition, KSF 9 suggests that having a
CDO with clear responsibilities is important for successful DT. Moreover, KSF 1
recommends that the DT strategy should have a defined roadmap, and KSF 2 adds the
importance of top management support, which can be added to the second component, given
that DT starts from the strategy formulation. Lastly, KSF 12 suggests that the DT strategy
should avoid overly slow changes and cooperation with companies that have successful DT
experience.

The third component, “Execution capabilities” builds upon the ECB’s eponymous
criterion. KSF 5 highlights the importance of rationalized and justified cost planning, given
that DT expenses tend to surpass initial levels, which supports the ECB’s suggestion to have a
cost-benefit analysis as a rationale for budgeting the costs. Moreover, conducting a cost-
benefit analysis for DT projects will help identify more profitable projects and facilitate the
prioritization process.

Such cost planning should, in principle, include the remuneration of staff with technical
knowledge, who, according to KSF 8, are recommended to be recruited rather than
outsourced. Additionally, a clear allocation of resources can be observed through the
separation of Information Technology (IT) and DT budgets. Such a distinction can signify
that the bank has a clear view on cost planning as IT expenses tend to be “to-run” costs, while
DT requires “to-change” costs.

Next, the fourth component, “KPI system” largely relies on the ECB’s criterion with the
same name. It aligns with KSF 6. Moreover, it serves as a bridge between DT strategy
formulation, execution, monitoring and reporting; therefore, it is no surprise that this
particular component is highly linked with other components (discussed later in the section).

The fifth component “Coordination and communication of DT strategy implementation”
builds upon ECB’s criteria “coordination and steering of digital initiatives” and “digitalisation
risk culture”.

Regarding this component, the literature review focuses on changes in corporate culture.
First, KSF 4 highlights the importance of investments changing the corporate culture to
develop a DT mindset and to make the organizational structure flatter to push the decision-
making to lower levels, where decisions would be supported by data. KSF 7 is in line with the
ECB’s elaboration on the importance of effective communication. At the same time, KSF 9
suggests that corporate culture should encourage employees to sense and materialize
opportunities (innovations). Moreover, according to KSF 11, the bank should manage
employees’ expectations and equip them with the necessary technical tools. Lastly, KSF 12
highlights the importance of leadership and project management skills, which are relevant for
the coordination of DT.

The last two components do not intersect with the literature review, but do combine in
seven original criteria at once. In particular, the sixth component “Monitoring and Reporting”
combines the ECB’s “Monitoring and Reporting” and “The management body in its
supervisory function/non-executives’ capacity to challenge” criteria. And finally, the seventh
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component “Involvement of internal control functions” combines the internal control
function-related five criteria (see Table 1).

These combinations are justified given their overall purpose: the challenging follows the
reporting and monitoring procedure, while the remaining criteria directly assess the internal
control functions’ participation in a bank’s DT. Even though such a combination might
decrease the contribution of internal control assessment to the overall DT score, this approach
Is justified for two reasons.

Table 2
The interlinkages within the SABBMDT model

1 2 3 4 5 6 7

2 }

DT objectives
l Bringing rationale

for innovative

3 | Therationale for a|projects

cost-benefit
analysis

4 KPIs and
remuneration
policies

Involvement in KPI
development

’ ¢
6 l clearly defin£ I l

data governance budget and| to include the KPI assigning
policies projects system responsibilities
identification of Involvement of
DT risk KRIs

7 T t

First, SABBMDT is integrated into the BM sustainability assessment and should be
broadly aligned with the performance of risk management functions, which is assessed in
more depth under the SREP elements “corporate governance” and “risks to capital”. Second,
depending on the severity of the identified issues, the supervisor can always adjust the
component’s weight in the overall DT score.
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Finally, after the integration of literature review insights in the model and making it
parsimonious, we explore the interlinkages of the model’s components. The latter are depicted
in Table 2, where the “down” arrow means that an issue in the header row translates into
(influences) the intersecting row’s component. An arrow “up” means that the given row’s
component influences the header row’s component.

In some cases, where components are likely to influence each other, we use two-sided
arrows. For simplicity, we write the components’ order number (consistent with Table 1’s
ordering) instead of their names. It is to be noted that the presented interlinkages do not
include the influence of DT assessment on overall SREP elements and do not comprise an
exhaustive list of all potential linkages, but an attempt to capture the most prominent linkages
through reasoning.

First, shortcomings in the first component are likely to cause problems for the second
and the third components. This is because the DT strategy and cost-benefit analysis largely
rely on the business environment analysis and the bank’s internal capabilities. Next, the issues
in the second component, “DT strategy formulation and definition” will carry over to the KPI
system (component 4) and related remuneration policies, as the KPI system should be entirely
based on and interconnected with the strategy. Moreover, the data governance policies are
likely to influence the monitoring and reporting capabilities of the bank (component 6). At the
same time, the robustness of cost-benefit analysis influences prioritization and, therefore, the
coherence of the DT strategy. Also, the DT risk identification assessed under component 7
influences the formulation of the DT strategy (component 2). Third, issues in DT projects’
operational plans (component 3) will negatively affect the monitoring and reporting
(component 6). Regarding the KPI system (component 4), it is closely linked to both DT
strategy coordination (component 5), monitoring and reporting (component 6), as well as risk
indicators (component 7), where the first two use the progress or profitability tracking KPIs,
while the third one provides additional measures from a DT risk perspective. Lastly, DT
strategy coordination influences the Monitoring procedure by assigning reporting
responsibilities.

Discussion

In this study, we enhance the existing state-of-the-art supervisory assessment system of
banks’ DT by applying the steps and principles of theory-building methodology in
management studies. We aim to extend the academic discussion around the supervision of
banks’ DT started by our prior study, considering its importance, evolving nature of the topic
(DT), as well as the applied scientific technique (bricolage).

This study’s main contribution to the literature is the SABBMDT model, which is
scientifically more grounded than its predecessor. First, we apply the theory-building
methodology proposed by Shepherd and Suddaby and enhance the existing assessment system
with an intermediary literature review on KSFs of banks’ DT using the bricolage technique.
Second, we make the model more parsimonious by combining the original ECB assessment
criteria into the model’s components, thus lowering the model’s high-level complexity. Third,
we articulate potential linkages among the model’s components.
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This study has three main limitations. The main limitation concerns the conducted
intermediary literature review. Ideally, the model enhancement would require a systematic
literature review on the topic; however, given the study’s primary interest, the conducted
literature review was deemed sufficient for the purpose of the study. Nevertheless, we can
notice that the conducted literature review didn’t cover all components of the model,
indicating areas for further improvement. The second limitation is due to the applied bricolage
technique, which does not produce a definitive model. In addition, the rapid pace of fintech
developments requires continuous updating. Finally, the third limitation concerns the
judgment-based changes applied to the model and the exploration of interlinkages among the
model’s components, because the criteria grouping and the identification of interlinkages
were conducted by a single researcher.

Conclusion

This study contributes to enhancing the supervisory assessment of banks’ DT. More
specifically, the study explores the key success factors and challenges during banks” DT and
incorporates them into the existing state-of-the-art assessment system suggested by the ECB.
Given the importance of the topic and the fast-changing nature of fintech developments,
future research is needed to refine the model.

Therefore, we propose the following research agenda. First, given the growing
importance of DT, we suggest conducting a systematic literature review on key success
factors and/or challenges of digital transformation, which can later be applied to different
sectors, including the banking sector. Second, we propose exploring ways to provide a more
rigorous justification for the grouping of assessment criteria into model components, as well
as the identification and explanation of interlinkages among the model’s components.
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HAJI30P 3A IU®POBOM TPAHC®OPMAIIMEN BAHKOB: MOJIEJIb
SABBMDT, OCHOBAHHAS HA CUCTEME OHEHKH IU®POBU3AIIUU ELIb

I'.T. ManyksiH

Axademus 2ocyoapcmeennozo ynpaeierust Pecnyoiuxu Apmenus

Llenbto HACTOALIETO HCCIENOBAHUS  SBISIETCS  COBEPILICHCTBOBAHHE  CHUCTEMBI
HA/I30pHOM OLIEHKH IU(POBON TpaHchopManuu OAHKOB C Y4€TOM €€ HOBHU3HBL Iyt TOro
YTOOBI TMOJHATH CYIIECTBYIOUIYIO CHCTEMY OILIGHKM JO0 YPOBHS HaydyHOW MOJENHu, B
UCCIICIOBAaHUH TTPUMEHSIETCS METOOJIOTHSI IOCTPOCHHS TEOPHH U METOJT OPHKOJIaXKa.

Hayuynas HOBHM3Ha MCCleqOBaHMs 3akiatouaercs B nosydyeHHod moaenu SABBMDT,
KOTOpasi TIPEJACTaBIsIeT COOOW TpPU OCHOBHBIX YIYUYIICHUS 110 CPaBHEHUIO CO CBOCH
MPEAIICCTBEHHUIIEH - CHCTeMOM OlleHKHU ndpoBu3anuu EBporelickoro rneHTpabHOr0 OaHKa
(ELLb). Bo-nepBoix, cuctema ELIb Obiia oboramieHa pesyiabTataMu 0030pa JUTEpaTyphl MO
KJIIIOUYEBBIM (pakTopaM ycrexa nuuppoBoii Tpanchopmanuu 6aHkoB. Bo-BTOphIX, MOAETH cTaia
0oJiee TaKOHUYHOM TociIe 00beAMHEHUS UCXOIHBIX 14 KpuTepHeB B 7 KOMIIOHEHTOB MOJEIIH.
B-TpeTpux, uccienoBaHue BBIABISET M OOBSICHAET MOTCHUHUAIBHBIE B3aHMMOCBSI3U MEXKIY
KOMITOHEHTaMHU MOJICIIH.

OCHOBHBIC OTPAaHMUYCHHS WCCICIOBAHUS BKIIOYAIOT HECHCTEMATHYCCKHI XapakTep
MIPOBEICHHOTO MPOMEKYTOYHOTO 0030pa JUTEpaTyphl, OTPAHUYCHUSI METOAa OpUKOIaxa U
ObICTpBIC TeMIIBI IUPPOBON TpaHChHOpMAIUH, TPEOYIONTHE TOCTOSTHHOTO COBEPIIIEHCTBOBAHMS
MOJIENIM, a TaKXKe NPUHATHE PEIIeHUH Ha OCHOBE S3KCIIEPTHOM OIIGHKM MpPU COYETAHHH
KPUTEPHEB U BBIBICHUH B3aUMOCBsized. Takum oOpa3oM, Oyaymiue ucciaeloBaHUus JOIKHBI
BKJIIOYATh CUCTEMATHYECKH 0030p JIUTEPATYPHI MO KIIFOUEBLIM (haKTopaM ycrexa MudpoBoit
TpaHchopMalMK, a TAKKE H3YUYEHUE MOTEHIUAIBHBIX CHOCOOOB HAYYHOrO OOOCHOBaHUS
COYETaHUs] KPUTEPUEB U BBISIBIICHUS B3aUMOCBSI3CH.

Knroueevle cnoea: GankoBckuii Hamzop, mudposas tpanchopmarus, EI[B, SREP,
YCTOWMYUBOCTH OM3HEC-MOJICITH.

Submitted on 03.11.2025

Sent for review on 10.11.2025
Guaranteed for printing on 29.12.2025

105



Bulletin Of High Technology N 4 (36) 2025.-pp.106-115. ECONOMICS

A. A. Vartanyan, A.M. Kizi Kenjeeva
IMPROVING THE EFFICIENCY OF SUPERVISORY ACTIVITIES IN THE BANKING SECTOR
THROUGH THE IMPLEMENTATION OF INFORMATION TECHNOLOGY AND ARTIFICIAL INTELLIGENCE

UDC - 336.71.078.3:681.51

IMPROVING THE EFFICIENCY OF SUPERVISORY ACTIVITIES IN THE
BANKING SECTOR THROUGH THE IMPLEMENTATION OF INFORMATION
TECHNOLOGY AND ARTIFICIAL INTELLIGENCE

Arevshad A. Vartanyan

M.V. Lomonosov Moscow State University
1, Kolmogorov str. 119991, Moscow
e-mail: arevshad@mail.ru

ORCID iD: 0000-0002-0317-7296

Russian Federation

Asel M. kizi Kenjeeva

Moscow State Institute of International Relations,
Tashkent Campus

47, Mirzo Ulugbek str. 100007, Tashkent

e-mail: a.kenjeeva@mgimo.ru

ORCID iD: 0009-0000-9484-4754

Republic of Uzbekistan

https://doi.org/10.56243/18294898-2025.4-106

Abstract

In the context of rapid digitalization and the emergence of new financial technologies in the
market, the effectiveness of supervisory activities is becoming a critical task for the central banks
(CBs) of the countries that emerged from the former Soviet Union.

This study proposes a concept for the digital transformation of supervision using SupTech
(Supervisory Technology) — a technological solution aimed at enhancing analytical potential and
automating business processes.

Based on an analysis of the current supervisory structure for the Central Bank of the
Republic of Uzbekistan, the most problematic aspects (low automation, fragmentation of
information systems (IS), and high reliance on manual labor) were identified, which are
characteristic of many other central banks in the CIS countries. Strategic development directions
were also identified based on international practices and the concept of data-centric supervision.
The proposed practical solution includes the development of a SupTech platform with an
integrated liquidity stress testing module [1-4].

The architecture of the proposed platform covers the entire data processing cycle: from
collection, integration, and quality assurance to modeling and visualization of the obtained results.

To address the identified issues in the supervisory activities of the Central Bank, modern
tools and technologies are used: MinlO, PostgreSQL, Apache Airflow, Prophet, Random Forest,
XGBoost, Grafana, Prometheus, and WhyLogs [5-8].

The developed model predicts the LCR indicator, assesses the risks of regulatory violations,
and generates management reports in the required format. High reliability, transparency, and
compliance with compliance requirements are ensured. Visualization and automatic notifications
support the prompt response of supervisory units.

The implementation of SupTech will improve the quality and accuracy of supervision,
reduce decision-making time, enhance regulatory responsiveness, and increase trust in the
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country’s financial system. The developed concept offers a technological foundation for the
transition from reactive to risk-based and predictive supervision, consistent with international
standards and the challenges of the digital economy [9, 10].

Keywords: automation of supervisory activities, bank liquidity, supervision, SupTech.

Introduction

The modern banking sector of former Soviet Union countries faces the need to transform
supervisory mechanisms in the context of economic digitalization and the emergence of new
financial technologies based on information technology (IT). Central banks in CIS countries strive
to build a reliable, sustainable, and innovative financial system.

However, the effectiveness of supervision is often limited by low levels of automation,
fragmented IT infrastructure, and a high burden on manual business processes. This study aims to
develop a concept for the implementation of SupTech - a set of technologies that improve the
efficiency and analytical capacity of central bank supervisory activities [9].

The procedures used in this study include an analysis of the current IT environment of the
Central Bank of the Republic of Uzbekistan, the architecture of the SupTech platform, the
development of a liquidity stress testing model, and an assessment of its applicability [1].

The result is a comprehensive technological solution covering the entire supervisory data
processing cycle—from collection to visualization and management decision-making.

At the current stage, the development of the banking sector has become particularly relevant
for the CIS countries due to the transition to a market economy in the early 1990s, characterized
by the transformation of existing and the emergence of new lending institutions, without which the
successful accumulation, redistribution, and use of funds in the country’s circulation is impossible.

Credit institutions play a crucial role in the development of an effectively functioning
national financial market, redistributing the money supply to meet the demand for cash, a
fundamental factor in the growth of a market economy.

The Central Bank ensures the development of a modern and reliable financial sector in the
country, facilitating the transition to a more developed economy based on the service and
manufacturing sectors, and achieving sustainable growth.

Today, in a rapidly changing environment, achieving the reliability of a country’s financial
system without strong and innovative supervisory capacity is not easy. To ensure financial
stability and protect the interests of depositors, creditors, and shareholders, the Central Bank acts
as a supervisory authority. The Central Bank’s supervisory activities include verifying the
compliance of credit institutions’ decisions and actions with laws regulating banking activities and
Central Bank regulations.

The Central Bank’s supervisory functions are established in the Law "On Banks and
Banking Activities" and are carried out by the Banking Supervision Committee.

The Central Bank’s goal is to create conditions to prevent financial instability in commercial
banks and to monitor their compliance with established requirements.

The purpose of the Central Bank’s supervisory activities is to maintain the stability of the
country’s banking system, protect the interests of depositors and creditors, ensure the effective
functioning of the financial market, and ensure financial security [10].

The Central Bank’s supervisory powers include:

- mandatory rules for banks regarding the conduct of banking operations, accounting, and
statistical reporting, as well as the preparation of annual reports;

- mandatory rules for microcredit organizations regarding the conduct of financial
operations, accounting, and reporting;
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- mandatory rules for pawnshops and credit bureaus regarding the conduct of their activities
and operations.

The Central Bank has the right to:

- receive and verify reports and other documents from banks, microcredit organizations,
pawnshops, and credit bureaus, request and receive information on their activities, including
transactions;

- demand clarification on the information received,

- inspect the activities of banks and microcredit organizations, their branches, and affiliated
entities, as well as the activities of pawnshops and credit bureaus, and apply sanctions to violators;

- establish requirements for internal audit of banks and credit bureaus;

- establish requirements for classifying the quality of banks’ assets and creating adequate
reserves to cover potential asset losses;

- determine the conditions and procedure for writing off bad assets;

- send banks, microcredit organizations, pawnshops, and credit bureaus binding orders to
eliminate any violations identified in their activities;

- request and receive information on the financial position and reputation of bank
shareholders in the event that they acquire a portion of the authorized capital exceeding the
amount established by law;

- impose qualification requirements on the managers, board members, and chief accountants
of banks and their branches, and the heads of executive bodies of microcredit organizations and
credit bureaus.

The implementation of recent reforms in the financial sector of the Republic of Uzbekistan
was extremely significant and effectively marked the beginning of a new era on the path to the
development of a reliable and competitive financial sector. In light of these transformations, it is
expected that financial institutions will increasingly change their business models and diversify
their financial services. Technological innovation is also driving significant transformations in the
financial services industry. At the same time, the COVID-19 pandemic has presented additional
challenges for financial sector participants in response to social distancing measures. In this
context, effective supervision is one of the conditions and factors for ensuring transparency and
stability in the financial sector.

Analysis of Existing Problems

External environmental factors include the growth of new market players, the increasing
complexity of business models, the changing risk landscape, new regulatory requirements, rising
consumer and investor expectations, and compliance with industry standards.

Key internal factors include:

- increased complexity of data analysis due to the lack of specialized tools, limited primarily
to descriptive analytics (what happened) versus predictive (what might happen) and prescriptive
analytics (how to avoid or optimize it);

- low productivity and low reliability of reporting processes (timeliness of information
receipt and high effort required to obtain it);

- low data quality (insufficient completeness, integrity, timeliness, accuracy,
consistency/uniformity), lack of standardization and consistency in data collection (e.g., different
formats — printed, Excel, PDF files;

- different data transmission channels — email, reporting applications);

- increased efforts to organize data preparation (manual checks, manual aggregation, dealing
with high error rates, etc.);

- the need for human resources with a mixed skill profile, both in their core professions and
in IT, to better assess the new risks posed by IT-enabled financing business models.
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The regulator and financial market participants are implementing IT in many areas of their
activities, both to improve the efficiency of internal procedures and for digital interactions with
each other. Rational use of IT reduces time and costs, improves the quality of services provided,
ensures efficient interaction, and reduces risks.

Within the framework of the use of modern IT by the regulator and supervised organizations,
two areas can be distinguished — SupTech and RegTech [9].

SupTech (Supervisory Technology) — technologies used by the regulator to improve the
effectiveness of control and supervision of the activities of financial market participants.

RegTech (Regulatory Technology) — technologies used by financial organizations to
improve the effectiveness of compliance with the regulator’s requirements.

The objectives of implementing SupTech solutions are:

- improving the quality of data analytics by optimizing data collection, storage, and
processing;

- increasing the efficiency and speed of risk identification in financial institutions;

- freeing up employee time to address issues requiring professional (motivated) judgment
and expertise.

The objectives of implementing RegTech solutions are:

- automation and standardization of business processes related to ensuring and fulfilling
regulatory requirements;

- reducing risks and costs, increasing the accuracy of compliance with regulatory
requirements;

- increasing the speed of fraud detection and response.

As regulatory reporting challenges continue to worsen, central banks are increasingly
adapting their internal systems to provide more effective supervisory capabilities, in particular by
implementing solutions in the field of regulatory and supervisory technologies.

SupTech — supervisory technologies — is the use of technological innovations by supervisory
authorities to improve the efficiency of supervisory activities. SupTech encompasses technologies
and solutions that enable regulators to improve efficiency and reorganize internal supervisory
processes to align them with the digital transformation of the financial sector, process data faster
and in larger volumes, automate business processes, analyze key risks, and identify trends.

International experience shows that SupTech is becoming a strategic priority for an
increasing number of supervisory authorities, as it helps streamline administrative processes,
reduce supervisory costs, improve decision-making, minimize risks, and maintain financial
stability.

The use of SupTech solutions by supervisory authorities has a positive impact on the
activities of supervised organizations, as it reduces the workload of supervisory authorities,
improves reporting processes, helps reduce compliance costs, etc.

Possible technologies used may include:

- data collection, processing, and storage technologies;

- artificial intelligence;

- natural language processing;

- data visualization technologies;

- robotics;

- cloud services;

- platform solutions. The objective of this work is to develop a concept and justify the need
for an innovative solution to improve the efficiency of the Central Bank’s supervisory activities.

Obijectives:

- Analysis of existing problems in supervisory activities;
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- Justification of the need to implement an information system into the Central Bank’s
supervisory business processes;

- Conduct research and develop a design solution based on agreed-upon business
requirements;

- Define technical requirements for the developed information system and its components;

- Work plan, schedule, and Gantt chart for the development and implementation of the
information system;

- Evaluation of the effectiveness of the developed system.

The relevance of this work is linked to the Central Bank’s ability to achieve its strategic
goals of creating a robust financial system based on inclusiveness, innovation, efficiency, and
sustainable economic growth through the transformation of oversight using IT.

It is believed that artificial intelligence and machine learning can significantly improve the
capabilities of human intelligence in descriptive, diagnostic, predictive, and prescriptive analysis.
Examples of use include identifying patterns in business performance in terms of liquidity and
profitability, which enables more proactive regulatory intervention.

The main areas of application for SupTech solutions are:

- risk analysis and management;

- improving financial market access procedures;

- identifying illegal activities in the financial market;

- improving information exchange with financial institutions and other entities;

- implementing a data-centric approach;

- automating the supervision of financial market participants;

- improving the efficiency of the Central Bank’s handling of appeals from individuals and
legal entities.

A practical solution is to develop a digital office concept based on workflow management,
case management, and collaboration platforms.

Let’s list the main stages of implementing an information system to automate the Central
Bank’s supervisory business processes:

- Analysis of the supervisory authority’s readiness for the information system
implementation;

- Assessment of the existing infrastructure;

- Formation of a project team;

- Development of an implementation business plan, specifying timelines, required resources,
and considering personnel training needs;

- Implementation and testing of the solution, its installation, configuration, and integration
with existing information systems;

- Maintenance and servicing throughout the lifecycle after its commissioning.

Methodology

The key categories of the study are:

Supervision — the process of monitoring financial institutions to ensure their resilience and
compliance with regulatory requirements;

SupTech — the use of modern digital technologies (machine learning, ETL pipelines,
visualization) for automation and analytics in supervisory practice;

Data-centric supervision — an approach focused on the use of primary, granular data rather
than aggregated reporting;

Stress testing — a method for assessing the resilience of financial institutions to market and
behavioral shocks.
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The study is applied in nature and is based on an engineering and analytical approach. The
following basic tools were used:

- Analysis of current regulatory practices of the Central Bank;

- Development of a SupTech platform architecture with data integration, modeling, and
visualization modules;

- Construction of a liquidity stress testing model using the Prophet, Random Forest, and
XGBoost algorithms;

- Data quality testing using Great Expectations;

- Organization of monitoring and visualization through Prometheus and Grafana.

The choice of tools for automating supervisory business processes was driven by their
scalability, open source nature, and successful use in banking practices in other countries.

Research Results

Thus, thanks to the development, implementation, and commercialization of the information
system for automating the Central Bank’s supervisory activities, we have achieved the following
results:

- a multi-level architecture for the SupTech platform with a liquidity stress testing module
was developed,;

- a 30-day LCR forecast and a five-month deposit outflow scenario were implemented,;
- target accuracy indicators were achieved: RMSE < 0.005, AUC > 0.90;

- automatic notification of deviations and regulatory violations was configured,

- API channels for transmitting calculations and reports were implemented;

- incident logging, model retraining, and internal audit were organized.

It is worth noting that SupTech can dramatically improve the efficiency of supervision,
reduce dependence on manual data processing, and ensure earlier risk identification. The
developed solution complies with international standards (Basel 111, ISO 27001, NIST CSF) and
successfully replicates approaches tested by many regulators in developed countries [1].

Compared to the traditional oversight model, SupTech provides a more comprehensive and
timely risk picture, enables the implementation of target and stress scenarios, and the development
of informed oversight measures.

Conclusions

The study demonstrated that the introduction of SupTech into the Central Bank’s
supervisory practices can serve as a catalyst for the transition to proactive and analytically sound
regulation.

The developed system for stress testing the capital liquidity of commercial banks represents
a practice-oriented solution capable of enhancing the resilience of the financial sector,
transparency, and accuracy of supervision, and also creating a foundation for the further
implementation of risk management information systems.

The results obtained in the study are applicable to regulators in various countries interested
in the digitalization of supervision.
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AULLU3PL NLAPSNRU YBrU<ULNT 4NMrONRLENRE3UL UMMBNRLUYESNRG3UL
PUMraNrUSNrU® SE1ELUSHULUL SEhuLNLNGPULENP L UPLEUSULUL
AULULULNRG3UL LEMHUUL UbRNSNY

WU dwpnuywt', U.U.Ybudbbyu?

"Mockosckuii eocydapcmsentbiii yHusepcumem umeHu M. B. Jlomorocosa
’Mockosckuli 20cydapcmeenHbiii uHcmumym mexdyHapoOHbix omHowenuli (MMUMO), Tawkenmcrkuli kamnyc

Upwagpupwg pYwjuwgdwu U $huwluwlwu unp wnbjuuninghwubph oniyw  dninp
gnpdtiint  wwjdwuubipnud  yGpwhuynn  gnpdniubinigjwu  wpryniwwybinnyeniup  nununwd  k
Ytuuwlwu Ywplunpnigywu fuunhp uwpuyphu WUCKU  wnwpwoépnd duwynpwd  tipypubiph
LYbuwnpnuwlywu pwuytipp (YR) hwdwp: Unyu hinmwgnunigjuu opgwuwynid wnwowpyynd k
dopwhuynnnipguu  pdwiht - wpwuubnpdwghwih  hwbgwlwpg'  SupTech  (Supervisory
Technology) wbfuuninghwywtu |nddwu  Yhpwndwdp, npp Gwwwwy nbh  pwpdpwgub
doppndwywu - ubpnidp b wywnndwwnwgul]  phqubiu  gnpdpupwgutipp:  Mgpblunwuh
Cwupwwbinnipjwu  Ybunpnuwlywu  pwuyph  Jbpwhuynnnigjwu  gnpdnn Yunnigywdph
Jopndniguu  hpdwu  Jpw  pwgwhwyndl; Gu dh pwpp  fuunpwhwpnyg  wuwbyunubp'
wynndwwnwgdwt  gwdn dwlwpnwy, nbintywwnywywu hwdwlwngbph (SK)
Ppwagdtiunwugywonipiniu, &dtinph wfuwwnwuph tywwndwdp pwpdp Ywiujwdnyenit, npnup
punpny Lu uwlb UMK Gpypubph pwqdwpehy Ybunpnuwlywu pwuybppt: Uhwdwdwuwy
uwhdwuyb) bu qupqugdwiu nwgdwywpwlwu ninnnigyniuutp’ hhdudwsd Jhowqgguwihu dinpéh
L wdwwybunpnu  Ybpwhuynnnypjwu  (data-centric  supervision) hwjbgwlywpgh Jpw:
Unwownlynn gnpduwlwu ndnwdp ubipwnnid £ SupTech hwppwyh dowynip' ubplunnigud
hpwgybihnipjwu uppbiu-punwynpdwu dnnnyny [1-4]:

Unwowplynn hwppwyh dwpunwpwwbwnggniup  pungpynd £ ndjuiutph dowldwu
wdpnnowlwtu  ghyp' hwdwpwgpnidhg, hunbgpnuipg W npwyp  JGpwhuynwdhg  dhusle
dnntwynpnud b unwgywéd wpryniuputiph hgnuwjugnid:

Pwgwhwjnyws dtpwhuynn fuunphpubph nwddwu hwdwp Yhpwnynd Gu dwdwuwlwyhg
gnpdhpubp U wbluuninghwubip' MinlO, PostgreSQL, Apache Airflow, Prophet, Random Forest,
XGBoost, Grafana, Prometheus U WhyLogs [5-8]:

Uowywsé dnnbp Ywufuwwbunwd £ LCR gnigwuhop, quwhwwnd £ unpdwwnpyubiph
fuwfunmdwtu nhulybipp L duwynpnd £ Yuwnwywpswlywt hwoytnynieiniuubp  wuhpwdtion
Glwswihny: Uwwhnyynd  Gu  pwpdp  hnwwipnentt,  pwthwughynyeiniu b
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hwdwwwuwnwuluwunentu Yndwwjbuuh wwhwugubphu: JYhgniwihqughwtu U wywndwin
dwunignwiubipp bwywuwnnw tu YyEpwhulynn unnpwpwdwunwiubph owytipwwinhy wpdwgwuphu:
SupTech-h utipnpnudp Ypwpdpwgup ybpwhuynnnipjwu npwyp W dogpninieyniup, Yujwqgbgup
npnanwdubiph punniudwt dwdwuwyp, Yndbinuguph  Ywpgwynpnnh - wywhynigniup W
Ypwpsdpwguh Juuwhneyniup Gpypp phtwtvwlwt  hwdwlywpgh ujwndwdp:  Uowydwsd
hwbgwywpgp wnwowpynw £ wbluuninghwywu hpdp' wugnud  Yuwwpbint  nbwyunphy
ytpwhuynnnieiniuphg nbiwyh nhujwytunpnu b jwufuwwnmbunnuywu ybpwhuynnnipiniu, npp
hwiwwwwwufuwunwd £ dhowqquiht  swithwuppubipht bW pwjht  wnuwnbunyejwu
dwpuwhpwytputippu [9, 10]:

Pwbugp  pwnbp.  JbGpwhuynn  gnponiubinggutu wynndwwnwgnud,  pwulbpp
hpwgytihniejniu, ytpwhuynnnieinwu, SupTech:

MNOBBINEHUE Y®®EKTUBHOCTHU HA/I30PHOM AESATEJBHOCTHU B
BAHKOBCKOWM C®EPE 3A CYET BHEJPEHUS UH®OPMAILIMOHHBIX
TEXHOJIOT'M U UCKYCTBEHHOI'O HHTEJLJIEKTA

A.A.Bapransin’, A. M. Ken:keena’

1 . .
Mockosckuii eocyoapcmeennsiii ynusepcumem umenu M. B. Jlomonocosa

2 . . . .
Mockosckuii 2ocyoapcmeennbiii uncmumym mexncoynapoonvix omuoutenuti (MIUMO), Tawxenmcxuil
Kamnyc

B ycnoBusix cTpemMuTenbHOM 1M(POBH3ALMU U TOSABICHHS HOBBIX (DPMHAHCOBBIX
TEXHOJIOTUH Ha pbIHKE 3()PEKTHUBHOCTh HAI30PHOM AEATENBHOCTH CTAHOBHUTCS KPUTHYECKU
BakHOI 3anadeit st Llentpanbaoro 6anka (LB) ctpan, o6pazoBasmmxcs u3 osiBmero CCCP.

B pamkax HacTOAIIEro  HCCIENOBAaHUS  MpEUIaraeTcss KOHIENIUS  IUPpOBOH
Tpanchopmaruu  Hamgzopa ¢ ucrnois3oBanueM SupTech (Supervisory Technology) —
TEXHOJIOTUYECKOIO PEILICHUS, HAMPaBICHHOIO Ha MOBBIIICHUE AaHAJIUTHYECKOTO MOTEHIHala U
aBTOMAaTH3AINIO OU3HEC-TIPOLIECCOB.

Ha ocHoBe mpoBeneHHOTO aHanmm3a TEKylIeW CTpyKTyphl Ham3opa mias b PecmyOmmku
V30ekucraH, BbISIBIEHBI Haubojee MpoOJIeMHBbIE acleKTbl (HU3KUI ypOBEHb aBTOMAaTHU3allWH,
¢parmenTanus uHGopmanuonueix cucreM (MC), BbICOKas 3aBUCHMOCTh OT PYYHOTO Tpyna),
KOTOpbI€ XapakTepHbl 1 MHOruM ApyruM L[b crpan CHI', a Taxxe onpeneneHsl cTpaTernyeckue
HalpaBlICHUsl Pa3BUTUSI HAa OCHOBE MEXIYHApPOIHBIX MPAaKTUK W KoHuenmwuu data-centric
supervision. [IpemnokeHHOE TpPaKTHYECKOE pelIeHHe BKIoYaeT pa3pabotky SupTech-
IaTGOPMBI CO BCTPOSCHHBIM MOJIYJIEM CTPECC-TECTHPOBAHUS TUKBUIHOCTH [1- 4].

ApxuTekTypa npearaeMoi miat(opMbl OXBaThIBAET BECh LIUKII 0OPaOOTKU JAaHHBIX: OT
cbopa, MHTErpanuu, MPOBEPKH KadecTBa J0 MOJAEITUPOBAHUS W BU3YyalIM3alMH TOTYYEHHBIX
pe3yJIbTaTOoB.
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Jlnsi pemieHusi BBIABICHHBIX MpOOJIEeM MO Haa30pHOH aearenbHocTH LB mcmonb3yrorcs
CoBpeMeHHbIe MHCTpyMeHTHl u TexHomoruu: MinlO, PostgreSQL, Apache Airflow, Prophet,
Random Forest, XGBoost, Grafana, Prometheus u WhyLogs [5- 8].

PazpabGorannas monmens mporHo3upyer mokasarenb LCR, omneHmMBaeT puCKu HapyIICHHS
HOPMAaTHBOB W (OPMHUPYET ympaBlieHYeCKHe OTYETHI B HeoOxomaumoM (opmate. ObecrnedeHbl
BBICOKAasl HaJI&KHOCTh, MPO3PAYHOCTh U COOTBETCTBUE TPEOOBAaHUSAM KOMIUIaeHca. Buzyanuzamus
U aBTOMATHYECKUE YBEIOMIICHMS IMOAJNEPKUBAIOT OMNEPATHBHYI PEAKLIMI0 HAJI30pPHBIX
MIOAPA3ACIICHUMN.

Buenpenne SupTech MOBBICUT Ka4ecTBO M TOYHOCTh HA/30pa, COKPATUT BpeMsl MPHHSITHS
pelIeHn, TOBBICUT AaKTHBHOCTh pETyNsATOpa W JOBepHe K (PHHAHCOBOW CHUCTEME CTpaHbI.
Pa3zpaboranHas KOHIENIHS peIaracT TEXHOJIOTUYECKYIO OCHOBY JIJISl IEPEX0/1a OT PEaKTUBHOTO
K PUCK-OPUEHTUPOBAHHOMY M IMPEAUKTUBHOMY HAJ30pYy, COOTBETCTBYIOLIEMY MEXIYHAPOIHBIM
CTaHJapTaM U BbI30BaM IU(poBoit s3xoHOMHKH [9, 10].

Knroueswie cnosa: aBToMaTusanusi HAJ30pHOM IEATEIBHOCTH, TUKBUIHOCTh OaHKOB,
HAI30p,
SupTech
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Abstract

The paper presents the effect of the processor time quantum size on the training speed of
neural network. The Windows Server 2019 operating system was chosen as the operating
environment, where the training speed of the neural network was analyzed with various system
settings. A convolutional neural network was used as the object of research.To speed up the training
of the neural network, a method based on the use of automatic command merging and a decrease in
the processor time quantum size was used. The obtained results allow optimizing the training
processes of neural networks in multitasking environments, ensuring an increase in the overall
performance of the system. An analysis of the relationship between the parameters of planning
computing resources and the training speed was carried out, and recommendations for optimizing
systems taking into account the specifics of neural networks were proposed.

Keywords: batching, clockers, hyperparameter, convolutional neural network, failover
cluster, operating environment, processor time quantum.

Introduction
The performance of neural network training heavily depends on the hardware. However, in

addition to the architectural solutions of the equipment - the number of CPU (Central Processing
Unit) and GPU (Graphics Processing Unit), the type and volume of long-term HDD/SSD (Hard
Disk Drive, HDD/Solid-State Drive, SSD) and short-term (Random Access Memory, RAM) data
storage devices, the transfer rate of the system bus, a parameter that often remains outside the
attention of researchers of systems using machine learning (ML) - the quantum of processor time® -
has a significant impact on the speed and stability of training. The processor time quantum is
especially important in situations where the processor resources are divided between several tasks,
such as when training a neural network under conditions of limited access to dedicated computing
nodes. In such a case, the length of the processor time quantum determines how often the training
task will have access to the processor and how smoothly sequential computations will be processed.
If the time quantum is too small, the processor will frequently switch between tasks, creating

! Processor time quantum - this parameter defines the minimum time interval during which the processor allocates
resources to perform a specific task.
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additional load on the system due to context switches. This may lead to decreased performance and
increased training time of the neural network. On the other hand, too large a time quantum may
cause delays in processing 1/O tasks. Thus, proper configuration of the processor time quantum
becomes critical for optimal use of computing resources. For different operating environments, the
value of the processor time quantum is different.

The values of the processor time quantum for the Windows operating systems (OS) that
served as the platform for this research presented in Tab. 1 [1-3].

Table 1
The value of the quantum of processor time for Windows operating systems
Quantum of time
Operating system processor Note
(ms)
Windows 7 15-30 Depends on power rr_lode. The scheduler is focused on the
balance of interactivity and performance.
Windows 10 15-30 _Uses a scheduler with d)_/namlc quantum management. The
interval changes depending on the system activity.
Windows 11 15-30 Slml_lar to V_deows 10, optimized for new processors and
hybrid architectures.
Windows Server 120 Optimized for server tasks with minimal context switching
2012, 2016 frequency.
Windows Server Expanded support for containers and cloud solutions,
120 T .
2019 optimization for long-term calculations.
Windows Server Security and performance improvements for large server
120
2022 workloads.

When training neural networks on computers united in clusters, it is important to correctly
configure the processor time quantum depending on both the type of neural network being trained
and its parameters/hyperparameters?.

A pressing task is to determine the optimal time quantum value to increase the
learning/response speed in parallel computations, such as distributed training of a neural network
(networks) on several nodes. Researchers in ML systems offer various solutions to this problem [6-
9] each of which has certain limitations. However, the method of accelerating the training of neural
networks by changing the automatic combination of commands (batching®) with a parallel change
in the quantum of the processor has not been considered.

The novelty of the research lies in the application of methods for changing the batching size
and the parameters of the quantum of the processor to increase the speed of training of a
convolutional neural network.

Conflict Setting
It is necessary to obtain the optimal value of the processor time quantum for a given
operating system when training a neural network.

2 Hyperparameters of a neural network are parameters of a ML model that are set before training begins.
Hyperparameters, unlike parameters, are unchanged during the training process [4, 5].
¥ Batching (ML) is changing multiple weights in different layers of neural networks with one command.
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Discussion
By changing the values of the processor time quantum for a given OS, as well as modifying
the batching value for the convolutional neural network code, obtain the most effective value for the
learning speed.
Boundary condition
* at a given point in time, only one neural network is trained,
* training was carried out based on only the CPU, on computers united in a cluster.
Experimental procedures
A computing cluster* (Fig. 1) consisting of 12+1 computers was deployed under Windows
Server 2019 Standard (build 17763). The Failover cluster [10] and Hyper-V [11] roles are activated
and configured in the OS. The computing cluster is configured using the SAN (Storage Area
Network, SAN) architecture.

Fig. 1 Diagram of the computing cluster

The computers are connected two local networks (control and data transmission) using two
network interfaces. A common storage is implemented on a separate computer and a quorum disk is
activated. The OS has Tensor Flow software [12] installed, in which a convolutional neural network
is deployed. The processor time quantum was changed according to the description presented in
[13]. The control of the change in the quantum of processor time for the Windows OS was carried
out by the Clockres software [14, 15].

Research was carried out with different values of
the hyperparameters of the convolutional neural network.
Fig. 2 show the modified values of the processor time
quantum for the Windows Server 2019 OS used in the

research.
Fig. 2 Processor time quantum
value for Windows Server 2019 OS

The processor time quantum was changed in the range of 100+30 ms (the value of 30 ms
corresponded to the upper value of the client version of Windows OS). In all cases, testing was

* Parameters of a single computer: CPU-i9, RAM 16Gb.
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performed with the security software disabled and the OS updated to the current state [16]. The
batching of processes was changed separately based on the developed script.
Training was carried out in three stages:
e training with the standard value of the processor time quantum with the batching change

script disabled,
e training with the changed value of the processor time quantum, with the batching change

script disabled,
e training with the changed value of the processor time quantum with the batching change

script enabled.

The learning rate was compared with the learning rate at the standard, upper value of the
processor time quantum (120 ms) for the given OS.

The reliability of the output values of the trained neural network was checked by comparing it
with the a priori known output values of the neural network trained in the research [17] (reference
network).

The comparison was performed by WinMerge software [18].

Research Results

The research results change in learning rate at different values of the processor time
quantum are presented in Tab. 2. The dependence of the learning rate on the value of the processor
time quantum is shown in Fig. 3.

Table 2
Results of the research on changes in learning speed
Convolutional neural network Convolutional neural network
Value of quantum learning rate increment*(%) / learning rate increment*(%) /
0S of processor time confidence (%) confidence (%)
(ms) Number of layers Number of layers
3 5 7 3 5 7
100 0.6/97 0.5/98 0.2/95 0.9/96 0.7/92 0.4/97
90 0.8/95 0.4/90 0.4/88 0.8/98 1.0/92 0.8/93
80 1.3/96 0.9/91 0.6/81 1.7/95 1.6/88 0.8/90
V\’S'vaoe‘:"s 70 1.8/85 1.3/90 | 08/88 | 2.5/92 1.9/90 1.2/87
2019 60 2.4/97 1.6/85 0.8/83 3.7/89 2.6/91 1.8/89
50 3.7/96 2.3/88 0.9/85 4.3/91 2.9/94 1.9/92
40 3.2/94 2.1/90 1.1/82 4.0/88 2.3/89 1.5/89
30 2.6/92 1.9/89 1.0/82 3.7/91 2.2192 1.3/90

* learning speed with batching disable,
** learning speed with batching enable.
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Fig. 3 Dependence of the learning rate on the
guantum of processor time

Based on the experiment, the following conclusions can be drawn:

= the optimal value of the processor time quantum for Windows Server 2019 OS when
training a convolutional neural network is in the range of (40+60) ms,

= the increase in the learning rate at the optimal value is (3.7+4.3)%,

= reliability, with an increase in the learning rate, decreases on average by (3+13)%.

Conclusion

The paper considers a model for accelerating the training of a convolutional neural network
based on a hardware cluster with a variable value of the quantum of processor time and software
optimization. The change in the quantum of processor time was controlled by the Clockres utility
from the Sysinternals software package.

It was determined that in all cases, when the quantum of processor time is reduced, the
training speed increases, with a parallel decrease in the reliability of output values. Using a large
quantum of time allows ensuring the stability of long-term computing processes.

For deep networks (7+ layers), it is recommended to use server OS. For small and medium
networks with less intensive calculations, client OS or server OS with a minimum quantum of
processor time may be optimal.
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HNCCIEAOBAHUME MOJEJIA IIOBBIINEHUA CKOPOCTH
OBYYEHMS HEHPOHHOM CETH B OITEPAITMOHHOM CUCTEME WINDOWS

T.B. lxamrapsia

Hayuonanenuiii nonumexuuueckuii yHusepcumem Apmenuu

B craree paccmarpuBaercs BIMSHHME pa3Mepa KBaHTa BPEMEHU IIpolieccopa Ha CKOpPOCThb
o0y4eHHs HEHpPOHHBIX ceTeil. B kauecTBe omepanMoHHON cpelbl BRIOpaHa onepalioHHasi CUCTeMa
Windows Server 2019, rae aHanu3upoBaiach CKOPOCTh 0OyUSHHsI HEUPOHHOM CETH TIPU Pa3InIHBIX
HacTpoWKkax cucTembl. i1 yckopeHus oO0ydeHUss HEMpOHHOM CETH HCIOJIb30BAJICS METOJ Ha
OCHOBE IIPUMEHECHMS aBTOMATHYECKOTO COBMEIICHMS KOMaHJ U YMCHBIIECHUE pa3Mepa KBAaHTa
BpeMeHM Ipoueccopa. IIpoBeneH aHanu3 B3aMMOCBA3M MEXKIY IapamMeTpaMu IUIAHUPOBAHMS
BBIUUCIIUTENIBHBIX PECYPCOB M CKOPOCTBbIO OOYUYEHMsI, a TaKKe MPEAJOkKEHbl PEKOMEHJALUHU IO
ONITUMH3AIMU CUCTEM C YUETOM crielu (KN pabOThl HEHPOHHBIX CEeTEH.

Knwuesvle cnosa: runepnapaMerp, ONepallMoOHHAas cpefa, KBaHT BPEMEHHU Mpolieccopa,
CBepTOYHas HeHpoHHas ceTh, batching, clockres, failover cluster.
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