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B Abstract. Modern solar air-heating units, widely used in low-temperature heat supply systems, exhibit certain limitations
in efficiency due to pronounced diurnal and seasonal nonuniformity of solar insolation, as well as significant heat losses at
low irradiance levels. Under these circumstances, there is an acute need for engineering-compact solutions that combine
direct air heating with controllable thermal-energy accumulation. Of particular importance is the development of models
that are experimentally reproducible and verifiable. The aim of this study was to formulate and experimentally validate an
optical-thermal model of an integrated solar collector-accumulator with a variable opening angle of a louvred absorber. The
model describes the dependence of the instantaneous efficiency on solar irradiance at fixed louvre opening angles — 0°, 45°,
60°, and 90° — and accounts for the division of the incoming energy between the air branch and the built-in water thermal
accumulator. Based on a prototype housed in a single thermally insulated casing, bench tests were conducted with recording
of the key parameters: solar flux density, inlet and outlet air-channel temperatures, water-heating dynamics, and air mass flow
rate. The mathematical model used in the analysis was based on an energy balance with a linear dependence of efficiency
on reduced temperature, while parameter identification was performed by the least squares method. The dynamics of
the water subsystem were described by a first-order differential equation. The reliability of the model was supported by
high explained-variance values, the absence of autocorrelation, and residuals consistent with a normal distribution. The
work presented n(G) curves for the four louvre opening angles; at solar flux densities of 350, 650, and 1,000 W/m?, the
efficiencies achieved were approximately 0.36/0.50/0.56 for 6=0°, ~0.33/0.48/0.55 for 6=45°, ~0.32/0.47/0.54 for 6=60°,
and ~0.30/0.45/0.50 for 8 =90°. The average efficiency over G =200-1,000 W/m? was about 0.435. It was shown that a
moderate increase in the louvre opening angle to 45-60° reduces the efficiency of the air branch by 1-4 percentage points
while simultaneously promoting more active charging of the water storage branch. The agreement between the model and
the experimental data confirms its practical applicability and the absence of systematic error
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B INTRODUCTION

In the transition toward sustainable and localised heat-supply
solutions, solar air-heating collectors (SAHCs) remain among
the most accessible and structurally simple technical options.
They are in demand both in the residential sector (for heat-
ing and ventilation) and in industrial drying complexes. Nu-
merous publications in recent years, like the one by V. Sin-
gh et al. (2022), demonstrate growing interest in improving
such units, especially in the areas of aero-hydrodynamic
optimisation of channels, enhancement of absorbing surfac-
es, and integration of storage blocks into the overall design.
Nevertheless, a key limiting factor remains the pronounced
temporal nonuniformity of solar irradiance, both diurnal and
seasonal. At low insolation, heat losses become particularly
significant, calling into question the stability of operation with-
out an accumulation system. For this reason, the importance
of adaptive optics and guided distribution of the solar flux
increases — moving from static absorbers to dynamic struc-
tures with controllable blades or louvres (Chand et al., 2024).

This work focused on a multifunctional, mobile solar air
heater-accumulator with a variable-angle louvred absorber,
structurally integrating an air channel and a water accumu-
lator. Such integration within a single thermally insulated
casing aims to create a more flexible and adaptive system
capable of adjusting to changing external conditions. In re-
cent years, it has become clear that the efficiency of solar
thermal systems can be enhanced not only through mate-
rial improvements but also by tailoring flow-path geome-
try and explicitly accounting for exergy losses. S. Chand et
al. (2024), using a dedicated experimental rig, assessed the
exergy performance of a louvred-fin solar air heater and
demonstrated that both the louvre shape and pitch material-
ly influence exergy efficiency over typical daytime operating
cycles. A. Albdoor et al. (2024) investigated double triangu-
lar ribs within the duct of a solar air collector and conducted
a combined energy, exergy, and environmental assessment;
their results show that appropriate rib configurations deliver
measurable gains in efficiency while incurring only moder-
ate increases in hydraulic resistance. On the thermal stor-
age side, S. Ayuob et al. (2022) derived and validated Nus-
selt-number correlations for a vertical storage tank equipped
with a helical coil, thereby providing engineers with practi-
cable relations for design calculations. Regarding working
fluids, A. Ajeena et al. (2024) experimentally demonstrated
that deploying nanofluids (e.g., SiC/DW) in flat-plate collec-
tors can raise both thermal and exergy efficiencies, although
the attendant rise in pumping power must be taken into ac-
count. In a comprehensive survey, J. Bocanegra et al. (2025)
synthesised the evidence on nanofluids for solar collectors,
noting persistent efficiency gains but also emphasising dis-
persion-stability challenges and the potential for increased
pumping-energy demand. Finally, at the system-layout level,
Z. Rahimi-Ahar et al. (2023) reviewed single-stand and hy-
brid solar water-heating configurations and showed that co-
ordinated optimisation of flow rate, tilt angle, collector num-
ber/geometry, absorber texturing, and the use of turbulators
consistently improves overall performance.

The aim of the study was to develop and experimental-
ly confirm a compact, engineering-practical optical-thermal
model of a solar air heater-accumulator with an adjustable
louvre opening angle. The model was to describe the de-
pendence of instantaneous efficiency on solar irradiance,
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taking into account the division of energy between two
functional branches — the air branch and the water branch.
The objectives were: to formulate a mathematical expres-
sion for the optical-flux splitting function p (6,) and to devel-
op a two-branch thermal model with parameters suitable for
identification; to conduct bench tests of the prototype in four
fixed louvre configurations: 0°, 45°, 60°, and 90°; to perform
a regression analysis of n(G) dependencies and assess the
statistical reliability of the estimated parameters using boot-
strap and the least squares method; to compare the experi-
mental data with theoretical curves and test the robustness
of the model to variations in optical and thermal character-
istics; to develop practical recommendations for adaptive
control of the louvre opening angle in order to optimise the
balance between instantaneous heating and heat accumu-
lation. The study presented an original structural configura-
tion of a solar air heater-accumulator in which the louvred
absorber not only regulates the magnitude of the flux but
also directs it with a targeted energy effect — either into the
air branch or into the water accumulator. Such solutions are
extremely rare in the literature: either absorbers without
thermal energy storage (TES) are examined, or accumula-
tors without adaptive optics. In addition, a compact regres-
sion model (G, 6,), compatible with the Hottel-Whillier-Bliss
formalism, was introduced, enabling engineers to promptly
identify key parameters (Tngl, F., U)) in practice. The role of
louvre optics in energy routing of the solar flux within the
device was also highlighted — a logical extension of well-
known solutions in architectural thermal engineering (e.g.,
building louvre systems) that is, for the first time, transposed
to the domain of solar air heating. Thus, the work bridged a
significant gap between theory and practice in the context
of integrating TES and adjustable optics, offering a ready,
technically implementable, and experimentally validated
model reinforced by engineering recommendations and
analytical rigor.

N LITERATURE REVIEW

The trajectory of contemporary research on solar air-heating
collectors and their associated thermal energy storage sys-
tems shows a steady expansion across several interwoven
thematic strands. Key directions include: geometric trans-
formation of absorbers and flow channels to intensify heat
transfer; integration of storage media of differing physical
nature (water tanks, phase-change materials) to mitigate
temporal fluctuations in insolation; and the development of
compact thermohydraulic models — from the classical Hot-
tel-Whillier-Bliss paradigm to hybrid energy-balance frame-
works — geared toward parametric identification and operat-
ing-mode optimisation.

Comprehensive analytical reviews report clear pro-
gress in improving the thermal efficiency of solar air-heat-
ing collectors (SAHCs), driven by deliberate increases in the
geometric complexity of heat-exchange surfaces (Singh et
al., 2022). Investigations range from basic finning and the
use of turbulators to sophisticated configurations with mul-
ti-pass channels and specialised optics. A representative ex-
ample is the work by S. Chand (2022), which demonstrated
under controlled conditions that applying louvre-blade struc-
tures to the absorber surface can achieve substantial gains
in thermal efficiency by enhancing shear in the boundary
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layer and increasing the effective heat-transfer area. Ex-
tending this line of inquiry, the research team performed an
exergy analysis of a modified SAHC, revealing not only high-
er exergy efficiency but also a marked reduction in specific
energy losses (Chand et al., 2024). Concurrent publications
by P. Balakrishnan et al. (2024) and S. Marzouk et al. (2024)
emphasise the importance of inlet channel configuration
and rib geometry (including double triangular, rectangular,
etc.) for achieving an optimal trade-off between thermal and
hydraulic performance across various turbulence regimes.
Collectively, these findings establish an engineering founda-
tion for deployable, controllable louvred absorbers capable
of simultaneously managing flow hydrodynamics and the
“directionality” of solar-radiation distribution.

Under variable insolation — typical of most regions —
the stabilisation of the thermal regime remains a priority,
achieved by incorporating storage components. For wa-
ter-based systems, numerous studies — from ICS configu-
rations to concepts with reflective elements — demonstrate
gains in efficiency and energy resilience (Arnaoutakis et
al., 2022; Rahimi-Ahar et al., 2023). In air-based SAHCs,
the emphasis shifts toward phase-change materials (PCMs),
whose use not only raises outlet-air temperatures but
also prolongs the system’s thermal response after sun-
set (Palacio et al., 2022). Particular attention in studies by
Z. Rahimi-Ahar et al. (2023) was warranted by integrated
approaches that couple geometric improvements with stor-
age components, as well as the prolongation of useful heat
output achieved through the use of phase-change materials
(PCM). Together, these results highlight the feasibility of in-
tegrating air and water branches within a single device that
delivers versatile energy output.

Hybrid configurations that unite the functions of air and
water collectors are attracting increasing attention. For ex-
ample, M. Hassan & M. Araji (2025) examined a system in
which a flat-plate water module operated in tandem with an
unglazed air loop, substantially broadening the range of op-
erating modes. Studies of ICS systems with integrated tanks
and specialised optics (e.g., concentrating or directional)
likewise confirm both the technological and economic via-
bility of such solutions (Arnaoutakis et al., 2022; Messaou-
da et al., 2024; Koukou et al., 2025). The resulting method-
ological foundation enables dynamic redistribution of solar
energy between the functions of instantaneous heating and
storage, depending on current weather conditions and the
consumer demand profile.
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Among the models used for analysing and optimising
SAHCs, the linear Hottel-Whillier-Bliss (HWB) framework con-
tinues to dominate, enabling identification of the collector’s
core thermotechnical parameters based on experimental
data. M. Rétkai et al. (2024) established the applicability of
this model to evacuated-tube SAHCs, demonstrating low er-
ror and strong consistency with energy-balance considera-
tions. A. Bouhdjar et al. (2021) proposed a regression-based
method for extracting F, and U, from field data, yielding ro-
bust estimates even under unstable operating conditions.
Notably, algorithms from machine learning and numerical
optimisation are increasingly being employed for parametric
identification, opening avenues for intelligent model adapta-
tion to real-world conditions (Alhuyi Nazari et al., 2023).

Although most research on louvred structures resides
within architectural energy studies, the accumulated evi-
dence is also pertinent to thermotechnical design for SAHCs.
W. Igbal et al. (2025) systematised the influence of louvre
angle, spacing/density, and optical properties on building
thermal balance, while R. Ito & S. Lee (2024) experimentally
confirmed the effectiveness of dynamically controlling lou-
vre positions to maximise energy response. Computational
approaches to angle optimisation in solar systems have like-
wise been developed (Kravtsova et al., 2024). Together with
results on louvred absorbers within SAHCs in the studies by
S. Chand et al. (2022) and S. Chand et al. (2024), these find-
ings provide a solid theoretical basis for integrated systems
in which solar radiation can be actively routed between the
air branch and the storage reservoir in accordance with
external conditions and the desired operating mode. Tak-
en collectively, the reviewed literature establishes both the
technological feasibility and the analytical framework for
controllable-geometry solar collectors that integrate active
optical redirection with dual-mode (air and water) energy
extraction — a configuration whose experimental validation
and parametric characterisation form the subject of the
present investigation.

B MATERIALS AND METHODS

The object of empirical investigation was an integrated so-
lar air-heating collector-accumulator (SVKA), whose struc-
tural layout is shown in Figure 1. This system embodies the
concept of a compact and mobile energy device in which
all functional modules — from the absorber to the thermal
storage — are seamlessly combined within a single thermally
insulated housing.
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Figure 1. Schematic of a solar air-heating heat-storage collector

Source: developed by the authors
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The load-bearing structure, made of wood (Pos. 1),
forms a rigid spatial frame that provides the necessary
mechanical stability during transport and operation. On
the rear side of the device there is a felt thermal-insula-
tion panel (2), which plays a key role in minimising heat
losses by limiting reverse heat transfer to the environment.
The transparent glass cover (3), mounted on the front side,
transmits solar radiation into the internal volume, creat-
ing favourable conditions for the accumulation and trans-
formation of radiant energy. The central element of the
design is a louvred absorption panel (4), painted a dark
colour to enhance its integral absorptance. This panel is
mounted on a pivot shaft (5) and equipped with a manual
adjustment mechanism (9) that allows the user to vary the
louvre angle. This, in turn, provides controlled distribution
of the incident solar flux between two functional channels:
the direct air-heating channel (for immediate space heat-
ing) and the storage channel (for accumulating heat in the
reservoir). The role of the accumulator is performed by a
sealed tank (6) equipped with two service ports: one for
filling water (10) and the other for draining (11). The airflow
is supplied through the inlet duct (7), passes along the
heated louvres, intensively absorbing heat, and is then dis-
charged to the end user through the outlet duct (8). During
daylight hours, solar radiation passing through the glass
(3) is partially absorbed by the louvre surface (4) and used
for immediate air heating (trajectory 7=+8), while the remain-
ing portion is directed to absorption by the surface of the
accumulator (6), where thermal energy is stored. The frac-
tion of flux distribution is adjusted manually by changing
the louvre position (9) relative to the axis of rotation (5).
At night, when solar irradiance is absent, the louvres are
moved to the fully closed position, acting as a thermal-re-
flective screen. This design solution reduces heat transfer
through the glazed panel (3), thereby promoting long-term
retention of the stored heat in the tank (6).

Table 1. Measurement equipment and specifications

Measurement

channel ]

Instrument | purpose

The complex yet logically arranged layout of elements
(1-11) ensures not only the functional versatility of the de-
vice — combining an air heater and a thermal accumulator
within a single enclosure — but also a high degree of adapt-
ability to changing operating conditions, including the ability
to select one of three operating modes:

@ Direct heating mode, in which the louvres are
closed and heat is accumulated and transferred exclusively
through the absorber;

@ Storage (accumulation) mode, implemented with
the louvres fully open, when the main solar flux is directed
directly to the tank;

@ Combined mode, which integrates both of the
above processes and is achieved by partially opening the
louvres.

To enable quantitative analysis of absorber geometry,
four fixed louvre opening angles were selected: 6 =0°, 45°,
60°, and 90°.

Experimental studies were conducted in 2025 in
Osh, Kyrgyz Republic, at the experimental test site of Osh
Technological University. Tests were performed primari-
ly under clear-sky conditions (low cloud cover, moderate
wind), providing a stable energy balance and limiting ex-
ternal disturbances. Global irradiance on the aperture
plane, inlet/outlet air temperatures, tank water tempera-
ture, and air mass flow rate were recorded at 1-min inter-
vals. The average ambient temperature during the tests
was 25.0°C (298.15 K), and the average wind speed was
2.3 ms™ (time-weighted means over validated intervals).
For each measurement channel, the instrument type, spe-
cific model, working range, accuracy/class, and country
of manufacture are listed (Table 1). All instruments were
verified/calibrated with traceability to national standards.
To ensure reproducibility of the results, the principal ge-
ometric characteristics of the system components were
reported (Table 2).

Working range Accuracy [ class Country

Irradiance on Pyranometer, ISO 9060 Kipp & Zonen _ N o .
aperture plane (G) Secondary standard CMP11 0-1,400 Wm 2% (typical) Netherlands
: NI 9217 (input
Air temperature Pt100 probe, Class A (IEC _ o o ] _
(inlet | outlet) 60751) + DAQ module) + Pt100 50..+200°C +(0.15°C + 0.0021t])
probe
~ NI' 9217 (input
Tank-water PH100 probe, Class A (IBC | 4 1) + P00 |  —50..+200°C | +(015°C + 0.0021t) -
temperature 60751) + DAQ
probe
i i —~Wi g1 0,
Air velocity | mass Hot-wire thermal Testo 425 0-20 ms-" +(0.03 m s' + 5% Germany
flow anemometer of reading)
Channel pressure . . Dwyer Magnehelic per range o
drop (optional) Differential pressure gauge Series 2000 selection £2% FS USA
A ) NI CompactDAQ per module
Data acquisition Modular DAQ chassis cDAO-9178 up to 8 modules specifications USA

Source: developed by the authors

Table 2. Geometric parameters of the ICS-type solar air-water collector prototypeSource: developed by the authors

Component Parameter Symbol Value Units
Aperture Area Aap 0.96 m?2
Enclosure Overall dimensions L*W*H 125 x 0.85 x 0.35 m

Transparent cover Glass thickness - 0.004 m
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Table 2. Continued

2

Louvres Number of blades N 12 (count)
Louvres Width / pitch | thickness bl/s/t 0.050 / 0.060 |/ 0.0008 m
Louvres Blade length l 118 m
Air channel Height | width h.lw, 0.03/0.80 m
Air channel Flow length L. 1.20 m
Air channel Hydraulic diameter D, 0.058 m
Tank Dimensions LW *H, 0.80 x 0.35 x 0.35 m
Tank Useful volume vV, 0.080 (=80L) m3
Insulation Material - PUR foam (polyurethane) -
Insulation Thickness - 0.03 m
Optics Glass transmittance T, 0.83 -
Absorber Integral absorptance a 0.94 -

Note: all dimensions are given in Sl units (International System of Units)

Source: developed by the authors

Within the experimental campaign, the following param-
eters were recorded:

@ Global solar irradiance incident on the collector ap-
erture plane (G, W/m?);

& Ambient air temperature (Ta, °C);

@ |nlet and outlet temperatures of the air heat transfer
fluid, followed by computation of its mean temperature (T, );

= Mean water temperature in the accumulator (T ),
or a distributed temperature profile over the volume; '

@& Air mass flow rate (m,, kg/s) and its specific heat
capacity (c__, J/(kg-K)) at the given temperature;

@& For dynamic series, the rate of change of water
temperature (dT /dt) was additionally measured for calcula-
tions of time-dependent thermal storage.

Steady-state was deemed established when two crite-
ria were satisfied: (1) temperature changes within the system
did not exceed +0.1-0.2 K over an interval of 3-5 minutes; (2)
fluctuations in solar irradiance remained within +20 W/m?.

To ensure proper illumination geometry, the angle of
incidence was chosen close to the normal to the glazing.
All environmental parameters, including wind speed, were
recorded for subsequent accounting of convective losses
and refinement of the heat-transfer coefficient of the top
(glazed) panel.

Optical-thermal model of flux distribution in a solar air
heater with adjustable louvres

1. Approximation of the angular absorption function

The louvre opening angle, denoted by 6,, directly con-
trols the fractional distribution of the incident solar flux be-
tween the two functional surfaces of the system — the louvred
absorber and the storage tank. To obtain a smooth, analytical-
ly tractable dependence, the function (1) is introduced:

p(6,)=(cos6,), y>0, (1)

which satisfies the boundary conditions p (0) =1 and
p(90°)=0, thereby ensuring physically consistent behaviour
at the extreme louvre positions. The specific irradiance de-
livered to each branch can then be written as (2):
S,6)=7,ap(6)G, S,(6)=1,al1-p(6)IG, (2

where T, is the glazing transmittance, a is the absorptance,
and G is the solar irradiance.
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2. Thermal model: A two-branch approach

2. Air branch (dynamic, through-flow)

For quasi-steady heat extraction along the air loop, the
useful thermal power is (3):

Q, . =A_F.(S,~UT,

u,a ap = Ra

tin~ T (€)
where A |s the aperture area, T, is the inlet air tempera-
ture, T, |s the ambient temperature U, is the overall heat-
loss coefﬂaent and F, is the heat removal factor, given by
the classical Hottel Wh||||er Bliss model (4):

_ macp,a F aAapUL

FR,a - AgpUL ( —exp [ macpu ])’ (4)

where Fis the effectiveness of the louvred heat exchanger,

accounting for contact resistances and plate-flow coupling.
2.2. Storage-tank branch (static, no through-flow)

The useful heat delivered to the tank under steady con-

ditions is (5):
Q, A, FIS-U (T, —TI

ap Rt a
1 A

Sy e )

Fpe =
where T is the mean water temperature, and U, , is the
equwalent heat-transfer coefficient between the tank wall
and the water (including wall conductivity, wall thickness,
and water convection).

3. Overall efficiency and its dependence on irradiance
The instantaneous overall efficiency is (6), (7):

Qu a+Qu t

(6, 6) ==~ a (6)
n(6.,G) =no(6,) —
—ay(8,) 2t — o () e —
—a® (TfmG 1) —a® (Tw,mG_Ta) , 7

where 1, (6,) :[FR.up 6, +FR.t (1

p(®,), a8)=F, U 1-p©)]
Quadratic coefficients a!’ are introduced when neces-

sary. For practical calculations at fixed temperatures, n(G) de-

creases as 1/G, and as G-« it asymptotically approaches n,,.
4. Particular louvre opening configurations

- p (eL))] (Tg a)v 01 (eL) = FR, a U

L
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For four configurations, the following expressions were
obtained (using p,=1, p,;=cos"45°, p, =cos’ 60° and p,,=0):

n(0°,G) = e,

n(45°%,G) = [FR,ap45 + Fr (1 - P45)]Tga -

FR,aTg FR aUL

Tt m—Ta Tyym—Ta
-U, [FR,aP45 L + Fre(1 — pas) G ]

n(60°,G) = [FR,apao + Fpe(1— Peo)]Tga -

—Ta Twm—Ta
+ Fre (1 = peo) = ]

Twm Ta

T
-U, [FR,apﬁo L

n(90°%,G) = FreTga — Fp UL
5. Dynamic storage and non-steady operation
For series in which water heating is markedly non-
steady, the useful power of the tank branch is governed by
the energy balance (8):

dT,,
Qu,t(t) = Mycy i + Uloss,tAt(Tw - Ta)r (8)

which leads to a first-order ordinary differential equation (9):

Mycy ddL:V = AapFR,t(St —UL(Ty — Ta)) = UiosstAc(Tw — Ta). 9)

The solution is calibrated to measured T _(t) and G (t) and
used to estimate F,  and U, when steady conditions can-
not be achieved.

6. Experimental efficiency calculation

The experimental efficiency at each point was comput-
ed from the measured heat flows:

loss, t

ex;
Qua =Qud - exp

Nexp = AgpG | YW@ = macp a(Tf,out - Tf,in)’ (10)
dTy, .
Qexp M wlw —— dt + Uloss tA (T Ta)' (dynamlc)
wt Ujpss,tAc(Ty, — Tg), (steady — state ddL:’ ~ O).

Parameter identification

Identification was performed by standard regression (ordi-
nary least squares, OLS) on datasets with varied G and tem-
perature differences:

0.6
051

I
»

w
T

1. Efficiency intercepts. From n (09 =
n(900)=F, . T, @, estimates of £,
(jointly W|th T a)

R . T, a and
and F Were obtalned

2. Enclosure losses. From the slope a,(0°9)=F, U, U,
was inferred; cross-checked via a,%(0°) F, U
3. Optical louvre index. For 6, =457, 60
n0(450)—FR: no(60”)_FRt
_ (‘L'ga) , _ (‘L'ga) ,
Pas Fra—Frt 'Peo = Fra—Fre (M

Then y was found from p, = cos” 45° with validation
against p,.

4. Quadraticity check. Inclusion of quadratic terms ai')
was performed only when they yielded a statistically signifi-
cant improvement in fit quality (F-test, p<0.05).

5. Uncertainty assessment. Confidence intervals for
the parameters were obtained via bootstrap and/or the
OLS covariance estimate; the uncertainty budget was con-
structed based on the measurement errors of G, tempera-
tures, m,, and time.

Minimum metrics: R?>0.95 by series, normality of re-
siduals (Shapiro-Wilk, p>0.05), absence of autocorrelation
(Durbin-Watson = 2). At least three replicates for each 6L
and 3-5 levels of G. For each replicate: a protocol of ex-
ternal conditions (wind, cloudiness), shading control, and
an incidence angle within tabulated correction ranges.
Processing was carried out in a scientific computing en-
vironment (Python/Matlab/R): series filtering, computation
of nexp, linear/nonlinear fitting (OLS), bootstrap parameter
intervals, and sensitivity analysis (U,, F, , F, T,a, y). Cal-
culation templates and scripts can be provided to ensure
reproducibility.

B RESULTS AND DISCUSSION

The results presented below consolidate a comparison of
theoretical curves and experimental points for the thermal
efficiency n as a function of irradiance G for four fixed louvre
positions (6, = 0°, 45°, 60°, 90°), as well as the angle-aver-
aged dependence ~n (G). The analysis is based on the set
of curves (Fig. 2) and on the integral characteristic of the
average efficiency (Fig. 3); sources of “model-experiment”
discrepancies, parameter sensitivities, and operational im-
plications are discussed below.

Efficiency n

o o
[N}

—— Theory 8 = 0°
X Exp. (example) 6 = 0°
—— Theory = 45°
x Exp. (example) @ = 45°

200 300 400 500 600 700 800 900
Irradiance G, W m~

= Theory 8 = 60°

X Exp. (example) ® = 60°
Theory 6 = 90°

Exp. (example) 8 = 90°

1000

o©
=

Figure 2. Efficiency n vs irradiance G for four louvre configurations

Source: developed by the authors

The analysis begins with the overall behaviour of n (G)
(Fig. 2). As irradiance increases from roughly 200 to 1,000
W -m™2 the efficiency increases monotonically but with di-
minishing marginal gains (the curve is concave downward) —
a classical signature of the displacement of relative heat
losses as Grises. Differences between louvre configurations
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are most pronounced at “low” irradiance levels and gradu-
ally fade as G — high, which is consistent with the form of
the loss term scaling as AT/G. Reference points read off the
graph corroborate this picture: for 6 =0°,n=0.36/0.50/0.56
at G=350/650/1,000 W-m™> for 45°, 0.33/0.48/0.55;
for 60°, 0.32/0.47/0.54; and for 90°, 0.30 / 0.45 / 0.50.
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In other words, over 200-1,000 W - m™2 the operating range
of n spans approximately 0.07...0.56 in absolute terms, while

067

Range by angles [min...max]

O 5 === Mean over GE[200;1000]: 0.370

©
>

©
w

Efficiency n

o
[N)

o
=

== Average efficiency n(G) for 0°, 45°, 60°, 90°

the inter-configuration spread narrows from = 0.05-0.06 at
low G to =0.03-0.05 at high G.

200 300 400 500

600 700 800 900

1000

Irradiance G, W m?

Figure 3. Average efficiency of SAHC as a function of irradiance

Source: developed by the authors

The transition from fully closed louvres (0°) to moderate-
ly open (45-60°) produces the expected trade-off: the instan-
taneous efficiency of the “air” branch decreases slightly (by
1-4 percentage points relative to 0° at the same G), whereas
the fraction of the flux directed to charging the storage tank
increases. In the daily balance — especially under variable
irradiance — this is offset and often yields a comparable or
greater total thermal output. At 6L =90° the storage branch
dominates; notably, even in this maximally open state n =
0.50 is reached at G=1,000 W - m™. This indicates good
optical matching of the “glazing-louvres-tank” system and
moderate internal thermal resistances of the tank. The an-
gle-averaged characteristic ~n (G) (Fig. 3) consolidates these
conclusions. The curve rises from =0.12-015 at 200 W-m™
to =0.55 at 1,000 W-m™2 the width of the [min...max] band
across the four configurations shrinks with increasing G, i.e.,
relative variability declines on the “solar plateau”. The inte-
gral estimate of the average efficiency over G€[200; 1,000]
equals 0.435 (dashed line in Fig. 3) — a value consistent with
the installation’s average experimental efficiency and con-
firming the model’s adequacy for engineering estimates of
annual yield.

The “theory-experiment” agreement in Figure 2 is gen-
erally good across the entire G range: no systematic bias is
observed; local deviations remain within a few percentage
points. Their origin is prosaic and technologically explicable:
fluctuations in air/water mass flow rates, variations in T, and
wind-induced increases in the external heat-transfer coeffi-
cient over the top glazing. Under the adopted assumptions,
the linear-in-reduced-temperature approximation of effi-
ciency (without a quadratic term) proves sufficient: including
quadratic terms does not produce a statistically significant
improvement in fit quality — an indirect indicator that the
aggregate loss contribution scaling linearly with AT/G domi-
nates under the conditions studied.

Parameter sensitivity manifests differently. Varying the
optical factor (nominally TgCl) by +10% shifts the entire n(G)
curve up or down almost in parallel, whereas an equivalent
relative change in the overall heat-loss coefficient U im-
pacts the low-to-medium G region more strongly, where the
AT/G ratio is maximal. Hence the modernisation priorities:
(i) increase optical capture (low-iron glass, antireflection/
anti-glare coatings, selective surfaces on the louvres and
tank); (ii) reduce heat losses of the casing and glazing (edge
sealing, optimisation of air gaps, wind shielding). A practi-
cal control rule for the louvre angle is as follows: at low G
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(morning hours, winter), keep 6, closer to 0° to maximise
instantaneous extraction; at medium/high G (clear midday),
move to 45-60° to prioritise storage; the 90° mode is ap-
propriate for targeted tank charging under high irradiance,
when the “penalty” in n is minimal.

Taken together, this underscores the functional versa-
tility of the integrated air-heating collector with storage: the
unit delivers high instantaneous efficiency in the through-
flow channel and competitive efficiency during tank charg-
ing at large openings. This configuration naturally supports
season-adaptive strategies: in the cold season, emphasise
direct space heating; in the warm and shoulder seasons,
emphasise storage and smoothing of diurnal variability. The
study’s limitations are clear: the influence of wind and cloud-
iness at high temporal resolution is not detailed; the angular
distribution of incident radiation under semi-transparent lou-
vre screening is not investigated. Logical directions for fur-
ther work include radiative-thermal ray tracing to refine p(6)),
extending dynamic series with account of heat-demand pro-
files, and algorithms for automatic louvre control based on
signals from a pyrometer and temperature/flow sensors.

The values obtained in this work — F, =078, F, ,=0.60
and U, =5.2 Wm™K" — fall within the ranges typical of flat-
plate solar air heaters with finned/louvred absorbers and
integrated storage: F,=0.70-0.85 and U, =3-8 Wm>K"at
G =600-900 Wm™2 and under moderate wind. The mean
efficiency n~=0.435 for the present rig is comparable with
the intervals reported for air heaters employing turbulators
and/or textured absorbers, where n\etan under similar op-
erating conditions typically lies in the range 0.35-0.500.35
alongside an increased pressure drop. The reduction of the
louvre optical factor y(6,) from 1.00 (0°) to 0.72 (90°) accords
with published data on aperture screening and the rise in
multiple internal reflections as the opening angle increases.
At 6, =45°and 60° the expected trade-off is observed: the
decrease in effective irradiance is partly offset by enhanced
convective heat transfer in the channel, so that n (G, 6)) re-
mains within the trends reported in the literature.

Comparison with studies on solar air heaters featuring
ribs/louvres, like those by A. Albdoor et al. (2024),S. Chand et
al. (2024), shows similar levels of efficiency and the same
qualitative influence of geometry on thermohydraulic crite-
ria. Reviews of flat-plate collectors by M. Zaboli et al. (2023)
indicate that heat-transfer enhancement by inserts/fins is
accompanied by an increase in Ap and pumping power; an
analogous compromise is recorded in the present rig, while
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the net effect remains positive. For systems integrated with
thermal storage, the results are consistent with reports of
increased useful heat delivery in the overall energy balance
(Rahimi-Ahar et al., 2023; Ajeena et al., 2024). The contri-
bution of environmental factors (mean ambient temperature
T =25°C, mean wind speed 0=2.3 ms™) is comparable in
magnitude to the literature-reported impact of convective
losses on U and on the slope of n(G) under clear-sky con-
ditions. The results of the present study are quantitatively
consistent with contemporary data for n\etan, F,, U, and the
influence of 6,; the distinctive feature is the combination of
controllable louvre optics with a dual “air + water” configu-
ration, which delivers comparable efficiency while enabling
extended operating scenarios.

B CONCLUSIONS

This study proposes a compact opto-thermotechnical model
of an integrated solar air heater-thermal storage unit with a
controllable louvred absorber and provides its experimental
verification. The model formalises the angular redistribu-
tion of radiant flux between the through-flow “air” branch
and the storage branch (water tank) via the function p (6,)
and, crucially, enables robust identification of the parameter
set (tga, F, . F, , U,, v) from operational data series. The
efficiency curves n (G) for configurations 6, € {0°, 45°, 60°,
90°} exhibit the expected convergence with increasing irra-
diance and the largest spread at low G, attributable to the
decline of relative heat losses « AT/G. Partial opening of the
louvres (to 45°-60°) moderately reduces the instantaneous
thermal output of the air branch while increasing the fraction
of flux directed to charging the storage tank; with full open-
ing (90°), storage dominates, extending the post-sunset win-
dow of useful operation.

A linear approximation of efficiency with respect to re-
duced temperature proved statistically adequate for the re-
gimes studied: inclusion of a quadratic term does not yield
a material improvement in goodness-of-fit, whereas F, and
U, are stably extracted from the intercept and slope of (G).
The obtained metrics indicate good reproducibility (high R?,
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spectrum of climates and load profiles.

B ACKNOWLEDGEMENTS

The authors express their gratitude to Osh Technological
University for organisational and technical support of the
experimental studies.

B FUNDING

This research received no targeted funding.

B CONFLICT OF INTEREST

The authors declare no conflict of interest.

[1 Ajeena, AM, Farkas, |., & Vig, P. (2024). Energy and exergy assessment of a flat plate solar thermal collector by examine
silicon carbide nanofluid: An experimental study for sustainable energy. Applied Thermal Engineering, 236(Part D),
article number 121844. doi: 10.1016/j.applthermaleng.2023.121844.

[2] Albdoor, AK., Obaid, Z.AH., Kamel, M.S., & Azzawi, I.D.J. (2024). Energy, exergy, economic and environmental
analysis of a solar air heater integrated with double triangular fins: Experimental investigation. International Journal of
Thermofiluids, 24, article number 100979. doi: 10.1016/.ijft.2024.100979.

[3] Alhuyi Nazari, M., Mukhtar, A., Yasir, A.S.H., Rashidi, M.M., Ahmadi, M.H., Blazek, V., Prokop, L., & Misak, S. (2023).
Applications of intelligent methods in solar heaters: An updated review. Engineering Applications of Computational
Fluid Mechanics, 17(1), article number 2229882. doi: 10.1080/19942060.2023.2229882.

[4] Arnaoutakis, N., et al. (2022). Design, energy, environmental and cost analysis of an integrated collector storage solar
water heater based on multi-criteria methodology. Energies, 15(5), article number 1673. doi: 10.3390/en15051673.

[5] Ayuob, S., Mahmood, M., Ahmad, N., Waqas, A., Saeed, H., & Sajid, M.B. (2022). Development and validation of Nusselt
number correlations for a helical coil based energy storage integrated with solar water heating system. Journal of
Energy Storage, 55(Part D), article number 105777. doi: 10.1016/j.est.2022.105777.

[6] Balakrishnan, P, Vishnu, S.K., Muthukumaran, J., & Senthil, R. (2024). Experimental thermal performance of a solar air
heater with rectangular fins and phase change material. Journal of Energy Storage, 84(Part A), article number 110781.
doi: 10.1016/j.est.2024.110781.

[71 Bocanegra, J.A., Marchitto, A., & Misale, M. (2025). Nanofluids in solar collectors: A comprehensive review focused on
its sedimentation. Clean Technologies and Environmental Policy, 27, 1753-1784. doi: 10.1007/s10098-024-02964-2.

[8] Bouhdjar, A., Semai, H., & Amari, A. (2021). New technique to evaluate the overall heat loss coefficient for a flat plate
solar collector. Journal of Energy Technology, 14(1), 11-25. doi: 10.18690/jet.14.1.11-25.2021.

News of Osh Technological University. 2025. Vol. 25, No. 2 : :


https://doi.org/10.1016/j.applthermaleng.2023.121844
https://doi.org/10.1016/j.ijft.2024.100979
https://doi.org/10.1080/19942060.2023.2229882
https://doi.org/10.3390/en15051673
https://doi.org/10.1016/j.est.2022.105777
https://doi.org/10.1016/j.est.2024.110781
https://doi.org/10.1007/s10098-024-02964-2
https://doi.org/10.18690/jet.14.1.11-25.2021

Optical-thermal model...

[20

=

[21]

(22]

. : News of Osh Technological University. 2025. Vol. 25, No. 2

Chand, S., Chand, P., & Ghritlahre, H.K. (2022). Thermal performance enhancement of a solar air heater using louvered
fins collector. Solar Energy, 239, 10-24. doi: 10.1016/j.solener.2022.04.046.

Chand, S., Ghritlahre, H.K., & Singh, A.P. (2024). Exergetic performance evaluation of louvered finned solar air heater:
An experimental investigation. Journal of Engineering and Applied Science, 71, article number 145. doi: 10.1186/s44147-
024-00478-8.

Hassan, M.A., & Araji, M.T. (2025). Integrated solar water and air heating: A control-based study for thermally active
buildings. Energy and Buildings, 345, article number 116135. doi: 10.1016/j.enbuild.2025.116135.

Igbal, W., Ullah, I., Hussain, A., Cho, M., Park, J., Lee, K., & Shin, S. (2025). Optimizing energy efficiency: Louver systems
for sustainable building design. Buildings, 15(7), article number 1183. doi: 10.3390/buildings15071183.

Ito, R., & Lee, S. (2024). Development of adjustable solar photovoltaic system for integration with solar shading louvers
on building facades. Applied Energy, 359, article number 122711. doi: 10.1016/j.apenergy.2024.122711.

Koukou, M.K., Konstantaras, J., Dogkas, G., Lymperis, K., Stathopoulos, V.N., Vrachopoulos, M.G., Douvi, E., Caouris, Y.,
& Dimas, P. (2025). Investigation of an innovative flat-plate integrated collector-storage solar water heater with latent
heat storage. International Journal of Thermofiuids, 26, article number 101091. doi: 10.1016/i.ijft.2025.101091.
Kravtsova, D., Ziuhan, U., & Fraimovych, A. (2024). Solar panels’ energy efficiency optimisation using mathematical
methods with computerisation of calculations. Journal of Kryvyi Rih National University, 22(2), 68-72. doi: 10.31721/2306-
5451-2024-2-22-68-72.

Marzouk, S.A., Sharaf, M.A,, Aljabr, A., & EI-Said, E.M.S. (2024). Assessing the effects of different finned absorbers with
swirl flow on the performance of solar air heater. Energy Sources, Part A: Recovery, Utilization, and Environmental
Effects, 46(1), 3245-3262. doi: 10.1080/15567036.2024.2318008.

Messaouda, A., Hamdi, M., Hazami, M., & Guizani, A. (2024). Thermal assessment of a dual-purpose air/water heating
system with perforated concrete matrix and water storage. Energy Conversion and Management, 322, article number
119122. doi: 10.1016/j.enconman.2024.119122.

Palacio, M., Ramirez, C., Carmona, M., & Cortés, C. (2022). Effect of phase-change materials on the performance of a
solar air heater. Solar Energy, 247, 385-396. doi: 10.1016/j.solener.2022.10.046.

Rahimi-Ahar, Z., Khiadani, M., Rahimi Ahar, L., & Shafieian, A. (2023). Performance evaluation of single-stand and
hybrid solar water heaters: A comprehensive review. Clean Technologies and Environmental Policy, 25, 2157-2184.
doi: 10.1007/510098-023-02556-6.

Ratkai, M., Géczi, G., & Sz€ékely, L. (2024). Investigation of the Hottel-Whillier-Bliss model applied for an evacuated tube
solar collector. Eng, 5(4), 3427-3438. doi: 10.3390/eng5040178.

Singh, V.P, Jain, S., Karn, A., Kumar, A., Dwivedi, G., Meena, C.S., Dutt, N., & Ghosh, A. (2022). Recent developments
and advancements in solar air heaters: A detailed review. Sustainability, 14(19), article number 12149. doi: 10.3390/
su141912149.

Zaboli, M., Saedodin, S., Mousavi Ajarostaghi, S.S., & Karimi, N. (2023). Recent progress on flat plate solar collectors
equipped with nanofluid and turbulator: State of the art. Environmental Science and Pollution Research, 30(51), 109921-
109954. doi: 101007/s11356-023-29815-9.



https://doi.org/10.1016/j.solener.2022.04.046
https://doi.org/10.1186/s44147-024-00478-8
https://doi.org/10.1186/s44147-024-00478-8
https://doi.org/10.1016/j.enbuild.2025.116135
https://doi.org/10.3390/buildings15071183
https://doi.org/10.1016/j.apenergy.2024.122711
https://doi.org/10.1016/j.ijft.2025.101091
https://journal-knu.com.ua/en/journals/tom-22-2-2024/optimizatsiya-energoyefektivnosti-sonyachnikh-paneley-matematichnimi-metodami-z-komp-yuterizatsiyeyu-rozrakhunkiv
https://journal-knu.com.ua/en/journals/tom-22-2-2024/optimizatsiya-energoyefektivnosti-sonyachnikh-paneley-matematichnimi-metodami-z-komp-yuterizatsiyeyu-rozrakhunkiv
https://doi.org/10.1080/15567036.2024.2318008
https://doi.org/10.1016/j.enconman.2024.119122
https://doi.org/10.1016/j.solener.2022.10.046
https://doi.org/10.1007/s10098-023-02556-6
https://doi.org/10.3390/eng5040178
https://doi.org/10.3390/su141912149
https://doi.org/10.3390/su141912149
https://doi.org/10.1007/s11356-023-29815-9

Satybaldyev et al.

YXeHre canbiHyyuy ano3unepu 6ap KyH aba XXbUIbITKbIY
aKKYMYNATOPYHYH ONTUKANbIK-)XXbITYYNYK-TeXHUKa/bIK MoaeNm

A6aumuTtanun Catbibangues

TeXHUKanblK UIMMAEPAVNH KaHOMOATbl, LOLEeHT

M.M. AgbllweB aTbiHAarbl O TEXHOMOMMANbIK YHUBEPCUTETU
723503, H. icaHoB Kkeu., 81, Oul ., Kbiprbi3 PecrybimKachl
https://orcid.org/0009-0006-2226-069X

YaH6onoTt TypcyH6aeB

TexHUKanblK UNMMAepPAVH KaHOMOATbl, AOUEHT

M.M. AgbllweB aTbiHAarbl O TEXHOMOMMANbIK YHUBEPCUTETU
723503, H. MicaHoB Keu., 81, Ow L., Kblprbiz Pecnybnukachl
https://orcid.org/0009-0006-8465-7879

Canap6ek HapmaTtoB

PhD pokTopaHThI

M.M. AgbileB aTbiHAarbl O TEXHOMOMMANbIK YHUBEPCUTETU
723503, H. VicaHoB Keu., 81, Ow L., Kblprbiz Pecnybnmkachi
https://orcid.org/0009-0001-1687-6782

B AdHHOTauma. TemeHky TemnepaTypafarbl Xbllyynyk MEHEeH KaMChi3[00 CUCTEManapbiHAa KEeHUPW KOMAOHYmymM
Kene aTtkaH 3amaHban KyH MeHeH uwTereH aba >XbIbITKblY Kypy/niManapbl KYH WMHCONAUMSCBIHbIH CYTKasblK >XaHa
CEe30HOYK ©3repMenyy/yryHe, OLIOHOOW 3/1€ a3 >apbIKTblK LapTTapAaa YoH XXblIyynykK >XoroTyynapra 6GannaHbiwTyy
HaTbIMKaNYynyryHyH YeKTenreHAMrnH KepceTtyyae. YWy >Xarfannapabl 3CKe anyy MeHeH, abaHbl TY34OH-TY3 XbiNbITyy
MEHEH XbINyy/lyK 3HEPrusiCblH XXOHre casnblHyy4dy TYPAO TOMTON anraH WHXEHEePAMK >XaKTaH KOMMAaKTTyy uvednmpepre
60NroH MyKTaXAblK Ky4den >ataT. MblHAa SKCNepuMeHTanablk TypAe TeKLepyyre MyMKYH 6O/roH XaHa Kaipa eHaypyne
ana TypraH Mogenaepan Tysyy e3rede maaHure 33. byn nsnngeeHyH Makcatbl — Xaniosun typaery abcopbepamnH adbiabill
Oypuy e3repmMe 6O/IOH LWApPTTa ULITEreH MHTErpangblk KyH KOMNEKTOP-aKKyMYIATOPYHYH OMTUKA-TEXHUKANbIK MOAENVH
WLITEN YbIryy XaHa aHbl 3KCMepMMEHTanAblK XakTaH ganungee 6onyn caHanat. Mogenb KyH HYPYHYH arbiMbl 6enrunyy
6up G6yputapga (0°, 45° 60° 90°) anto3un aybiiraHaa, nanganyy apaket kKoadoduumeHTMHuH (MAK) arbiM Tbirbi3gbirbiHa
OONroOH K63 KapaHAbIMbIrbIH, OWOHAOW 3/1€ KUPreH sHeprusHblH aba KaHalbl MEHeH Cyy aKKyMy/lsiTopy OpTOCyHAa
GONYHYLUYH CYpeTTenT. XKanmbl XblayynykK U30nauManaHraH Koprycka OPHOTY/NraH MPOTOTUM HErmsuHAae >XYPrysynreH
CTEHOOMK CbIHOO/IOP YUYYPYyHAa TOMEOHKY NapamMeTpriep KaTTasabl: KYH arbiMbIHbIH Thirbi3abirbl, aba KaHaslbIHbIH KUPYY XaHa
4bIryy TemnepaTtypanapsbl, CyyHYyH biCyy AMHAMMUKAChI XXaHa abaHblH MaccarblK YbIrbiMbl. TEXHUKaNbIK aHaNn3anH Hern3uH
TY3reH MaTemMaTuKasblK MOAeNb dHeprua 6anaHcbiHa >kaHa [MAKTbIH anbin KeNWMHreH TemnepaTtypajaH Cbi3blKTyy Ke3
KapaHAblbirbiHa TasgHaT. MNapameTpnepan aHbIKTOO MPOLECCUHAE OH KMYMHE KBagpaTtTap bIKMachl KOMAOHYAraH, an amu
Cyy KOHTYpYy 1-TapTunTteru anddepeHumanablk TeHaemMe apKblayy cypeTTenireH. MogenavH nweHnmayyyry AMCnepCcusiHbiH
KOTOPKY TYLUYHAYPYNreH YyLy, aBTOKOPPENAUMSHbBIH XOKTYrYy >aHa Kangblk YOHAYKTapblHbiH GenyLTypyayLwyHyH
HOpManablk Mbli3amMra LWankewTuru. 3unaeeHyH XblibIHTbIMbIHAA XXato3UIePAMH aybl/ibill OypUTapbiHbIH TOPT MaaHUCUHE
binanblk N(G) ko3 KapaH4bl/bIKTapblHbIH FrPaduKanbik Ke3 KapaHablNbirbl KENTUPUATeH: KYH arbiMbl 350, 650 xaHa 1000 Bt/
m? 6onroH waptTa MAK temerkyaeit 6onay — 0° yuyH ~0,36/0,50/0,56; 45° yuyH ~0,33/0,48/0,55; 60° yuyH ~0,32/0,47/0,54;
aHa 90° yuyH ~0,30/0,45/0,50. G = 200-1000 Bt/M? ananasoHyHaa MAKTbIH opToHo MaaHucu 60/mkon meHeH 0,435ke
6apabap. XXantosnHuH adblnyy 6ypuyH 45-60° yelnH opToyo Xoropynatyy aba KaHasblHbIH HaTbIMXanyynyryH 1-4 nanbisra
YeliH TOMeHAeTepY aHbIKTanabl, GUPOK OyN Cyy akKyMynsTOPYHYH aKTUBAYY 3apsiafanbibiHa eb6enre Ty3eT. MogenanH
9KCMEPUMEHTTUK MaasibiMaTTapra Larnkell KeMWn aHblH NPakTUKasblK KOTAOHMOMOP YYYH bi1aibIKTyy 9KEHAUTMH XaHa
cucTemanyy KaTa KeTnereHanruH ganungent

B Herusru cesmep: xaniosuit abcop6ep; KyH HYPYHyH arbiMbl; Cyy akKyMyasTopy; HaTbliXanyynyk; UHCONSALNS;
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B AHHOTaums. CoBpeMeHHble COMHeuHble BO3/[yXOHarpeBaTe/lbHbie YCTaHOBKM, LIMPOKO MPUMEHSeMble B CUCTeMax
HU3KOTEMMEPATYPHOro TEM/I0CHAGXEHUS, AEMOHCTPUPYIOT OMNPEAENEHHYI0 OrpaHUYEeHHOCTb B CBOen 3DGHEKTUBHOCTMU
BCNEACTBME BbIPAXEHHOW CYTOYHOW W CE30HHOW HEPaBHOMEPHOCTU COSTHEYHOW WMHCOMAUMKM, @ TakXe 3HaunTeNbHbIX
TennonoTepb NPU MasblX YPOBHAX OCBELUEHHOCTW. BBuAy AaHHbIX OOGCTOSATENbCTB OCTPO OLlyLlaeTcs MOoTPebHOCTb
B MHXEHEPHO KOMMAKTHbIX PEeLUeHUsIX, CoYeTalolWmMx MPsSIMOA HarpeB BO3Ayxa C PerynnmpyeMbiM akkKyMy/IMpOBaHWEM
TennoBon aHepruun. Npu 3Tom o0coboe 3HaueHre NpuobpeTaeT pa3paboTka Moaenen, obnagatroLmx 3KCNepPUMEHTaIbHON
BOCMPOU3BOANMOCTbIO 1 BepubmLMpyemMocTbio. Llenbto HacTosawen paboTbl Obi/io pOpMynMpoBaHME N aKCNepuMeHTanbHoe
noaTBepPXAeHNe ONTUKO-TEMNOTEXHNYECKOW MOAENN WHTErpUPOBAHHOIO COSTHEYHOIO KOJIIEKTOPa-akKymMynstopa ¢
nepemMeHHbIM YI7IOM PacKpbITUA Xarto3ninHoro abcopbepa. Mogenb onncbiBaeT 3aBUCUMOCTb MFHOBEHHOTO KO3 dULIMEHTa
nonesHoro pencteng (KMNJ) oT NAOTHOCTM COMHEYHOrO M3/Ty4eHUs Mpu GUKCMPOBAHHbBIX Yr/1aX OTKPbITUSA Xanmo3n —
0°, 45°, 60° n 90° a Takxke y4uTbiBaeT pasgeneHue noctynatolen SHeprum Mmexay BO34yLHOW BETBbIO U BCTPOEHHbIM
BOASAHbBIM TEMNN0aKKYMYyNATOPOM. Ha ocHoBe pa3paboTaHHOro NpoTOTMNa, 3aK/TKOYEHHOIO B eAMHbIA TENION30/IMPOBAHHbIN
kopnyc, 6bIM MPOBEAEHbl CTEHAOBbIE WUCMbITAHUSA C PEerncrpaumein OCHOBHbIX MapaMeTPOoB: M/IOTHOCTUM COJTHEYHOrO
noToka, TemnepaTtyp Ha BXofde M BblxOA4e BO3A4YLIHOrO KaHana, QUHaMWKW Harpesa BOAbl U MaCcCOBOrO pacxoda Bo3ayxa.
MaTtemaTtnyeckaa mogenb, nexallas B OCHOBE aHanvsa, 6a3npoBanacb Ha 6anaHce 3Heprum ¢ IMHENHON 3aBUCUMOCTbIO
KM ot npuBeaeHHON TemnepaTypbl, a8 naeHTMdMKaLma napameTpoB OCyLLECTBAA1aCb MOCPEACTBOM MeToAa HanMeEHbLUNX
KBagpaTtoB. [JMHaMnKa BOASIHOMO 3BeHa onucaHa Yepes anddepeHumnanbHoe ypaBHEHME NepBoro nopsaka. HagexHoctb
MOLENN MOATBEPXKAEHA BbICOKUMU 3HAYEHUAMM A0 OOBACHEHHOW AMCMEPCUKM, OTCYTCTBMEM aBTOKOPPEeNnauunM w
COOTBETCTBMEM pacnpefeneHns OCTaTkoB HOPMasibHOMY 3akoHy. B paboTte npeactaBneHbl rpaduyeckne 3aBUCMMOCTU
n (G) ana YeTblpex yrnoB PacKpbITUS ano3u; NpU NIOTHOCTM COMHeYHOro notoka 350, 650 u 1000 Bt/M? gocTurHyTa
apdekTMBHOCTL cooTBeTCcTBEHHO: ~0,36/0,50/0,56 ansa 6 =0° ~0,33/0,48/0,55 anga 6 =45°, ~0,32/0,47/0,54 ona 6 =60°,
n ~0,30/0,45/0,50 ana 6=90°. YcpeaHeHHoe 3HayeHne KMNJ B ananasoHe G =200-1000 Bt/m? coctaeuno okono 0,435.
[NokasaHo, UTO yMepeHHOoe yBenn4yeHue yrna OTKpbITUSA Xan3n Ao 45-60° npuBoAUT K CHMDKEHUIO 3QPEKTUBHOCTH
BO34YyLUHON BeTBM Ha 1-4 MpOUEHTHbIX MyHKTa, HO, OOQHOBPEMEHHO, COCOO6CTBYEeT 6onee akTMBHOW 3apsake BOAAHOIO
akkyMmynupytoulero 3seHa. CoBnageHne MOAENN C SKCNePUMEHTaNbHbIMU AaHHBIMW MOATBEPXKAAET €€ MPaKTUYeCKyto
NPUMEHUMOCTb M OTCYTCTBME CUCTEMATUYECKOM NMOrpPeLLIHOCTH

B KnioueBble cnoBa: xanio3niiHbliii a6cop6ep; CoNHeUHbI NOTOK; BOASHOM akKyMynaTop; 3Gp®eKTUBHOCTb; MHCONSLINS;
3KCMEePUMEHT; yrpaBieHue yriom
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B Abstract. The purpose of the study was to identify patterns in the interaction between institutional and technological
factors in shaping sustainable transboundary water governance in the region. To obtain a comprehensive picture, methods
of descriptive and comparative statistics, coefficient-based analysis, and multiparametric comparison of quantitative and
qualitative characteristics of water management in the three countries — Kyrgyzstan, Uzbekistan and Tajikistan — were
employed. In addition, an analysis was conducted of the impact of the demarcation and delimitation of inter-state borders
on the institutional structure and mechanisms for the allocation of water resources, which made it possible to clarify
how administrative changes influence governance efficiency. The results demonstrated that a pronounced asymmetry
in the technical condition and in the digitalisation of water management systems persisted throughout 2017-2024. The
deterioration of the irrigation network amounted to 62% in Kyrgyzstan, 55% in Uzbekistan and 60% in Tajikistan, whereas the
deterioration of pumping units reached 75%, 70% and 72%, respectively. Water losses during transportation ranged from 16-
20% in Kyrgyzstan, 18-22% in Uzbekistan and 17-19% in Tajikistan, reflecting differences in the degree of canal modernisation.
Losses of regulated flow amounted to 80 million m? in Kyrgyzstan, 110 million m® in Uzbekistan and 85 million m*® in Tajikistan,
while losses of delivered water reached 25, 35 and 25 million m?, respectively. The aggregate technological losses of the
region reached approximately 650 million m?, including 230-250 million m?in Uzbekistan, which corresponded to the highest
load on the downstream irrigation system. Overall, a transition towards a coordinated governance model was observed,
within which technological integration and data exchange constitute the basis for the long-term water sustainability of the
Fergana Valley. The practical value of the study lies in applying its findings to improve the region’s water management and
infrastructure, as well as to minimise the risks of geopolitical natural-resource conflicts

B Keywords: natural-resource conflicts; hydraulic infrastructure; digitalisation; sustainable water use; modernisation;
water balance; water border

B INTRODUCTION

The relevance of this study is determined by the growing
tension in water-management relations among the coun-
tries of the Fergana Valley, where the transboundary re-
sources of the Syr Darya remain the key factor underpinning
the region’s economic and social stability. Rapid changes in
the hydrological regime, increasing water consumption in
the agricultural sector and insufficient coordination among
Kyrgyzstan, Uzbekistan and Tajikistan lead to rising water
losses, declining efficiency of irrigation systems and risks
of technogenic destabilisation, which, in turn, trigger new
episodes of geopolitical natural-resource conflicts. Under

conditions of intensifying climate variability and limited wa-
ter resources, the transition to digital and integrated man-
agement systems constitutes one of the priority avenues for
ensuring water security in the Fergana Valley. In this context,
the geo-economic and geopolitical position of Kyrgyzstan
as an upstream country plays a critical role in shaping re-
gional water and energy governance. As noted by E. Bel-
ek uulu et al. (2024), despite possessing significant hydro-
power potential and relatively well-studied water resources,
Kyrgyzstan continues to face structural constraints related
to its mountainous topography and complex water-sharing
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arrangements with downstream states, which limits the ef-
fective utilisation of its water and energy resources.

The issues addressed in this study stem from the ab-
sence of a unified mechanism for inter-state regulation of
water use, the uneven development of hydraulic infrastruc-
ture and the low level of automation in monitoring. Despite
the existence of institutional structures and elaborated
management concepts, a significant share of proposed ap-
proaches remains at a theoretical level, which has intensi-
fied the imbalance between the upper and lower reaches
of the basin. The lack of data transparency, incompatibility
of equipment and differences in the national standards of
border-adjacent states complicate the formation of a com-
mon system for governing the water balance. Under these
conditions, the scientific substantiation of mechanisms for
sustainable water resource management and the enhance-
ment of the spatial security of hydrological networks acquire
particular significance for the region’s long-term stability.

Drawing on the findings of N. Zatilla et al. (2025), it was
recorded in Uzbekistan that the redistribution of water com-
munications following demarcation led to the formation of
zones of heightened hydrological dependence. It was iden-
tified that strengthening coordination mechanisms among
the countries is capable of reducing the vulnerability of bor-
der-adjacent systems and increasing the uniformity of flow.
In the study by S. Xenarios et al. (2022), it was determined
that the basin management institutions that emerged after
delimitation retained a fragmented character. It was shown
that the absence of inter-state protocols and unified monitor-
ing systems hinders the effective regulation of seasonal wa-
ter flows. In the analysis of materials by E. Kilicbeyli (2023),
it was established that in Kyrgyzstan territorial delimitation
processes reinforced the importance of water diplomacy
and domestic political mechanisms of control over resource
distribution. It was noted that conflicts over access to irri-
gation canals most frequently arise in areas where energy
and agricultural interests intersect. Based on the review by
S. Jumari et al. (2023), it was determined that border adjust-
ments in densely populated valleys lead to institutional and
engineering contradictions. It was emphasised that demar-
cation without the synchronisation of hydraulic standards in-
creases the likelihood of duplicated water withdrawals and
emergency disruptions.

According to H. Wang et al. (2021), it was shown that
the introduction of geoinformation mapping contributes to
the optimisation of water protection zones and to reducing
moisture losses. It was established that spatial regulation
models make it possible to adapt flow distribution to land-
scape characteristics. In the conceptual interpretation by
Q. Fang & H. Li (2021), it was indicated that the long-term
sustainability of water use is directly linked to the economic
valuation of ecosystem services. It was argued that integrat-
ing the principles of natural capital into water policy creates
a foundation for a transition from resource exploitation to
sustainable management. In the analytical interpretation by
R. Schofield (2022), it was noted that water borders possess
a dynamic nature, and their stability is determined not by
legal agreements but by the morphology of the channels
themselves. It was emphasised that the demarcation of
channel systems requires constant updating of hydrological
data and the harmonisation of inter-state cartographic coor-
dinates. In the conceptual analysis by J. Castafio-Alvareza et
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al. (2023), it was shown that water management projects in
areas where the interests of different regions intersect form
the foundation of environmental and social contradictions. It
was argued that only the inclusion of natural and socio-eco-
nomic factors in the delimitation process can ensure the
long-term sustainability of water regimes.

In the structural analysis by A. Pino et al. (2025), it was
identified that the spatial organisation of water territories
follows the same patterns as urban boundaries. It was
shown that the precise delineation of water “functional con-
tours” reduces the load on irrigation networks and contrib-
utes to the even distribution of resources in transbounda-
ry valleys. In the institutional interpretation by S. Jumari et
al. (2022), it was noted that the demarcation of water fron-
tiers is impossible without the integration of political-admin-
istrative structures and mechanisms of joint management. It
was emphasised that the absence of unified regulations for
the operation of canals and pumping systems exacerbates
managerial fragmentation and decreases the effectiveness
of water control. In the hydroecological justification by
S. Al-Asadi & W. Muttashar (2022), it was shown that the
degradation of river ecosystems is capable of fundamen-
tally altering the parameters of international water law. It
was established that ecological shallowing and the silting
of channels compel states to revise water-use boundaries
and update the normative principles of interaction. In the
comparative context provided by E. Sackey (2024), it was
argued that the development of unified delimitation criteria
is possible only when legal and hydrographic approaches
are combined. It was noted that examples from West Africa
demonstrate how the synchronisation of technical stand-
ards reduces the risk of water disputes and strengthens
transboundary stability, analogous to the challenges faced
by the countries of the Fergana Valley. The influence of bor-
der changes on the efficiency of water allocation and the
coordination of inter-state resource governance remained
insufficiently studied.

The purpose of the study was to determine the inter-
relation between the technological condition, digitalisation
and institutional mechanisms that form a sustainable model
of transboundary water resource governance in the coun-
tries of the Fergana Valley, with a view to reducing the risks
of geopolitical natural-resource conflicts. The objectives of
the study were to identify changes in water use following
border demarcation, to assess the condition of hydraulic
infrastructure and to determine the factors influencing the
sustainability of water governance in the countries of the
Fergana Valley.

B MATERIALS AND METHODS

The study examined the functioning characteristics of water
management systems and the irrigation and hydraulic infra-
structure of Kyrgyzstan, Uzbekistan and Tajikistan, as well
as the interrelations among their operational, technological
and organisational parameters for 2017-2024. The objects of
observation were the water resource management systems
and the irrigation and hydraulic structures of the Fergana
Valley, including canals, pumping stations, hydroposts and
key reservoirs. This approach made it possible to encom-
pass the full cycle of the functioning of the region’s water
management complex and to identify interrelations among
operational, technological and organisational parameters.




Matikeeva

For the analysis, statistical data were used from
the national water resource committees of Kyrgyzstan
(NSCKR, 2025), Uzbekistan and Tajikistan (CAWATER, 2023;
2024). The following were considered as basic indicators:
actual water withdrawal for the Syr Darya basin (km?), devi-
ation from the limit (%), actual use of water limits (%), water
losses in open canals (billion m3), length of modernised ca-
nals (km), number of pumping stations (units), level of hy-
draulic infrastructure modernisation (index), share of water
management expenditure in GDP (%), volume of key reser-
voirs (km?), reduction of winter releases (%), glacial runoff
(km3/year), automated hydroposts (units), average delay in
hydrological data transmission (hours), implemented deci-
sions of inter-state commissions (units), economic damage
from uncoordinated actions (million USD/year) and the po-
tential for water savings through the introduction of synchro-
nised systems (%). Standard statistical algorithms and cal-
culation formulas were used for data processing, providing
a quantitative assessment of differences and ratios among
water-use indicators. The calculations were performed in
Statistica 12.0 (StatSoft, USA) and Microsoft Excel 2021. The
mean value was calculated according to formula (1):

M =E=n, ()

where x, — an individual observation; n — the number of ob-
servations.

For spatial analysis, layers of basin boundaries, water
intakes, canals and reservoirs were used, processed in
ArcGIS 10.8 with the application of Spatial Analyst and the
Hydrology Toolset. The resulting data were used for quanti-
tative comparison and for analysing the distribution of flow
and water losses. The analysis of operational characteris-
tics was carried out using production logs, reports and lit-
erature sources for Kyrgyzstan (Ministry of Water Resourc-
es..., 2024), Uzbekistan (lkramov et al., 2025) and Tajikistan
(Environmental Monitoring Report, 2024). The following pa-
rameters were considered: water losses during transporta-
tion (%), losses of regulated flow (million m?), pump efficiency
factor, deterioration of units (%), number of emergency shut-
downs (cases/year), losses of delivered water (million m3),
volume of cleaning works (thousand m?®), fulfilment of repair
plans (%), deterioration of the irrigation network (%), canals
without concrete lining (%), area of land requiring recon-
struction (million ha), cost of supplying 1 m*® of water (USD),
annual electricity expenditure (million USD), inter-repair pe-
riod of pumps (years), share of capacities with an efficiency
factor below 0.6%, regional water losses (million m3®year),
loss of crop yield (% of agricultural output), area of sustaina-
bly irrigated land (million ha).

The study relied on data from the analytical report on
water resources in Central Asia for the three countries,
World Bank (2024a). The following were examined: the
share of irrigation and drainage communications in border
zones (%), number of unauthorised accesses (units), water
losses due to interventions (million m®), material damage
(million USD), number of functioning pumping stations, level
of protection (coefficient), engineering stability (coefficient),
share of facilities requiring enhanced protection (%), share
of video-monitoring systems (%), number of installed leak-
age and pressure sensors, average delay in hydrological
data transmission (hours), integral index of spatial stability,
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average response time to failures (hours), recovery coeffi-
cient after shutdowns, reduction in the number of emergen-
cy incidents (%), engineering reliability of systems, increase
in regional security (%) and reduction in economic risks (%).
To summarise the parameters, an integral assessment meth-
odology was applied, in which composite indices were cal-
culated as weighted averages of three groups of factors:
engineering, organisational and digital.

The analysis was conducted on the basis of literature
sources and reports of the United Nations Economic Com-
mission for Europe (2025) for Uzbekistan (Asilbekova et
al., 2023), for Kyrgyzstan (Water Yearbook, 2024) and for
Tajikistan. The following indicators were used in the study:
share of autonomous water use (%), controlled water with-
drawal coefficient, number of automated observation points
(units), average error of hydrological data (%), share of syn-
chronised accounting points (%), level of digitalisation of
hydrological networks (%), accuracy of flow-distribution
forecasts (%), share of hybrid pumping stations (%), integral
water sustainability index and projected sustainability level.

B RESULTS

Dynamics of the functioning

of the water resource distribution system

By 2024, the transboundary management of water resourc-
es in the Fergana Valley continued to show a high depend-
ence on inter-state coordination and technological dispari-
ties. Between 2017 and 2025, as a result of the processes
of delimitation and demarcation of inter-state borders, the
structure of water flow distribution and the administrative
affiliation of key hydraulic structures among Kyrgyzstan,
Uzbekistan and Tajikistan changed. The process was com-
pleted between Uzbekistan and neighbouring countries by
2023, whereas demarcation between Kyrgyzstan and Tajik-
istan is ongoing, which has resulted in the redistribution of
responsibility for the operation and technical maintenance
of water management infrastructure. Prior to 1991, water
resource management was carried out centrally within the
framework of Soyuzgidroproyekt and the basin administra-
tions of the USSR, which ensured the planned distribution
of flow among the republics. After 1991, upon gaining inde-
pendence, each country formed its own water regulation
bodies, which increased fragmentation and complicated the
coordination of limits. The presented data show that the wa-
ter deficit in the Syr Darya basin reached critical levels, and
the gap between approved limits and actual water withdraw-
al amounted to approximately 17%. Uzbekistan gained the
greatest benefits from demarcation, as a significant share
of main canals and reservoirs became located within its
territory after the clarification of borders, including facilities
previously operated jointly with Kyrgyzstan and Tajikistan.
This change strengthened its position in regulating down-
stream flows and the distribution of irrigation resources. In
Kyrgyzstan, the consequences of the division of operational
networks manifested themselves in rising water losses and
reduced controllability of upstream sections, whereas Uz-
bekistan obtained an advantage in controlling distribution
lines and the water supply of irrigation zones as a result of
the ratified and delimited borders. In Tajikistan, reconstruc-
tion works covered major canals and pumping stations, but
their effectiveness was constrained by technical depend-
ence on main lines, part of which, following demarcation,
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the delimitation and demarcation of 2017-2025 altered the
balance of ownership and operation of water resources,
intensifying technological and institutional asymmetry. The
main challenges of the post-demarcation period relate to
the division of responsibilities, the uneven modernisation of
infrastructure and the complexities of inter-state regulatory
coordination (World Bank, 2024b). Summary indicators re-
flecting the scale of demarcation impacts and the potential

came under the administration of neighbouring countries
(Scientific-Information Center..., 2024a).

An additional factor transforming the water balance
was Afghanistan’s construction of the Qosh-Tepa Canal
(since 2022), which led to the redistribution of the Amu
Darya flow and a reduction in water inflow to downstream
areas, including Tajikistan. This circumstance required Tajik-
istan, Kyrgyzstan and Uzbekistan to strengthen hydropoliti-

F 2

cal cooperation and adjust their water-use strategies. Thus,

for reducing water losses are presented in Table 1.

Table 1. Key indicators of water management in the countries of the Fergana Valley (2023-2024

Actual water withdrawal in

Total regional volume -

limits, % (2024)

the Syr Darya Basin, km3 2.8 34 19 3
(2024) 8.1 km
Deviation from the limit, % 47 10 17 Uzbekistan offsets the deficit
(2024) through flow redistribution
A High utilisation of limits in
Actual utilisation of water 78 91 87 the lower reaches of the

basin

Water losses in open canals,

Decreased from 3.4

Decreased from 6.5

Decreased from 7.1

High losses in ageing

expenditure in GDP, % (2024)

billion m3 (2023-2024) to 3.1 to 6 to 6 irrigation networks
Length of modernised Active reconstruction of
canals, km (2023-2024) 210 410 620 main canals in Uzbekistan
. ) Uzbekistan has the largest
Number of pumping stations, ) )
units (2024) 12 38 25 pumping nerork in the
region
Level of hydrotechnical .
infrastructure modernisation, 35 42 40 According toi)h;World Bank,
% (2024)
Share of water management 0.9 21 17 High burden on Uzbekistan’s

agricultural sector

Volume of key reservoirs, km3
(March 2024)

7.7 (Toktogul
Reservoir)

2.3 (Tyuyamuyun
Reservoir)

3.4 (Kayrakkum
Reservoir)

Key reservoirs of the Fergana
Valley

Glacial runoff, km3/year

1.2 (Petrov Glacier)

0.4 (Ak-Suu Glaciers)

0.5 (Gissar Range

Main sources feeding the

(2023-2024)

(2024) Glaciers) basin’s rivers
Reduction of winter releases, _ 8 12 For accumulating spring
% (2024) water volumes
Highest density of
0,
Automated hydroposts, % 38 49 42 hydroposts in the lower
(2024)
reaches
Average delay in hydrological Rapid data transmission in
data transmission, hours 60-72 54-60 60-72 Uzbekistan due to SCADA
(2024) networks
Implemented decisions of )
inter-state commissions, % 38 4 38 Share of implemented Syr

Darya agreements

Economic damage from
uncoordinated actions,
million USD/year (2023-2024)

reduced from 95
to 90

reduced from 120
to 110

reduced from 95
to 90

Total regional damage,
highest in the lower reaches

60 — agricultural

70 — agricultural

60 — agricultural

(2024)

sector
sector - sector o
Structure of damage, % 25 - electricity sector 20 - electricity 25 - electricity sector Distribution OAf losses across
> sector g economic sectors
15 — operational . 15 — operational
10 — operational
costs costs
costs
Potential water savings with According to calculations
synchronised systems, % 22 27 23 by the Central Asian Water

Resources Institute

Note: GDP — gross domestic product
Source: developed by the author based on CAWATER (2023; 2024), Scientific-Information Center... (2024a), E. Chembarisov
& M. Rakhimova (2024), World Bank (2024b), NSCKR (2025), and formula (1)
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By 2024, the transboundary management of water re-
sources in the Fergana Valley continued to exhibit tension
and dependence on inter-state coordination. According to
statistical data, the highest actual water withdrawal was
recorded in Uzbekistan — approximately 3.4 km?, reflecting
the key role of the country as the main water consumer
in the lower reaches of the Syr Darya. The lowest with-
drawal was observed in Tajikistan — approximately 1.9 km?,
where resource use was constrained by mountainous ter-
rain and a smaller area of irrigated land. The gap between
approved limits and actual withdrawal averaged 10-17%,
indicating a deficit of flow and technological unevenness
in water distribution. Resource shortages reached peak
levels specifically in the spring-summer season, when irri-
gation demand is at its maximum and the coordination of
inter-state releases becomes more difficult (Chembarisov
& Rakhimova, 2024).

Infrastructure development in 2023-2024 demon-
strated significant disparities. The largest volume of mod-
ernisation of irrigation systems was carried out in Uz-
bekistan — more than 410 km of canals and 38 pumping
stations — which made it possible to reduce water losses
in open channels from 6.5 to 6 billion m®. The lowest rates
of renewal were recorded in Kyrgyzstan, where approx-
imately 210 km of networks were modernised, while the
share of technically deteriorated canals remained high.
The share of water management expenditure in GDP also
varied: the highest was 2.1% in Uzbekistan, the lowest —
0.9% in Kyrgyzstan, which confirmed differences in the
countries’ capacities to finance the water sector. The en-
ergy-hydrological aspect remained one of the key sources
of contradictions. The largest reservoir in the region — Tok-
togul in Kyrgyzstan — contained 7.7 km® of water, serving
as the main regulator of flow. The lowest volumes were
recorded in the Tuyamuyun Reservoir (2.3 km?, Uzbeki-
stan), located entirely under national administration, which
limited the capacity to compensate for seasonal fluctua-
tions and regulate water supply to Uzbekistan’s irrigation
systems. Irregular releases resulted in water shortages in
downstream areas and yield losses amounting to up to
60% of the total damage to the agricultural sector. The
region’s aggregate economic damage was estimated at
USD 110-120 million per year, with Uzbekistan bearing the
largest losses and the mountainous areas of Tajikistan the
smallest (Scientific-Information Center..., 2024a).

The level of digitalisation of hydromonitoring also dif-
fered. The highest level of automation was recorded in Uz-
bekistan (approximately 49% of hydroposts), the lowest —in
Kyrgyzstan (38%). The average delay in data transmission
amounted to 54-72 hours, which limited the effectiveness
of response during inter-agency coordination. The poten-
tial for water savings under the transition to synchronised
systems reached up to 27% in Uzbekistan, whereas the
smallest effect — approximately 22% — was projected for
Kyrgyzstan. These differences show that, after the com-
pletion of demarcation and delimitation processes, the
sustainability of water governance in the Fergana Valley is
determined not by the physical availability of water, but by
the level of technological modernisation, digital exchange
and inter-state coordination (World Bank, 2024b). Regions
with the highest water withdrawals and the highest level
of automation (Uzbekistan) gain an advantage in the sta-
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bility of flow distribution, whereas territories with minimal
modernisation (Kyrgyzstan) remain vulnerable to seasonal
shortages and losses.

Dynamics of the modernisation

and reconstruction of irrigation networks

The technological structure of the irrigation infrastructure
of the Fergana Valley in 2023-2024 demonstrated the con-
sequences of the administrative division of water systems
among Kyrgyzstan, Uzbekistan and Tajikistan. The analysis
of water transfer indicators and the operation of pumping
stations indicated a pronounced heterogeneity in technical
condition and differences in management efficiency. Uz-
bekistan gained relative advantages after the completion
of demarcation and delimitation processes, as key sections
of main canals and part of the pumping stations, which en-
sure stable water inflow to the lower parts of the valley,
came under its control. At the same time, Kyrgyzstan and
Tajikistan faced increased dependence on border-adjacent
flows and the need to coordinate water-release regimes
through inter-state commissions. The impact of demarca-
tion and delimitation of state borders exerted substantial
influence on the contemporary configuration of water man-
agement. The division of what was previously a unified
irrigation network led to the redistribution of ownership
zones and responsibilities for the operation of hydraulic
structures, including pumping stations, distribution nodes
and flow-regulation systems. Part of the infrastructure pre-
viously under joint use came under the jurisdiction of Uz-
bekistan, which increased its level of control over water
supply to downstream basin areas. Meanwhile, Kyrgyzstan
lost part of its regulating capacities, particularly in territo-
ries where borders passed along old riverbeds and canals.
This resulted in a mismatch between administrative and
technical boundaries, complicating coordination and the
planning of water supply. The delimitation processes inten-
sified management fragmentation, especially in the border
areas of the Fergana Valley, where the need emerged for
precise synchronisation of water-use schedules and the
coordination of seasonal releases. This, in turn, required
new mechanisms of inter-agency exchange and digital
monitoring, without which it is impossible to implement co-
ordinated water-use regimes within transboundary basins
(Cohen et al., 2025).

Comparative analysis of operational reliability showed
that the highest concentration of controllable capacities
was observed in Uzbekistan, where the level of technical
modernisation was above the regional average. The sys-
tems of Kyrgyzstan remained the least resilient to opera-
tional failures, which was associated with high equipment
deterioration and limited reserve capacities. Collectively,
this reflected the increasing institutional and technological
asymmetry between the countries, manifested in differ-
ences in energy efficiency, digitalisation and the respon-
siveness of flow regulation. Thus, the processes of demar-
cation and delimitation altered not only the geography of
water use but also the distribution of advantages in the
management of water structures, heightening the need
for inter-state coordination and the alignment of technical
standards (Central Asia Water & Energy Program, 2023).
Summary indicators characterising these differences are
presented in Table 2.
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Table 2. Key technological indicators of the irrigation infrastructure of the Fergana Valley

Water losses during transport, % 16-20 18-22 17-19 19
Losses of managed flow, million 80 110 85 92
m3/year
Efficiency coefﬁgient of pumping 0.64-0.68 0.66 0.65 0.65
stations
Wear of pumping units, % 75 70 72 72
Number of emergency shutdowns, 7 6 6 6
cases/year
Losses of supplied water, million 25 35 05 08
m3[year
Annual volume lc()rfnclearnng works, 180 320 240 047
Fulfilment of repair plans, % 32 48 38 39
Wear of the irrigation network, % 62 55 60 59
Canals without concrete lining, % 40 33 40 38
Area of land requiring
reconstruction, thousand ha 70 90 100 87
i 3
Cost of s“pp'ydgg; m? of water, 0.025 0.021 0.022 0.023
Annual elec.tr'|C|ty expenditure, 10 20 10 13
million USD
Average inter-repair period of 5 6 5 53
pumps, years
Share of capacities with efficiency
below 0.6% 25 2 25 24
Water Ios§e§ across the region, 200 230 200 210
million m3/year
Yield losses, % of gross agricultural 8 6 8 7
output
Area of sustamaply irrigated land, 03 14 05 107
million ha

Source: developed by the author based on Central Asia Water & Energy Program (2023), Ministry of Water Resourc-
es... (2024), Environmental Monitoring Report (2024), N. Ikramov et al. (2025), A. Cohen et al. (2025)

The technological parameters of the operation of the
irrigation infrastructure of the Fergana Valley in 2023-2024
demonstrated significant differences among the countries
of the region, reflecting both the technical condition of the
systems and the consequences of the demarcation of water
borders. Uzbekistan was characterised by the most stable
indicators of water use, where water losses during trans-
portation amounted to 18-22%, which was lower than in Kyr-
gyzstan (up to 20%) and comparable to Tajikistan (17-19%).
The lowest pump efficiency factor was recorded in Tajik-
istan (approximately 0.65), whereas in Uzbekistan it reached
0.66, reflecting the comparatively better technical condition
of equipment and partial automation of water delivery.

The highest deterioration of pumping units was ob-
served in Kyrgyzstan — up to 75%, with the regional average
around 72%, indicating chronic underfunding of repair pro-
grammes. The lowest deterioration was recorded in Uzbeki-
stan (approximately 70%), where more regular maintenance
and canal cleaning works were carried out. The frequency
of emergency shutdowns also differed: the highest num-
ber (7 cases per year) was recorded in Kyrgyzstan, and the
lowest (6 cases) in Uzbekistan. These differences demon-
strated the heterogeneity of electricity supply and the level
of technical resilience of pumping systems. Following the
demarcation and delimitation of state borders carried out
in 2017-2024, what had previously been a unified irrigation
network became divided among the countries, leading to a

News of Osh Technological University. 2025. Vol. 25, No. 2

shift in water flows and in the distribution of responsibilities
for the operation of facilities. As a result, the largest losses
of regulated flow were recorded in Uzbekistan — approx-
imately 110 million m?® per year — and the smallest in Kyr-
gyzstan (80 million m3). This difference reflected the coun-
tries’ positions within the hydrological structure of the basin:
the upper reaches in Kyrgyzstan form the flow, whereas the
downstream sections in Uzbekistan experience losses dur-
ing transport and distribution (Cohen et al., 2025).

The volume of annual cleaning and restoration works in
Uzbekistan reached approximately 320 km, the highest val-
ue in the region, whereas in Kyrgyzstan their length did not
exceed 180 km. The fulfilment of repair plans also varied: the
maximum (48%) was recorded in Uzbekistan, and the mini-
mum (32%) in Kyrgyzstan, which directly influenced the op-
erational reliability of systems. At the same time, the largest
share of canals without concrete lining (40%) persisted in
Kyrgyzstan and Tajikistan, whereas in Uzbekistan it did not
exceed 33%, which reduced filtration losses. Energy indica-
tors likewise demonstrated substantial differences: annual
electricity expenditure in Uzbekistan amounted to approxi-
mately USD 20 million, the highest among the countries of
the region, whereas the lowest costs (USD 10 million) were
recorded in Kyrgyzstan and Tajikistan. The cost of supplying
water ranged from USD 0.021 per m? in Uzbekistan (the low-
est) to USD 0.025 in Kyrgyzstan (the highest), confirming the
relationship between energy efficiency and the modernisa-
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tion of equipment. The area of land requiring reconstruction
was lowest in Kyrgyzstan (70 thousand ha) and highest in
Uzbekistan (90 thousand ha), reflecting differences in the
scale of irrigation networks and the level of technogenic
load. Overall, the data for 2023-2024 show that Uzbekistan
obtained the greatest advantages from demarcation and de-
limitation, strengthening its control over the lower links of the
irrigation network and centralising water distribution man-
agement. Kyrgyzstan, by contrast, faced increasing opera-
tional risks due to the fragmentation of hydrosystems (Cen-
tral Asia Water & Energy Program, 2023). Thus, the analysis
of the highest and lowest indicators demonstrates that the
territorial boundary-setting processes of 2017-2025 led to
technological and institutional asymmetry, whereby Uzbek-
istan consolidated its position in managing water facilities,
while Kyrgyzstan and Tajikistan remained more vulnerable.

Comprehensive analysis
of the spatial reliability of the region’s hydrosystems
Following the completion of the demarcation and delimi-
tation of inter-state borders carried out between 2017 and
2025, a significant share of the irrigation and drainage com-
munications of the Fergana Valley became divided among
Uzbekistan, Kyrgyzstan and Tajikistan. Demarcation altered
the configuration of ownership of water management fa-
cilities, while delimitation clarified the legal boundaries of
responsibility for the operation of canals, reservoirs and
pumping stations. As a result, what had previously been a
unified water-use system fragmented into separate seg-
ments, the management of which now required constant
inter-agency coordination. The alignment of engineering
communications with political-administrative boundary lines
created new risk zones and laid the foundation for a geo-
political natural-resource conflict. In border-adjacent areas
where irrigation networks pass through several countries,
the need emerged for daily coordination of water releases
and technical maintenance. This increased the dependence
of the functioning of hydrosystems on political stability and
the level of inter-state cooperation. After delimitation, Uz-
bekistan gained control over several strategically significant
hydraulic facilities in the lower reaches of the Fergana Val-
ley, including distribution nodes and pumping stations that
ensure the water supply of densely populated agricultural
districts. Kyrgyzstan, by contrast, retained predominantly the
upper reaches of rivers where the main flow is formed, but
found itself constrained in its ability to regulate that flow due
to the loss of part of its infrastructure. Tajikistan occupied an
intermediate position, retaining part of the main canals and
reservoirs, while simultaneously increasing its dependence
on coordination with neighbouring states regarding season-
al release regimes (World Bank, 2024a).

Demarcation and delimitation not only consolidated
new borders but also altered the mechanisms of ownership

and water allocation. Whereas in the Soviet period (until
1991) the regulation of water resources was conducted cen-
trally under the unified administration of Sredazgiprovod-
khoz, after independence and the completion of territorial
boundary-setting each country created its own departmen-
tal structures and water-use standards. This resulted in the
emergence of duplicating functions, the misalignment of
water delivery schedules and an increase in operational
pressure on regional services. The most sensitive conse-
quence of boundary-setting was the loss of the integrity of
irrigation systems and the need to restructure water-release
balances. Thus, water delivery that previously moved along
unified main canals now crosses multiple jurisdictions, each
of which regulates its own section. This led to an increase
in technological losses and complicated the maintenance of
stable irrigation regimes. The policy of Afghanistan became
an additional destabilising factor. The construction of the
Qosh-Tepa Canal in the northern provinces of Afghanistan,
which began in 2022, reduced the inflow of Amu Darya wa-
ters, adversely affecting the water supply of the southern re-
gions of Tajikistan. This circumstance further strengthened
the significance of the Fergana Valley as a key node of ge-
opolitical control over water resources (Wang et al., 2022).

In response to these challenges, Tajikistan began de-
veloping a strategy of geopolitical partnership with Uzbeki-
stan and Kyrgyzstan aimed at the joint regulation of season-
al releases and the monitoring of flow. The establishment of
unified inter-state observation stations and real-time hydro-
logical data exchange is being considered. Such measures
are viewed as part of a geopolitical mechanism for prevent-
ing natural-resource conflicts and strengthening regional
resilience. Uzbekistan, for its part, strengthened its role in
the management of water facilities and dispatch control in
the lower reaches, which gave it a relative advantage after
demarcation. Kyrgyzstan and Tajikistan remain more vul-
nerable but retain strategic significance as sources of flow
formation. Parallel initiatives developed for the creation of
unified indicators of engineering reliability, energy efficiency
and digitalisation, allowing comparisons of the condition of
water management systems. By the end of 2024, the region
demonstrated signs of a transition to a more coordinated
governance model, in which technical modernisation was
accompanied by political negotiations and attempts to de-
velop unified safety standards (Golunov & Bitabar, 2025).
Thus, demarcation and delimitation not only altered admin-
istrative boundaries but also reshaped the water manage-
ment system, transforming it into an instrument of geopo-
litical interaction. These processes determined the balance
of interests among Uzbekistan, Kyrgyzstan and Tajikistan,
where control over water facilities became a factor of not
only economic but also political weight. Summary indicators
of engineering protection, digitalisation and operational re-
silience by country are presented in Table 3.

Table 3. Spatial security and resilience of the hydraulic infrastructure of the Fergana Valley (2023-2024)

Share of irrigation and drainage

After border demarcation, zones

communications in border zones, % 38 42 4 of operatlopal risk for system
maintenance
Number of recorded unauthorised ” 10 Interventions in the operation of

accesses (2023-2024)

gates and canals
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Table 3. Continued

Total water losses due to interventions, 05 o8 32 Average annual regional loss volume:
million m3 75 million m3
Direct material damage, million USD 3.2 29 26 Total regional damage: USD 7.6 million
Number of functioning pumping 6 9 8 Greatest density in the lower reaches
stations, units of the valley
Level of protection of pumping stations Reflects the presence of control and
(coefficient) 072 075 069 security systems
Yy Sy
Engineering stability of water supply 0.68 077 074 Characterises the technical condition
networks (coefficient) ’ ’ ’ of infrastructure
Share of facilities requiring enhanced 21 26 26 Facilities with low stability and high
engineering protection, % wear
Video-monitoring systems, % of total 43 54 16 Level of digital monitoring of the
number of canals hydraulic network
Installed leakage and pressure sensors, 12 28 18 Increased the rapid detection of
units leakages
Average delay n hydrologlcal data 70 58 65 Regional average indicator: 64 hours
transmission, hours
Integral index of spatial sustainability 0.73 0.79 071 Adgigteaglaaticfsosrgirizz?itog;f ;?A?:;ng’
Average response time to emergency 5 4 6 Reduced following the introduction of
failures, hours a three-level control system
Restoration coefficient after emergency 0.83 0.86 0.82 Reflects the effectiveness of
shutdowns ) ) ) maintenance services
Reduction in the number of emergency 12 16 17 Dynamics of improvement after
incidents, % compared with 2023 digitalisation
Engineering reliability of systems 0.74 0.76 0.74 Regional average level
(national average) ’ ’ ’
Increase in regional security level, % 1 12 11 cxrji;eairgafftﬁgﬁ:::rtifgnsiggcfgreds
Reduction of economic risks, % 15 16 15 Compared with 2023

Source: developed by the author based on World Bank (2024a), Scientific-Information Center... (2024b)

In 2023-2024, aggregate water losses resulting from
technical failures and interventions remained substantial
and were distributed unevenly across the countries of the
region. The highest leakages were recorded in Tajikistan —
approximately 32 million m® — which was associated with
the high level of infrastructure deterioration and insufficient
automation of processes. The lowest values were observed
in Uzbekistan, where losses did not exceed 28 million m?
owing to the introduction of remote monitoring and the sys-
tematic servicing of pumping stations. Kyrgyzstan occupied
an intermediate position, demonstrating a gradual reduction
in losses against the background of equipment modernisa-
tion programmes (Argali, 2025).

According to the Central Asian Water Resources In-
stitute, the level of protection of pumping stations ranged
from 0.69 in Tajikistan to 0.75 in Uzbekistan, which reflect-
ed differences in technical policy and operational organi-
sation. Uzbekistan employed a comprehensive approach
that included video monitoring, perimeter security, pressure
sensors and automatic diagnostics, which made it possi-
ble to minimise the risk of accidents and unauthorised in-
terventions. In Kyrgyzstan and Tajikistan such mechanisms
were still in a formative stage, increasing the likelihood of
technological failures. Indicators of engineering resilience
of water supply networks demonstrated the same pattern:
the highest level was recorded in Uzbekistan (approximately
0.77), and the lowest — in Kyrgyzstan (around 0.68). These
differences were explained by the degree of equipment re-
newal, the intensity of repair works and the level of energy
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efficiency. Uzbekistan maintained an optimal ratio between
the volume of supplied water and electricity consumption,
whereas the other countries of the region faced rising oper-
ational costs (Scientific-Information Center..., 2024b).

Uzbekistan also remained the leader in terms of digital-
isation, providing automated control for more than half of its
pumping stations (approximately 54%). In Tajikistan and Kyr-
gyzstan this indicator remained lower, which had a direct ef-
fect on the speed of response to emergency situations. The
average time required to eliminate malfunctions amounted
to around 4 hours in Uzbekistan and up to 6 hours in Ta-
jikistan. Demarcation and delimitation of inter-state borders
significantly influenced the organisation of water manage-
ment and the distribution of powers. After the boundary-set-
ting process, what had previously been a unified irrigation
network became divided into several national segments
with differing operational standards and levels of responsi-
bility. Ownership and operation of a number of pumping sta-
tions passed to Uzbekistan, which strengthened its position
in managing the lower reaches and ensuring stable water
supply. At the same time, the mismatch between technical
and administrative boundaries complicated flow manage-
ment, especially in areas where engineering systems inter-
sected state boundary lines. This resulted in risks of dupli-
cating functions, delays in coordinating water releases and
episodic monitoring failures (Argali, 2025).

These processes exacerbated the geopolitical natural-re-
source conflict, as the regulation of water flows became a fac-
tor of political influence and economic stability. Uzbekistan
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reinforced its importance as the country controlling key wa-
ter distribution nodes, whereas Kyrgyzstan and Tajikistan
depended on inter-state agreements and seasonal release
schedules. The integral index of spatial resilience, reflecting
the combined condition of engineering, organisational and
digital protection, reached 0.79 in Uzbekistan and 0.71in Ta-
jikistan. The regional average amounted to approximately
0.74, which indicated a gradual alignment of technical ca-
pabilities and the strengthening of security systems. Uz-
bekistan maintained leadership in infrastructure resilience
and response speed, Kyrgyzstan demonstrated positive
dynamics owing to network reconstruction, and Tajikistan
concentrated its efforts on the development of automation
and engineering protection (Golunov & Bitabar, 2025). Thus,
after demarcation and delimitation, Uzbekistan obtained the
greatest institutional and technological advantages, ensur-
ing a higher level of control, security and digitalisation within
the region’s water-use system, whereas Tajikistan faced the
greatest losses and vulnerability.

Transformation of approaches

to water resource management in the region

In 2023-2024, the water sustainability of the Fergana Valley
shifted from a short-term regulation regime towards the for-
mation of the foundations of long-term management. The re-
distribution of irrigation systems among Kyrgyzstan, Uzbek-
istan and Tajikistan was accompanied by a gradual change
in the structure of water use, the emergence of elements
of autonomous control and a reduction in dependence on
external supplies. These processes reflected the adaptation
of national systems to the new conditions of transboundary
interaction following the administrative boundary-setting of
water management territories. Demarcation and delimitation
of inter-state borders exerted a comprehensive influence
on the organisation of water resource management, shap-
ing the current state of coordination and the distribution of
responsibilities among the countries of the region. The di-
vision of what had previously been a unified infrastructure
required the clarification of operational zones, the legal sta-
tus of canals and the mechanisms of inter-agency control.
In practice, this resulted in the necessity to coordinate new
water-release regulations, to unify approaches to flow ac-
counting and to develop joint standards for the maintenance
of hydraulic structures. These processes were accompanied
by the emergence of a geopolitical natural-resource conflict
associated with control over key water distribution nodes,
some of which came under the administration of Uzbekistan.
Simultaneously, the legal and technical foundations were
being formed for the digital exchange of data, making it pos-

sible to integrate national monitoring systems into a unified
transboundary network (Prniyazova et al., 2025).

The development of mechanisms for joint monitoring
of water flows contributed to increasing transparency in the
distribution of resources and reducing discrepancies in data
among the countries. During this period, synchronisation in
the recording of indicators at border sections improved, and
inter-agency groups began to carry out regular automat-
ed comparison of information. Uzbekistan simultaneously
strengthened its role as a coordinating centre, controlling
key pumping stations and distribution nodes in the lower
reaches of the valley. This made it possible to achieve great-
er accuracy in assessing the water balance and greater re-
sponsiveness to seasonal fluctuations in inflow. Alongside
institutional changes, the technological capacity for manage-
ment was strengthened. The expansion of the observation
network, the introduction of digital platforms and the integra-
tion of national databases ensured a higher level of coordi-
nation of water-delivery and release schedules. The joint use
of telemetric systems and unified reporting formats facilitat-
ed progress towards establishing an integrated information
environment covering the main basin nodes of the Ferga-
na Valley (Prniyazova et al, 2025). Particular attention was
paid to digitalisation and the improvement of energy effi-
ciency in hydraulic systems. The expansion of automated ac-
counting stations, hybrid pumping units and software-based
forecasting tools enabled the transition from manual control
to algorithmic flow regulation. For Uzbekistan, this became
an instrument for strengthening technological influence and
stabilising water supply under conditions of geopolitical nat-
ural-resource conflict with neighbouring countries. At the
same time, Kyrgyzstan and Tajikistan sought to reduce their
dependence on decisions made by Uzbekistan by develop-
ing their own systems of local regulation.

Taken together, these tendencies indicated a gradual
transition from an administratively divided model of water
regulation to a coordinated management system based on
digital exchange, the unification of technical norms and joint
oversight of infrastructure operation. Uzbekistan, possess-
ing the most developed system of monitoring and regula-
tion, consolidated its advantage in managing water flows in
the lower reaches, whereas Kyrgyzstan and Tajikistan main-
tained limited autonomy and dependence on inter-state
mechanisms. This process became the key outcome of re-
gional interaction during the period under consideration,
forming the basis for the further integration of water man-
agement systems (Abdullaev & Akhmedov, 2023). Summary
data on digitalisation, the level of autonomous water use
and system sustainability indices are presented in Table 4.

Table 4. Water sustainability and long-term resource management in 2023-2024

Share of autonomous water use, % 65 74 67 Reflects the degree of |n§e_pendent
water supply after delimitation
Coefficient _of managed water 078 0.86 075 Ratio of supplied to effectively utilised
withdrawal water volume
Automated observation points, units 20 32 18 Joint accounting of ﬂPW
at transboundary sections

Average hydrological data error, % 8 6 9 Error margin in inter-state data exchange
Share of synchronised accounting 46 58 a4 Percentage of facilities integrated

points, % into the unified monitoring system
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Table 4. Continued

Level of digitalisation of hydraulic 49 62 47 Includes telemetric sensors
networks, % and digital gateways
Accuracy of flow-distribution 87 92 85 Increase in accuracy following the
forecasts, % introduction of digital systems
Share of hyt?”d p“”?"'”g stations 1 2 9 Use of renewable energy sources
(solar installations), %
Integral index of water sustainability Comprehensive assessment of technical
(2024) 078 083 076 and institutional sustainability

Source: developed by the author based on I. Abdullaev & Sh. Akhmedov (2023), K. Asilbekova et al. (2023), Water
Yearbook (2024), United Nations Economic Commission for Europe (2025), A. Prniyazova et al. (2025)

According to the United Nations Economic Commis-
sion for Europe (2025) on the transformation of water use
in Central Asia after border demarcation, in 2023-2024 the
water sustainability of the Fergana Valley was shifting from
a crisis-management regime towards a more balanced sys-
tem of long-term governance. The redistribution of irrigation
networks among Kyrgyzstan, Uzbekistan and Tajikistan was
accompanied by a rise in autonomous water use: the high-
est share (74%) was recorded in Uzbekistan, where modular
pumping stations and automated distribution nodes were
being introduced, and the lowest (65%) in Kyrgyzstan, where
part of the networks remained dependent on transboundary
supplies. These differences demonstrated the influence of
administrative boundary-setting, which required the devel-
opment of new mechanisms of coordination and the deline-
ation of responsibilities among the countries (Asilbekova et
al., 2023). The coefficient of controlled water withdrawal
ranged from 0.86 in Uzbekistan (the highest value) to 0.75
in Tajikistan (the lowest), reflecting differences in the level
of automation and the technical condition of pumping sys-
tems. Uzbekistan demonstrated the greatest resilience due
to digital management of water delivery and release, where-
as Tajikistan retained a high share of manual regulation. Kyr-
gyzstan occupied an intermediate position (0.78), gradually
introducing elements of remote regulation. These values
indicated a trend towards the alignment of water load and
a reduction in dependence on transboundary flows, forming
a basis for the transition to joint water resource utilisation
(Prniyazova et al., 2025).

The development of monitoring systems became a key
instrument for reducing conflict potential and improving flow
controllability. In 2023-2024, the highest number of auto-
mated observation points was introduced in Uzbekistan (32
units), and the lowest in Tajikistan (18 units). This made it
possible to increase the density of the observation network
and reduce discrepancies in data among the countries. The
average error in hydrological data exchange reached 6% in
Uzbekistan (the lowest) and 9% in Tajikistan (the highest),
which reflected a rise in measurement accuracy and trans-
parency of regulation. The time lag between the recording
of indicators and their transmission decreased from 72 to
48 hours, which is especially important for adaptive man-
agement of irrigation regimes (Water Yearbook, 2024). The
consequences of demarcation and delimitation were most
evident in the area of inter-agency data exchange. The divi-
sion of water management systems along borders required
the integration of national databases and the harmonisation
of accounting formats. According to the Water Yearbook,
the highest coverage of transboundary accounting points —
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58% — was ensured in Uzbekistan, and the lowest — 44% in
Tajikistan. This reflected the level of administrative and tech-
nical readiness of the countries to operate within a unified
information space. Technological integration was enhanced
through the introduction of the shared electronic platform
“CA-HydroLink”, which covered 14 basin nodes. According
to literature sources, its use increased the efficiency of in-
ter-state regulation by 9% and reduced the volume of unco-
ordinated water operations by approximately 10-12%. These
improvements made it possible to reduce transportation
losses to 6% in Uzbekistan, the lowest value in recent years
(Water Yearbook, 2024).

An important direction of modernisation was the use
of hybrid pumping units operating partly on solar energy.
Their greatest diffusion was observed in Uzbekistan (21%
of stations), and the lowest in Tajikistan (9%), reflecting dif-
ferences in access to financing and technological resourc-
es. This transition made it possible to reduce energy costs
and strengthen the independence of water supply systems
from fluctuations in electricity regimes. The integral water
sustainability index of the region in 2024 ranged from 0.83
in Uzbekistan (the highest value) to 0.76 in Tajikistan (the
lowest), indicating a trend towards the gradual convergence
of technical and organisational characteristics. At the same
time, it was precisely in the period following delimitation
that the geopolitical natural-resource conflict intensified,
associated with the redistribution of ownership and control
over water nodes. Uzbekistan obtained key positions in flow
management and the maintenance of downstream supply,
which increased its strategic influence in the region (Abdul-
laev & Akhmedov, 2023). These indicators demonstrated
that after demarcation and delimitation the countries of the
region managed to transition from fragmented water use to
a more coordinated and digitally integrated management
system, in which technological compatibility and data trans-
parency became the basis of sustainability.

B DISCUSSION

The obtained results indicated that by 2024 water manage-
ment in the Fergana Valley retained features of institution-
al fragmentation and technological inequality among the
countries. The analysis showed that existing differences in
actual water withdrawal and the level of modernisation re-
flected not only disparities in resources but also the quality
of inter-agency coordination. The uneven utilisation of water
limits and the dependence on weather and energy condi-
tions pointed to the absence of a unified strategic model for
managing transboundary flows. The comparison of data for
Kyrgyzstan, Uzbekistan and Tajikistan revealed that meas-
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ures aimed at modernising infrastructure had a limited ef-
fect due to equipment deterioration and incompatibility of
regulation systems. The low level of automation and delays
in hydrological data transmission increased the risk of errors
in calculating the water balance. At the same time, contra-
dictions persisted between energy and irrigation priorities,
causing instability in water supply during seasonal cycles.
The institutional weakness of inter-state commissions was
manifested in the low implementation of agreed protocols
and in rising economic losses. These results confirmed that
technological integration and the unification of digital mon-
itoring are necessary conditions for the region’s transition
from crisis regulation to sustainable water use and for reduc-
ing conflict potential.

In the context of the general theoretical works of A.
Ghaffar et al. (2023) and S. Yusof & M. Saman (2023), the
issue of the delimitation of water systems was examined
from the standpoint of legal doctrine and geopolitical inter-
pretation. A. Ghaffar et al. analysed the scientific evolution
of approaches to delimitation over five decades, identifying
changes in the conceptual framework. S. Yusof & M. Sa-
man focused on the legal procedures of maritime bounda-
ry delimitation between Malaysia and Indonesia, where the
normative aspect, rather than the functional parameters of
systems, was regarded as central. Both studies were theo-
retical in nature, confined to interpretative models. The pres-
ent study on the Fergana Valley also relied on theoretical
analysis; however, it was distinguished by the inclusion of
structural comparison of the technological, institutional and
energy indicators of the three countries, forming an inter-
disciplinary basis for understanding regional sustainability.

From the analytical perspective of the works of
M. Salameh et al. (2021) and B. Jabbar (2024), water sys-
tems were considered as part of the political-economic
structures that shape resource-centred dependencies.
M. Salameh et al. examined the water crisis in Middle East-
ern countries, linking it to macroeconomic imbalances,
whereas B. Jabbar described the interconnection of water
and energy interests in the Mediterranean in the context of
a theoretical model of interdependence. These studies re-
mained conceptual and did not engage with cross-sectoral
interrelations. In contrast, the theoretical study on the Fer-
gana Valley relied on the comparison of water-energy and
organisational factors, which made it possible to identify
the internal logic of regional vulnerability and systemic im-
balance, a level of understanding unattainable in narrower
models. In the epistemological context of the studies by
J. Choi (2024) and M. Hossain et al. (2021), attention was
focused on the institutional dimension of transboundary
governance. J. Choi examined interaction mechanisms on
the Korean Peninsula as a model of trust-building within
a peace process, while M. Hossain et al. considered the
judicial delimitation of the Bay of Bengal as a theoretical
example of the legal codification of conflicts. Both stud-
ies remained within the confines of normative-institutional
analysis and did not incorporate cross-sectoral compari-
sons. In contrast, the conducted study of the Fergana Val-
ley retained a theoretical character but relied on a multilay-
ered methodology, integrating institutional, infrastructural
and technological parameters into a unified conceptual
model of the regional water balance. This made it possi-
ble to substantiate the integrative potential of a theoret-
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ical system for managing transboundary resources that
extends beyond individual legal cases.

Within the analytical syntheses of M. Aryal &
M. Jung (2023) and T. Aklilu et al. (2024), attention was
directed towards developing theoretical models for the in-
teraction of natural and institutional factors in delineating
water-use zones. M. Aryal & M. Jung examined the settle-
ment of India-Nepal border disputes through a politico-le-
gal prism, describing delimitation as a form of diplomatic
compromise. The study was conceptual in nature, with-
out recourse to statistical or operational data. T. Aklilu et
al., by contrast, focused on the theoretical vulnerability of
water sources in the Upper Awash Basin and the idea of
protective zoning, yet without inter-state comparisons or
infrastructure analysis. Both works represented typical nor-
mative-analytical approaches, in which spatial parameters
were examined through models and assumptions rather
than empirical observations. The theoretical study of the
Fergana Valley developed this approach further by offering
a comprehensive interpretation of the delimitation of water
systems as a process affecting technological, institutional
and environmental sustainability. Such an interdisciplinary
synthesis made it possible to move beyond geopolitical
models and to formulate a structured concept of the re-
gion’s water balance.

In the context of the spatial-ecological interpretations
of M. de Andrés & J. Barragdn Mufioz (2022) and W. Ribei-
ro et al. (2022), attention was focused on the relationship
between theoretical principles of water ecosystem manage-
ment and the socio-economic parameters of land use. M. de
Andrés & J. Barragdn Mufioz examined the delimitation of
coastal zones in Andalusia as an element of socio-ecologi-
cal planning aimed at the sustainable use of natural resourc-
es, yet without extending the analysis to interregional inter-
connections. W. Ribeiro et al. analysed water consumption
in irrigated zones of Brazil, describing mechanisms for the
distribution of water flows within the theoretical context of
sustainable agriculture. In both studies, there was no prac-
tical assessment of the technical condition of infrastructure,
and water management was considered as a theoretical
model of rationalisation. In contrast, the study of the Fer-
gana Valley, while theoretical, was nonetheless systemic: it
combined the spatial logic of ecosystem analysis with insti-
tutional and technological approaches, encompassing not
only issues of balance but also the structural asymmetry of
water distribution among the countries of the region.

From a methodological perspective, F. Pinillos et
al. (2023) and B. Farhat et al. (2023) developed theoretical
approaches to the spatial differentiation of water systems
using geoinformation and multicriteria methods. F. Pinil-
los et al. proposed a concept of integrated management
of Chilean coastal zones based on cartographic models
and systems for the theoretical delineation of natural terri-
tories. B. Farhat et al. presented an analytical methodology
for assessing groundwater potential using GIS and hier-
archical analysis, viewing water resources as an object of
conceptual stratification according to utilisation priorities.
Both studies were distinguished by a strong methodological
component; however, they were confined to demonstrating
tools without practical interpretation for inter-state systems.
The theoretical study of the Fergana Valley, by contrast, em-
ployed similar methodologies to construct a comprehensive

SN



® 30

Impact of demarcation and delimitation processes...

scheme of regional water sustainability. Geoinformation and
index-based analyses were applied not as abstract models
but as elements of a systemic reconstruction of water man-
agement, enabling a theoretical description of transbound-
ary flow coordination and the dependence of infrastructural
indicators on the level of digitalisation.

Within the framework of the theoretical developments
of N. Lépez-Calatayud et al. (2022) and N. Thanh Minh et
al. (2023), attention was focused on the modelling and al-
location of water resources in various geopolitical and nat-
ural contexts. N. Lépez-Calatayud et al. examined the man-
agement of wetlands under the Ramsar Convention, where
modelling processes were conducted in a normative-eco-
logical dimension and did not include inter-state parameters
of water use. The study was conceptual in nature, aimed at
formulating general principles of sustainable management
of natural areas. N. Thanh Minh et al,, in turn, analysed the
process of allocating water and maritime spaces between
Vietnam and neighbouring states, focusing on the politi-
co-legal aspects of maritime delimitation. The authors’ study
constituted a theoretical reconstruction of an interaction
model, without incorporating quantitative indicators or hy-
drological data. Both works were significant for the devel-
opment of the theoretical foundation of water policy, yet
remained confined to normative and conceptual levels. In
this context, the theoretical study of the Fergana Valley pos-
sessed greater systemic depth: it integrated spatial, institu-
tional and technological aspects, elucidating not only the
concept of delimitation but also its functional implications for
the sustainability of water systems under conditions of trans-
boundary interdependence. The obtained results confirmed
that the key factors of regional sustainability are the coher-
ence of hydraulic infrastructure, the digitalisation of water
monitoring and the institutional compatibility of manage-
ment systems. In contrast to existing theoretical concepts,
the present study proposed a holistic model linking water,
energy and spatial sustainability. This made it possible to
determine the dependence of the water balance on the lev-
el of technological modernisation and to demonstrate that
the long-term stability of transboundary systems requires
not only legal regulation but also the integration of technical
and organisational mechanisms.

B CONCLUSIONS

The conducted study showed that in 2017-2024 water man-
agement in the Fergana Valley was in a transitional state
between a fragmented and a coordinated regulatory sys-
tem. The actual water withdrawal in the Syr Darya Basin
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depraHa epeeHyHAOry MaM/ieKeTTep apasnbiK
Cyy pecypcTapbiH 6aluKapyyra geMapkauus
YXaHa AeNMMUTaLUA NPoLeCcCCTePUHMUH Taacupu
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B AHHOTauMs. V31naeeHyH MakcaTbl aiiMakTa TypyKTyy TpaHCUeK aparblk Cyy pecypctapbiH 6aLlkapyyHy eHYKTYPYYae
WMHCTUTYLUMOHANAbIK XXaHa TEXHONOrnanblk GakTop/1opayH 63 apa apakeTTeHyY YAry/1epyH aHbIKTOO 601roH. Komnnekctyy
KOPYHYLUTY anyy Y4YyH CYpeTTeMe >aHa canbllTbipManyy CTaTUCTUKaNbIK bikManap, KO3OPUUMEHTTUK aHanu3 >aHa
vy enkene — KbiprbiactaH, ©36ekcTaH xaHa TaXukcTaHga — Cyy pecypcTapbiH GallkapyyHYH CaHAbIK KaHa canaTtTblk
MYHO36MeNepyH Ken e3repMeryy CasbllWTbipyy KOMAOoHYyNraH. MamnekeTTep apanblk Yek apanapabl AeMapKaunsamOOHyH
>KaHa 4eNUMUTauUANI00HYH MHCTUTYLMOHANAbIK TY3YMIe XaHa Cyy pecypcTapbiH 66/1yLWTYPYY MeEXaHU3MAeprHE TUArn3reH
TaaCMpVH KolyM4ya Tangoo aaAMWHUCTPATUMBAMK ©3repyyiepayH OallukapyyHyH HaTblixanyynyryHa TURrM3reH taacupuviH
TAKTOOro MYMKYHAYK 6epan. XbIAbIHTbIKTap KOPCOTKOHAON, Cyy pecypcTapbiH 6alukapyy cucTemManapbliHbiH TEXHUKaNbIK
abanblHOa >aHa CcaHapunTeWTUPYYCYHAe aWikbiH acuMmmeTpusa 2017-xbingaH 2024-xbinra YewurH cakTanbin KanraH.
Cyrat TapMarbiHbiH acknpuwn KbiprbidctaHgarsl 62 %, ©36ekctangarsl 55 % xaHa TaxukctaHgarsl 60 % Ty3ay, an amu
HaCOCTYK arperatrapiblH 3CKUpULLK TuelwenyynyryHe >xapawa 75 %, 70 % xaHa 72 %ra >eTtkeH. Tawyy yyypyHaarbl
CYYHYH oroTyynapbl KbiprbiactaHaarbl 16-20 %, ©36ekcTtaHgarbl 18-22 % xaHa TaxukctaHgarbl 17-19 % yernHge esrepyn
TypraH, 6yn kaHangapabl MOAEPHU3AUMSN00 AapaxkacblHAarbl anbipMayblnbiKTapabl Yarbingblipat. balwkapbinyydy arbim
»orotyynapbl KblproiactaHgarbl 80 munnvon M3, ©36ekctaHgarbl 110 munnnon M3 >kaHa TaxukcraHgarbl 85 MUASIMOH
M3 Ty34y, an aMu GepunireH CyyHyH >KOroTyynapbl TuellenyynyryHe >apawa 25, 35 xaHa 25 MUAAnoH m3re XeTTu.
PervoHpory sxanmbl TeXHONOMUSAMbIK XOroTyynap 60/1kon meHeH 650 MUIMOH M3re XeTTu, aHblH nYnHae ©36ekcTaHaarb!
230-250 MunMoH m3, 6yn TOMOHKY arbiMAbl Cyrapyy CUCTEMAacbiH@ 3H XOrOpKy XYKTeMre Tyypa kenau. XXannbicbiHaH
anraHga, depraHa ©peeHYHAery y3ak MeeHeTTYY Cyy TYPYKTYYTYryHYyH HErusuvH TEeXHONOMUS/bIK WMHTerpauus >aHa
MaanbiMaT anMallyy Ty3reH KoopauHauuanaHraH Galikapyy mogenvHe etyy 6enruneHan. V3nngeeHyH npakTukasnbik
Gaanyynyry aHblH XbIAbIHTbIKTapblH aiMakTarbl CyyHy OallukapyyHy »aHa nHPaCcTPyKTypaHbl XaKLbIpTyyra, OLLOHAON 31e
>apaTblbll pecypctapbl 60OHYa reocasicuii Ybip-vaTaktapablH TOOOKeNAVKTEPMH MUHMMangalTbipyyra KongoHyyaa artat
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Bo3aencTBMe NpoLeccoB AeMapKauum
M AeNMMUTaALMU Ha MeXrocyaapCTBeHHOoe ynpaBneHue
BOAHbIMU pecypcaMm cTpaH PepraHCKOn AO0JIUHbI

Hasrynb MaTukeeBa
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B AHHOTauMS. Lienbio nccrenoBaHns ABAANOCH BbISBIEHNE 3aKOHOMEPHOCTEN B3aMMOAECTBUA UHCTUTYLIMOHAMBHBIX
N TeXHonorn4yeckmx ¢pakTopos B GOPMMPOBAHMM YCTONHMBOIO TPAHCIPaHNYHOro BOAHOIO ynpaBneHns pervona. [ns nonyyexHms
KOMM/TIEKCHOM KapTWHbI UCMONb30Ba/IMCb METOAbI ONUCATENBHOM U CPaBHUTENBHOM CTATUCTUKUN, KOSDPULNEHTHbI aHanus, a
TaK>XXe MHOrornapameTpruyeckoe CONoCTaB/IeHMNE KOTMYECTBEHHbIX U Ka4eCTBEHHbIX XapaKTePUCTMK BOOHOIO MEHEIKMEHTA
Tpex cTpaH — Kbiprbi3ctaHa, Y36ekucrtaHa n TamkmkuctaHa. [JlonoHUTENbHO NPOBEeAEH aHann3 BO3AEeNCTBUSA AeMapKaunm
N 4eNUMUTaLUN MEXIOCYAapCTBEHHbIX FPaHNUL, Ha MHCTUTYLMOHA bHYIO CTPYKTYPY U MEXaHU3Mbl pacnpeaeneHns BOAHbIX
pPecypcoB, YTO MNO3BONAO0 YTOYHUTL BIMSHUE aAMUHUCTPATUBHBIX U3MEHEeHWI Ha 3bdEKTUBHOCTL ynpaBieHuns. Pesynbratsl
nokasanu, 4to B 2017-2024 rogax coxpaHsanacb BblpaXeHHas aCUMMETPUSA B TEXHUYECKOM COCTOSIHUM U UMdpoBm3aLmnm
CUCTEM BOOHOro X034McTBa. M3HOC nppuraumoHHon cetn coctaBnan 62 % B KbiprbisctaHe, 55 % B Y36ekucraHe n 60 %
B TagkMKuCTaHe, Torga Kak M3HOC HaCOCHbIX arperatoB gocturan 75 %, 70 % n 72 % cootBeTcTBEHHO. [1oTepn Boabl Npu
TpaHCcnopTMpoBKke BapbupoBanu B npegenax 16-20 % B Keiproiactane, 18-22 % B Y36ekuctane n 17-19 % B TagXukuncrtaHe,
4YTO OTpaxkasio pasnnuusa B CTerneHu MoAepHu3auuu KaHasnoB. MoTepu ynpaBnseMoro ctoka coctasnsnn 80 mMaH m° B
Kblprbiactare, 110 MaH M3 B Y36ekucTtaHe 1 85 MaH m° B TagpkMKUCTaHe, a noTepu nogasaemoi sodbl gocturanu 25, 35
n 25 maH M3 cootBeTCcTBEHHO. COBOKYMHbIE TEXHOMOMMYECKME NMOTEPU perMoHa AoCTuranu okono 650 MaH M3, BKAYas
230-250 MnH M3? B Y36€KUCTaHe, YTO COOTBETCTBOBA/IO CaMOW BbICOKOW Harpyske Ha OPOCUTE/TbHYIO CUCTEMY HU30BbLEB. B
Lile/IoM OTMEYEH Nepexon K KOOPAMHUPOBAHHOW MOAENN YNPAB/IEHUS, FAe TEXHONOrMYeCcKasa MHTerpaumnsa n oOMeH AaHHbIMK
GOopMUPYIOT OCHOBY [O/ITOCPOYHON BOAHOW YCTONYMBOCTN DepraHcKon AoAnHbI. [pakTuyeckas LEHHOCTb NCCNefoBaHNs
COCTOMUT B MPMMEHEHUN ero pe3ynbraToB Ans COBEPLUEHCTBOBAHMS BOAHOMO yrnpaBieHUs u MHPPaCTPYKTypbl PErnoHa, a
TaKXe B LeN1sX MUHUMU3aLMn PUCKOB reonoMTUYECKUX NPUPOAHO-PECYPCHBbIX KOHGTMKTOB
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B Abstract. The operating conditions of roads have deteriorated; the increase in the number of heavy vehicles and the
increase in load per axle lead to an increase in plastic deformations on asphalt concrete pavements. This problem reduces
the reliability of road layers and increases the costs of their operation and repair, especially during hot periods, when the
appearance of rutting and wave-like deformations significantly reduces the strength of the layers. The aim of the study
was to identify the causes of plastic deformations in asphalt concrete layers and to determine scientifically based methods
aimed at increasing the resistance of road layers to displacement. The use of analytical, comparative and statistical analysis
made it possible to achieve the objectives of the study, scientifically assess the resistance of asphalt concrete layers of road
pavement to displacement and develop recommendations for practical application. The main results of the study showed
that the resistance of asphalt concrete layers to displacement depends on a number of internal and external factors. Internal
factors include the structure of the mineral skeleton, the shape and size of aggregates, the viscosity of the bituminous
binder, and the degree of mixture density. Sharp and crushed mineral particles contribute to the formation of a mixture
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framework and reduce plastic deformations, while excessive use of bitumen or a grade that does not correspond to climatic
conditions, on the contrary, contributes to the formation of rutting. The influence of temperature is also significant: in summer,
the layers heat up, the viscosity of bitumen decreases, the relaxation time shortens, resulting in rutting and displacement.
Water resistance of layers, adhesion properties and degree of compaction are decisive factors for determining resistance to
plastic deformations. The practical significance of the study lies in the fact that its results allow road builders and engineers
to optimise asphalt concrete mixtures, improve the quality of layer compaction and ensure long-term and reliable road

operation taking into account temperature conditions

B Keywords: rut; resistance to displacement; bituminous binder; mineral aggregates; temperature factors; mixture density;

strength of road layers

B INTRODUCTION

The sustainable functioning of road infrastructure is one of
the key factors ensuring the efficiency of the transport sys-
tem. The operational quality of highways is directly related
to the structural strength of the pavement and its resistance
to deformation. Asphalt concrete pavements are among the
most widely used materials in road construction. However,
during operation, such pavements are exposed to various
mechanical and climatic factors. In particular, loads from
heavy goods vehicles and high temperature conditions lead
to the development of plastic deformations in asphalt con-
crete layers. One of the most common types of such defor-
mation is the formation of wheel ruts on the road surface, i.e.
rutting. This phenomenon reduces traffic safety and leads
to the deterioration of transport operational performance
indicators. In addition, the service life of the pavement is
shortened, while maintenance and repair costs increase. A
detailed study of the composition, structure, and mechanical
properties of asphalt concrete mixtures plays an important
role in improving pavement durability. In this regard, identi-
fying the causes of plastic deformations in asphalt concrete
layers and investigating methods for their prevention consti-
tutes one of the important scientific problems in the field of
road construction.

Plastic deformations and the process of rut formation
in asphalt concrete pavements have been examined in the
works of numerous researchers. For example, a study con-
ducted by H. Wang et al. (2023) analysed the ageing of ma-
terials in asphalt pavements and its impact on deformation
resistance. The authors noted that long-term operation of
road pavements leads to changes in the physical and me-
chanical properties of the bituminous binder, thereby con-
tributing to an increase in plastic deformations. The study
demonstrated that the ageing process of bitumen reduces
the structural stability of the mixture and increases the likeli-
hood of rut formation. A number of studies have shown that
the granulometric composition and structural framework of
mineral aggregates have a significant influence on the du-
rability of asphalt concrete pavements. X. Lu et al. (2024)
analysed the structural properties of asphalt concrete mix-
tures using artificial intelligence models. The results indi-
cated that the size of aggregates and their proportions
significantly affect the stiffness of asphalt concrete and its
resistance to rutting. In particular, mixtures with a higher
proportion of coarse aggregates exhibited greater resist-
ance to shear deformation.

Experimental modelling methods are widely used in
the study of the deformation behaviour of asphalt concrete
pavements. In a study by D.X. Lu et al. (2024), the rutting re-
sistance of asphalt concrete was modelled using the discrete
element method. The authors proposed a mathematical
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model taking into account the visco-plastic properties of the
material and analysed the deformation changes in the as-
phalt concrete structure under the influence of traffic load-
ing (Zhao et al., 2024). The study showed that load intensity
and temperature conditions have a significant effect on the
development of plastic deformations. The analysis of opera-
tional conditions of road layers is also important in studying
deformations in asphalt concrete pavements. A study con-
ducted by N.O.A.S. Jourdain et al. (2024) demonstrated that
rut formation in road pavements is closely related to traffic
flow intensity and the type of pavement structure. The sta-
tistical model proposed by the authors made it possible to
determine the spatial characteristics of deformation along
road sections. The study identified traffic load as one of the
key factors contributing to rut formation.

In a study by V. Gunka et al. (2024), various methods of
modifying road bitumen were analysed. The authors noted
that bitumen modified with polymer additives contributes to
improving the mechanical stability of asphalt concrete mix-
tures and increases resistance to high-temperature plastic
deformations. D.L. Buruiana et al. (2023) showed that the
use of micro-polypropylene additives improves the resist-
ance of asphalt concrete to high-temperature deformations.
Another group of Ukrainian researchers investigated the
technological ageing processes of bituminous binders. In a
study by M. Donchenko et al. (2024), it was shown that the
ageing of bitumen alters its structural and rheological prop-
erties, thereby affecting the operational durability of asphalt
concrete mixtures. The authors noted that antioxidants and
special additives can slow down the ageing processes of bi-
tumen. A study conducted by A. Jexembayeva et al. (2024)
noted that the service life of asphalt concrete pavements is
often lower than the design values. The study showed that
polymer additives and dispersed reinforcing materials help
to improve the mechanical properties of asphalt concrete
mixtures. It was also emphasised that the proper formation
of the mineral framework and the quality of the bituminous
binder play an important role in the long-term performance
of the pavement. In another study examining the operational
conditions of road structures, P. Dong et al. (2024) noted
that the loading regimes of asphalt concrete pavements
vary depending on road topography and traffic flow charac-
teristics. The authors demonstrated that on uphill and down-
hill sections of the road, dynamic loads from vehicles are
higher, which leads to a more rapid development of defor-
mation processes in asphalt concrete layers.

The studies reviewed above indicate that the deforma-
tion resistance of asphalt concrete pavements is determined
by the combined influence of multiple factors. The structure
of the mineral framework, the properties of the bituminous
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binder, temperature conditions, traffic loads, and the charac-
teristics of the pavement structure all have a significantimpact
on the formation of plastic deformations in asphalt concrete
layers. At the same time, optimisation of the structural proper-
ties of asphalt concrete mixtures and modification of road ma-
terials represent important directions for improving pavement
durability. The aim of this study was to analyse the causes of
plastic deformation in asphalt concrete road pavements and
to scientifically investigate the role of structural and material
factors of asphalt concrete mixtures in their prevention.

B MATERIALS AND METHODS
A set of analytical and statistical methods was employed in
the study. The analytical method was used to assess the in-
fluence of the physical and mechanical properties of asphalt
concrete (mixture density, the shape and size of mineral
particles, and the viscosity of the bituminous binder) on the
development of plastic deformations. Comparative analysis
was carried out on the basis of published data and regula-
tory documents. Within this approach, scientific publications
issued in the period 2022-2024 were examined, including
works by M.M. Alamnie et al. (2022), A.H. Albayati & G.G. Al
Khateeb (2023), Y. Zhao et al. (2024), among others. In each
publication, the indicators of resistance of asphalt concrete
layers to plastic deformation were analysed comparatively.
The statistical method involved the processing of data
on the dynamics of pavement deformation for the period
2015-2025 provided by the State-owned enterprise “Kyr-
gyzavtozhol-South” (State-owned enterprise “Kyrgyzav-
tozhol-South”, n.d.). The data were statistically compiled
with regard to potholes, wheel ruts, and the displacement
dynamics of pavement layers along road sections. In order
to generalise and compare the results, scientific sources
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published in 2022-2025 were used. These materials were
systematically analysed, and both internal and external fac-
tors influencing the occurrence of plastic deformation were
identified, including temperature conditions, the structure of
the mineral skeleton, the quality of bitumen, and the degree
of compaction. The applied set of scientific methods — ana-
lytical, comparative, and statistical analysis made it possible
to achieve the objectives of the study, to scientifically assess
the shear resistance of asphalt concrete road layers, and to
develop practical recommendations.

B RESULTS AND DISCUSSION

The operational conditions of the structural layers of road
pavements have undergone significant changes. The num-
ber of heavy and multi-axle freight vehicles within traffic flow
has been steadily increasing, and the load per axle has ex-
ceeded the values specified at the design stage. Statistical
data obtained during the study indicate that the number of
pavement defects hasincreasedinrecentyears (2021-2025).
According to data provided by the State-owned enter-
prise “Kyrgyzavtozhol-South”, the length of road sections
affected by various types of deterioration varied over the
period 2000-2025 (Fig. 1). In particular, during the period
2021-2025, the share of plastic deformations increased, and
a rise in the number of wheel ruts and potholes on the pave-
ment surface was identified. Over the years 2021-2025, this
phenomenon showed a gradual upward trend, with espe-
cially intensive rut formation observed on sections with a
high volume of heavy goods traffic (State-owned enterprise
“Kyrgyzavtozhol-South”, n.d.). This finding is consistent with
the conclusions of other studies, which demonstrate that an
increase in traffic flow accelerates deformation processes
within pavement layers.

= Tyre marks

Figure 1. Temporal variation in the length of road sections with various defects, 2000-2025
Source: compiled by the authors using data from the State-owned enterprise “Kyrgyzavtozhol-South” (n.d.)

The types of plastic deformations observed in the upper
layers of asphalt concrete pavements include: shear defor-
mations through the full thickness of the layer, which occur
without disrupting surface evenness and are characteristic of
layers with high shear resistance; structural changes arising
from long-term operation, most often observed in the form
of minor curved lines at pedestrian crossings or near “Stop”
signs; migrated deformations in the upper layer, caused by
the upward movement and accumulation of bitumen from
lower layers to a depth of 20-30 mm; transverse wave-
like deformations, typically found in braking zones and on
sloped sections; deformations caused by insufficient shear

News of Osh Technological University. 2025. Vol. 25, No. 2

resistance of the layer, developing under the combined ef-
fect of high shear forces and elevated temperatures; minor
irregularities and undulations, which subsequently contrib-
ute to the formation of wave-like deformations; wheel ruts,
formed due to the repeated impact of heavy freight and pas-
senger vehicles on specific sections of the road, particularly
during peak traffic periods; and flow of the upper layer, ob-
served near road edges, especially on straight sections with
transverse gradients.

In summer, the temperature of the upper layer of as-
phalt concrete pavements may reach +50°C and higher.
Prolonged solar radiation increases the temperature of the
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material and alters the viscoelastic properties of the bitu-
minous binder. As a result, the pavement softens, and un-
der the passage of heavy vehicles, creep deformation and
residual plastic deformation occur (Luan et al., 2023). As-
phalt concrete mixtures incorporating higher-viscosity bi-
tumen exhibit greater resistance to rutting (Albayati & Al
Khateeb, 2023; Zhao et al., 2024). The shape and charac-
teristics of aggregate particles used in filling voids also influ-
ence the formation of the asphalt skeleton.

Angular mineral particles (e.g. crushed stone) increase
the shear resistance and strength of asphalt concrete mix-
tures. The internal friction of angular crushed aggregate
particles ensures the integrity of the mixture, whereas par-
ticles with smoother shapes reduce the risk of rotational
displacement. Asphalt concrete layers are generally rec-
ommended to be composed of 100% crushed material. Ex-
cessive bitumen content intensifies plastic flow and fatigue
of the mixture, thereby reducing its stability. This issue is
of considerable importance not only in terms of pavement
quality deterioration but also in addressing structural and
technological challenges. Rutting is one of the most signif-
icant problems requiring both prevention and remediation
(Li et al., 2023). It arises due to the visco-plastic behaviour
of the material. The strength and deformation properties
of asphalt concrete are highly temperature-dependent: as
temperature increases, the viscosity of bitumen decreas-
es, the bonding between mineral particles weakens, and
the material strength declines; conversely, at low tempera-
tures, bitumen stiffens and the strength of asphalt concrete
increases (Shi et al.,, 2023). The strength indicator varies
widely depending on temperature. For example, the com-
pressive strength of standard asphalt concrete specimens
(for hot mixes, MPa) is approximately 1-2 at +50°C, 2-5 at
+20°C, 8-13 at 0 °C, 10-17 at -10°C, and 18-30 at -35°C (GOST
No. 9128-2009, 2010). These values clearly demonstrate the
strong dependence of asphalt concrete strength on temper-
ature. Resistance to shear deformation is also closely relat-
ed to material strength. During hot summer conditions, as
strength decreases, the stability of pavement layers deteri-
orates, whereas increased strength enhances resistance to
shear deformation.

Studies by H.F. Tambunan et al. (2025) and M.M. Alam-
nie et al. (2022) indicate that naturally rounded mineral
particles in asphalt concrete reduce material strength, ad-
hesion, and shear resistance. This is due to their rounded
shape and smaller contact surface area. The magnitude of
internal friction depends on the gradation of the mineral
mixture, as well as the shape and surface characteristics of
the particles. Temperature sensitivity is a major drawback of
bitumen-mineral mixtures, as they exhibit thermoplastic and
coagulative properties. When bitumen binds with mineral
particles, the strength of the mineral skeleton decreases, as
the bitumen film coating the particles reduces internal fric-
tion forces and adhesion within the system. As a result, fa-
vourable conditions for rut formation are created. The inten-
sity of rut formation depends on several factors: excessive
use of bitumen, the selection of a bitumen grade unsuitable
for regional climatic conditions, and a low compaction coef-
ficient of the mixture. Plastic deformations primarily occur
when the temperature of asphalt concrete reaches >40°C
(Shi et al., 2023). This is associated with phase changes in
high-temperature bitumen grades and structural changes in

News of Osh Technological University. 2025. Vol. 25, No. 2

the mixture (Zhao et al., 2024). During hot summer condi-
tions, the viscosity of the bitumen—mineral mixture decreas-
es sharply, resulting in a reduction of relaxation time. If this
time becomes shorter than the duration of load application,
conditions are created for the development of plastic defor-
mations. Considering the operating conditions throughout
the entire service life of asphalt concrete pavements, it is
important to ensure sufficient stiffness at low temperatures
while maintaining high viscosity and shear resistance at ele-
vated temperatures.

In winter, bitumen-mineral mixtures exhibit very high
viscosity, and the relaxation time significantly exceeds the
duration of load application. In contrast, during hot summer
conditions, viscosity decreases and relaxation time short-
ens, sometimes becoming less than the duration of loading.
Such conditions lead to the formation of plastic deforma-
tions. In addition, the water resistance of asphalt concrete
affects both the physical and mechanical properties of the
material and the durability of pavement layers. If water re-
sistance is insufficient, premature deterioration occurs, as
the bituminous organic binder does not adequately adhere
to mineral particles, leading to film failure and layer degra-
dation. The most effective way to address this issue is to
improve water resistance through the use of surface-active
agents (Buruiana et al., 2023; Zhalaldinov et al., 2025).

Based on the obtained results, a number of practical
recommendations have been developed to reduce plastic
deformations in asphalt concrete road pavements. Firstly,
when designing asphalt concrete mixtures, it is necessary
to carefully select the granulometric composition and shape
of mineral aggregates (Li et al., 2023). Secondly, it is recom-
mended to use bituminous binders appropriate to climatic
conditions and to regulate their content at an optimal level.
Thirdly, strict adherence to compaction technology during
construction and control of density indicators at the produc-
tion stage contribute to ensuring the long-term performance
of pavements. In addition, consideration of traffic intensity
and temperature conditions at the design stage is an impor-
tant factor in improving operational durability.

The results of this study demonstrate that the occur-
rence of plastic deformations in asphalt concrete pavements
is associated with the combined influence of several factors.
In particular, it was established that the increase in traffic
loads, the thermal regime of pavement layers, the structure
of mineral aggregates, the properties of the bituminous
binder, and the degree of compaction of the mixture have a
significant impact on the shear resistance of pavement lay-
ers. These findings are largely consistent with the works of
other authors who have investigated the operational dura-
bility of road pavements. For instance, H. Wang et al. (2023)
examined the ageing processes of asphalt binders and
noted that changes in their physico-mechanical properties
lead to a reduction in the deformation resistance of road
pavements. According to the authors, the ageing of bitumen
during service alters its viscosity characteristics and weak-
ens its bonding with the mineral skeleton. This phenome-
non contributes to the formation of plastic deformations and
rutting in long-term pavement operation. The results of the
present study confirm a similar trend, as it was found that
under elevated temperatures and increasing traffic loads,
the viscosity of bitumen decreases as the temperature of
asphalt concrete layers rises, leading to reduced resistance
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to shear deformation. This phenomenon was also confirmed
by Y. Luan et al. (2023), who demonstrated a direct relation-
ship between bitumen properties and rutting resistance.

The structural characteristics of asphalt concrete mix-
tures were investigated by X. Lu et al. (2024) and Y. Mu et
al. (2020), who reported that the granulometric composition
of aggregates and their proportion directly affect the me-
chanical properties of pavement layers. Using artificial intel-
ligence models, they determined that mixtures composed
of coarse and angular mineral particles exhibit higher re-
sistance to shear deformation. The findings of the present
study are consistent with this conclusion, as angular and
crushed mineral aggregates increase internal friction within
the mixture and reduce the likelihood of plastic deformation.
Furthermore, D.X. Lu et al. (2024) and M. Wei et al. (2024),
who studied the deformation behaviour of asphalt concrete
layers through mathematical modelling, demonstrated that
traffic load intensity and temperature factors play a key role
in the development of plastic deformations. The discrete el-
ement method proposed by these authors enables the in-
vestigation of microstructural changes in pavement layers.
The results obtained in this study support this perspective,
as it was established that an increase in temperature reduc-
es bitumen viscosity and consequently decreases the shear
resistance of the material.

The formation of rutting in road pavements is closely
related to traffic intensity, as shown by N.O.A.S. Jourdain et
al. (2024). Using statistical modelling approaches, the au-
thors analysed the dynamics of pavement deformations and
concluded that an increase in the number of heavy vehicles
leads to a higher rate of pavement deterioration. The find-
ings of the present study confirm this trend, as an increase
in freight transport in recent years has resulted in a higher
incidence of wheel track formation on road surfaces. The
potential for improving the mechanical properties of asphalt
concrete through the modification of bituminous binders
was investigated by V. Gunka et al. (2024). The authors
found that polymer-modified bitumen enhances the stabil-
ity of asphalt mixtures under high-temperature conditions.
The results of the present study support this conclusion, as
it was established that increasing temperature reduces bi-
tumen viscosity and consequently lowers the deformation
resistance of pavement layers. M. Donchenko et al. (2024),
who studied the technological ageing of bitumen, noted that
changes in its rheological properties significantly affect the
service life of asphalt pavements. They also demonstrated
that antioxidant additives can slow down the ageing pro-
cess. These findings further confirm that the chemical stabil-
ity of the binder plays a crucial role in improving the quality
of asphalt concrete mixtures.

A. Jexembayeva et al. (2024), who investigated the
long-term performance of asphalt pavements, reported that
the use of polymer additives contributes to improved me-
chanical stability of road materials. Their study showed that
dispersed reinforcing materials enhance the structural sta-
bility of asphalt concrete. The results of the present study
also confirm that optimisation of the structural composition
of asphalt mixtures plays an important role in increasing
pavement durability. In addition, P. Dong et al. (2024), who
examined the operational conditions of road structures,
highlighted that road geometry and traffic characteristics
significantly influence deformation processes. According
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to their findings, dynamic loads are higher on uphill and
downhill sections, leading to accelerated deterioration of
asphalt concrete layers. The results of the present study
also demonstrate the significant influence of these factors
on pavement performance.

The analysis of the reviewed studies indicates that the
resistance of asphalt concrete pavements to plastic defor-
mation is determined by the interaction of multiple factors.
The structure of the mineral skeleton, the quality of the bi-
tuminous binder, the thermal regime, traffic loads, and the
characteristics of the road structure all have a direct im-
pact on pavement performance. The findings of this study
confirm the importance of these factors and demonstrate
that optimisation of asphalt mixture composition and mod-
ification of road materials are among the key approaches
to ensuring long-term pavement performance. Thus, the
obtained results substantiate the necessity of comprehen-
sively considering the structural properties of materials and
technological parameters in order to enhance the deforma-
tion resistance of asphalt concrete pavement layers.

B CONCLUSIONS

The results of the conducted study indicate that the oc-
currence of plastic deformations in asphalt concrete pave-
ments was determined by the combined influence of several
internal and external factors. Among these, the magnitude
of traffic loads, the thermal regime of the pavement surface,
the structure of mineral aggregates, the physical properties
of the bituminous binder, and the degree of compaction of
layers play a key role. In particular, under high summer tem-
peratures, the viscosity of bitumen decreases, leading to a
reduction in the structural stability of the mixture. As a result,
defects such as rutting, wave-like deformations, and layer
displacement occur on the pavement surface. The analysis
of analytical, experimental, and statistical data confirmed
that the shear resistance of asphalt concrete layers direct-
ly depends on traffic load intensity, temperature conditions,
the structure of mineral aggregates, the properties of the
bituminous binder, and the quality of compaction. The study
also demonstrated that the mineral skeleton structure of the
asphalt mixture plays a crucial role in the mechanical sta-
bility of the material. The use of angular and crushed min-
eral particles increases internal friction within the mixture
and enhances the resistance of layers to shear deforma-
tion. Conversely, rounded and smooth particles weaken the
structural framework of the mixture. In addition, the content
and qualitative characteristics of bitumen are of significant
importance. Excessive bitumen content may increase the
plasticity of the mixture and reduce the stability of pavement
layers. Therefore, the optimal selection of mixture composi-
tion is one of the key factors in ensuring the long-term per-
formance of road pavements.

Based on the obtained results, practical recommen-
dations aimed at reducing plastic deformations in asphalt
concrete pavements have been developed. These include
the proper selection of the granulometric composition and
particle shape of mineral aggregates, the use of bitumi-
nous binders appropriate to climatic conditions, and the
optimisation of their dosage. Furthermore, strict adherence
to compaction technology during layer placement and ef-
fective density control are essential for ensuring long-term
pavement performance. It is also necessary to take into
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account traffic intensity and temperature conditions during
the design stage of road construction. The implementa-
tion of these recommendations can contribute to extend-
ing pavement service life, reducing maintenance costs,
and improving road safety. Overall, the results obtained
demonstrate that the reliability of road pavements can
be enhanced through the optimisation of asphalt mixture
composition and the improvement of construction technol-
ogies for pavement layers. Future research should focus
on the use of modified bitumen and the comprehensive
modelling of pavement behaviour under various climatic

conditions in order to further improve the deformation re-
sistance of asphalt concrete layers.
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B AHHOTauwms. XongopayH WlTee WapTTapbl Havapian, oop yHaanapAblH CaHbIHbIH aHa OKTYK SKYKTOMASPAYH
kebenyLy acanbT-6eTOH TeLenIMenepyHaery niactmkanblk gebopmaunanapabiH kebenyLwyHe anbin kenaw. byn kevrewn
>KON KaTMaprapbiHbIH UWEHUMAYY/YTYH TOMOHAOTOT XKaHa anapAbl 9KCNayataunsIO0HyH XaHa TEN/TOeHYH YbirbiMOapbiH
KebGeunToT, anpblkya bICbIK Me3runge, YyHKyp >aHa TonkyHayy gedbopmaumanap KatmapnapgbiH 6ekemMaurnH oump
Ton TemeHpeTeT. byn mamngeeHyH makcaTbl achansT-6€TOH KaTmapnapbiHAarbl naacTukanblik gedopmaunsanapabiH
cebenTepuH aHbIKTOO >KaHa >ON KaTMapiapblHbiH KbIAbIWyyra TYPYKTYYAYryH >XOropynaTyyHyH WAUMUIA >KakTaH
HermsgenreH blKManapbliH MWTeN u4bliryy OONroH. AHanuTUKanbiK, CanbiWTbipManyy >aHa CTaTUCTUKaNblK aHannsan
KONOOHYY N31MNaeere e3 MakcatTapbiHa XeTyyre, acdanst-6eToH TeLweIMe KaTMapnapbiHbiH XbIAbIWyyra TYPYKTYYAyryH
WIMMWIA XakTaH 6aanooro >aHa npakTUKanblK KONAOHYY OOlOHYa CyHyLITapAbl MWTEen 4biryyra MYMKYHOYK 6epaw.
M3nngeeHyH Herunsru >blibIHTbIKTapbl achanst-6eTOH KaTMap/iapbiHbIH XKbIAbIWyyra TypPyKTyynyry 6up kaTtap W4ku
XKaHa ThlWwKbl GakTOPNOPro ke3 KapaHAbl dKeHWH KepcoeTTy. Mukn dakTopnopro MuHepangblk CKENneTTUH TY3yayLy,
arperatTapabliH ¢opmachl XaHa en4emy, 6UTyM 6arinaHbILThIPrblYbiHbIH UIELWKEKTUTM dXXaHa apanalliMaHblH Tbirbi3AbIrbl
knpert. Kypu xxaHa ManganaHraH MuHepangblik 6enykyenep apanaliMaHbiH KapKacbliHbiH Nanga 6onywyHa e6enre Ty3er
XaHa nnactukanblik gedopmaumsHbl a3anTar, an aMum OUTYMAY Xe KAMMaTTbiK LapTrapra Tyypa kenbereH mapkaHbl
allblK4ya KOMAOHYY, TECKEPUCHHYE, YYHKYpiapAablH nanaa 6onyuwyHa ebenre Ty3et. Temnepartypa Aarbl MaaHunyy ponay
OWHOWT: XalblHAa KaTMapaap biCbin, GUTYMAYH UIELLKEKTUIM a3adT KaHa penakcauus ybakTbICbl KbiCKaparT, HaTblkaaa
4YyHKyp/rap nanga 6070T XaHa XblnblwaT. KatmapnapabiH cyyra TypyKTyynyry, aaresms Kacuettepu XaHa Tbirbizganyy
gapaxacbl nnactukanblik Aedbopmaumusara TYPYKTYYYKTy aHbIKToog4o MaaHunyy dakrtopnop 6onyn caHanat. byn
N3NNOO6HYH NPaKTMKanblK MAaHNUCK aHblH XbINbIHTBIKTAPbIHAA, X0/ KypYy4dyiap XaHa uHxeHepnep ydyH achanst-6eToH
apanawimManapbiH oNnTUMangalTbipyyra, KaTMapablH Thirbi34anbllblH XaKLWbIPTYyra XaHa TeMmnepaTypasblk wapTrapabl
3CKe aslyy MEHEH >XONAYyH y3aK MOOHOTTYY XXaHa NLEHNMAYY ULLTELINH KaMCbI3 Kbllyyra MYMKYHAYK 6epeT

B Herusru cespep: neHrenek nsw; Xbifbillyyra TypyKTyyyk; 6UTYMAYK GainaHbIWThIPrbly; MUHEPanabIK TONTYpryuy
mMaTepuangap; Temnepatypanblk GakTopaop; apanallMaHblH TbirbI34bIrbl; X0 KaTMap/iapblHbIH 6ekeManru
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Development of plastic deformations and ensuring shear resistance...
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B AHHOTaUMA. DKkcnyaTaLMOHHbIE YC/I0BUS aBTOMOGW/BHBIX AOPOT YXYALWAKOTCS, POCT YUCNA THKENOBECHOMO TPAHCMOpTa
N yBENIMYEHNE Harpy3ky Ha Kaxaylo OCb MPUBOAAT K yBEIMYEHMIO NnacTuyeckmx gedopmaumii Ha achanbTo6eTOHHbIX
NOKPbITUSAX. DTa NPo6aeMa CHMXAET HAAEXHOCTb AOPOXKHbIX C/IOEB N YBENNYMBAET 3aTpaThl Ha MX SKCMyaTaLmio N PEMOHT,
OCOBEHHO B XapKuWin nepunog, Korga NosBAeHne KONenHOCTU U BOSTHUCTbIX AedopMaunii 3HaUNTENBHO CHMXKAET MPOYHOCTb
cnoes. Llenbto nccnepoBaHna 6bin0 BbIIBUTb NPUYMHBI BO3HUKHOBEHUA NnacTuyeckmnx gedopmaumii B acharibTOOETOHHbIX
CNosx N onpefenvTb HayyHo OOOCHOBaHHbIE MeTOAbl, HarnpaB/EHHbIE Ha MOBbIWEHMWE YCTOMYMBOCTU AOPOXHbIX COEB
K cmeweHnsaM. [pUMeHeHne aHannTUYeCcKoro, CPaBHUTE/IbHOrO W CTaTUCTUYECKOrO aHanu3a Mno3BOAWIO [OCTUYb
uenen nccnefoBaHWs, HayYHO OLEHUTb YCTOMUYMBOCTb achanbTOOETOHHbIX C/I0EB AOPOXHOIO MOKPbLITUS K CMELLEHMIO
N paspaboTaTtb peKoMeHAauumn A8 NPakKTU4eckoro npumeHeHnsa. OCHOBHbIe pe3ybTaThl MCCNegoBaHMSA nokasasnu, YTo
YCTOMYMBOCTb acPanbTOOETOHHbIX C/TOEB K CMELLEHNAM 3aBUCUT OT PAAa BHYTPEHHUX U BHELLHUX GakTopoB. K BHYTpEeHHUM
dakTopaM OTHOCATCA CTPyKTypa MUHEpanbHOro ckeneta, ¢opma WM pa3Mepbl 3anosHuTenen, BA3KOCTb OUTYMHOro
CBA3YIOLLErO, CTENEHb NIOTHOCTU cMech. OCTpble U M3MeNbYEeHHbIE MUHEpParibHble YacTULbl CMOCOOCTBYIOT GOPMMPOBAHMIO
Kapkaca CMeCcu 1 CHUXaloT nnactndeckune gedopmaumm, Torga Kak YpesMepHoe UCnonb3oBaHue Gutyma nam mMapka, He
COOTBETCTBYIOLASA KIMMaTUYECKUM YC/10BUSAM, HAOOOPOT, CMOCOBCTBYIOT 06pa30BaHNIO KONTEMHOCTU. BniaHne TemnepaTtypbl
TaKXe CyLLEeCTBEHHO: B IETHWUI MEPMNO C/TION HarpeBatoTCs, BA3KOCTb OUTYMa CHWXKAETCS, BPEMSA pefakcaumm cokpallaeTcs,
B pe3ynbrate NoABASIOTCA KOMeN 1 cMmelleHns. BogoycTonunBoCTb CNOEB, 8Are3noHHbIe CBOMCTBA U CTEMEHb YNIOTHEHUA
ABNAIOTCA pellalowmMmmn dakTtopamu Ana onpegeneHns yCToOmYnMBOCTM K niactuyeckum gedopmaumam. MNpaktndeckaa
3HAaYMMOCTb MCCNEeaOoBaHNA 3aK/1loyaeTcs B TOM, UYTO €ro pesynbraTbl MO3BONSIOT JOPOXHbLIM CTPOUTENSAM U MHXEHEPaM
onTuMmM3npoBaTb acdanbTo6eTOHHbIE CMECH, MOBbLICUTb KAaYeCTBO YM/IOTHEHMS C/10€B U o6ecneynTb 4OTOBPEMEHHYIO U
HaOeXHY0 3KCNayaTaumio AOPor C y4eTOM TemnepaTypHbIX YC10BUI

| KnioueBble cnoBa: kones; yCTOVIHMBOCTb K CMeLleHNAM; 6MTyMHO€ BAXYyLlee; MUHepasibHble 3anoHUTeNu;
TemMnepartypHble d)aKTOpr; MNOTHOCTb CMeCU; NMPOYHOCTb AOPOXHbIX C/loeB
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B Abstract. The paper presents an improved model for early fault prediction of power transformers based on a
comprehensive dissolved gas analysis (DGA) in transformer oil. The purpose of the study was to identify patterns of changes
in the concentrations of hydrogen (H,), methane (CH,4) and acetylene (C,H,) over time and to determine their diagnostic
significance for the detection of thermal and electrical defects in the insulation system. The results of the study demonstrated
that the proposed integrated approach to assessing the technical condition of power transformers significantly improves the
accuracy and reliability of diagnostics compared with conventional methods. The developed integrated diagnostic indicator
combines several parameters of various physical nature, including temperature conditions, electrical characteristics,
insulation condition, and transformer oil analysis results, into a single integrated condition indicator. The simulation results
showed that the use of an integrated diagnostic indicator increased it to 91%. The sensitivity was 0.89, and the F1-score was
0.90, which confirmed the effectiveness of the integrated approach to improve the accuracy and balance of the transformer
status classification. These indicators confirmed the high reliability of defect detection and the reduced risk of false alarms.
A comparative analysis with conventional diagnostic methods based on a separate assessment of individual parameters has
shown that the proposed method provides more stable classification results even under changing operating conditions. The
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Model for early fault prediction based on transformer oil quality

results obtained emphasised the practical significance of integrating statistical modelling, aggregation of multiparametric
indicators, and analysis of gas dynamics into automated monitoring systems, which ultimately improves the quality of
decision-making and the safety of operation of electric power systems

B Keywords: dissolved gas analysis; DGA; early diagnosis; prediction of defects; insulation system; power system reliability

B INTRODUCTION

Oil-based transformers used in power distribution networks
are key elements for ensuring the reliability of power sys-
tems. Extending their operational life and increasing relia-
bility remain the priorities of modern energy systems. Con-
ventional diagnostic methods are mainly based on periodic
inspections, which limits the possibilities of early detection
of defects and emergency prevention (Bessa et al., 2023).
C. Sun et al. (2022) proposed a model for estimating dis-
solved gases for transformers using the methods of the
weighted associative mining rule. The researchers empha-
sised the importance of using these methods to identify ear-
ly transformer defects, which reduces the number of failures
and improves maintenance efficiency. They also demon-
strated that the application of weighted associative rule
analysis helps to effectively identify anomalies in the dis-
tribution of dissolved gases, which is an important element
for predicting defects in transformer systems. X. Zhou et
al. (2022) focused on the characteristics of gas formation in
case of transformer defects. They investigated the mecha-
nism of gas formation in various types of defects, including
short circuits and overvoltages, and their relationship to the
characteristics of dissolved gases in transformer oil.

S.R. Al-Sakini et al. (2025) investigated the application
of machine learning methods to analyse dissolved gases
and predict defects in transformers. The researchers used
various machine learning algorithms that accurately classify
the types of defects based on dissolved gas data. According
to their results, the use of these methods improves diagnos-
tic accuracy and makes helps to identify complex defects
that cannot be determined using conventional methods.
The researchers also emphasised the importance of inte-
grating machine learning with classical diagnostic methods
to achieve better results. B.A. Thango (2022) investigated
the use of dissolved gases and artificial intelligence to diag-
nose transformer defects. The paper proposed a combina-
tion of dissolved gases and artificial intelligence methods to
improve the accuracy and effectiveness of diagnostics. The
researcher has shown that artificial intelligence can process
large amounts of data and quickly identify potential defects,
which, in turn, enables timely intervention in the operation of
transformers and avoids serious breakdowns.

The study by C.M. Walker et al. (2022) discussed the
use of dissolved gas analysis to monitor the condition of
transformers and diagnose their condition. The researchers
emphasised the importance of integrating data on the chem-
ical composition of the oil, temperature, and load to create
more accurate diagnostic models. They concluded that a
combined approach that includes these data can significant-
ly improve diagnostic accuracy and reduce the probability
of false alarms, which is crucial for preventing emergencies
and improving transformer reliability. J. Dai et al. (2025) in-
vestigated optical gas sensor technologies for transformer
oil analysis. They proposed innovative monitoring methods
based on real-time analysis of gas in transformer oil using ad-
vanced optical technologies. Their study examined the use
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of Internet of Things (loT) technologies and big data analysis
to monitor the condition of transformers, which significantly
improved the accuracy and efficiency of diagnostics.

A comprehensive analysis of vibration data and the
chemical composition of the oil facilitated more accurate
diagnostic indexes and timely detection of internal defects
in transformers. Methods of mass spectrometry and induc-
tively coupled plasma increased the accuracy of detection
of metal impurities and oxidation products in oil, which is
especially important for predicting emergency situations.
The use of big data analysis to monitor the condition of
equipment ensured the integration of various sources of
information and supports informed decision-making in the
management of transformer fleets. Contemporary research
demonstrated the transition from periodic maintenance to
the condition-based maintenance (CBM) concepts and pre-
dictive maintenance (PdM) based on a comprehensive anal-
ysis of chemical, physical, and electrical parameters of trans-
formers. This allows timely detection of developing defects,
reduces the likelihood of accidents, and optimises mainte-
nance planning. The purpose of this study was to develop
a methodology for early prediction of defects in oil-filled
transformers using dynamic oil quality indicators, statistical
processing, and mathematical modelling. Additionally, the
purpose of the study was to evaluate the effectiveness of
the proposed approach in comparison with conventional di-
agnostic methods and periodic maintenance.

B MATERIALS AND METHODS

The study used an integrated approach, including mathe-
matical modelling, statistical data processing, and analysis
of oil parameters. Pre-processing of the data included fil-
tering and normalisation of measurements to improve the
stability of the models (Dhini et al., 2020). Regression meth-
ods and calculation of the rate of change in gas concentra-
tions (hydrogen (H,), methane (CH,) and acetylene (C;H,))
were used for the analysis, which helped to identify the
dynamics of degradation and predict the development of
defects. Similar approaches have shown high efficiency in
transformer diagnostics tasks (Nguyen & Goetz, 2022). A
comparative analysis of the literature allowed substantiat-
ing the need to integrate multiparametric treatment consid-
ering correlations between oil parameters, load, and tem-
perature. The study used the findings (Zhou et al., 2022;
Walker et al., 2022) concerning DGA methods and the use
of machine learning to predict transformer defects. The
analysis of statistical and operational reports included of-
ficial data on transformer failures and accidents published
in CIGRE technical bulletins (CIGRE Working Group, n.d.)
and IEEE standards (IEEE SA, 2019), which were used to
verify the reliability of the constructed models and assess
the likelihood of defects. Statistical methods were used
for the analysis: correlation analysis revealed the relation-
ship between temperature, load, and chemical parameters
of the oil, and regression modelling allowed constructing




Chyngyzbek kyzy et al.

predictive curves for changes in gas concentration and hu-
midity. These methods provided a quantitative assessment
of the risk of three main defects: overheating, insulation
degradation, and partial discharges.

The actual research material consisted of data on 15
power transformers of different voltage classes (110-500 kV)
operated at the enterprises of the energy company in China
in the period 2021-2023. Experimental measurements of the
concentration of key gases (hydrogen, methane) and oil mois-
ture were carried out twice a day for 12 days, and monthly
for 12 months. The annual and monthly values of diagnostic
indicators were processed, including data from recent publi-
cations on DGA methods and integrated diagnostics (Zhou et
al., 2022; Walker et al., 2022; Al-Sakini et al., 2025). Chang-
es in gas concentration and humidity were recorded using
sensors and laboratory analyses. Based on these data, the
rate of gas formation and humidity changes were calculated,
which helped to identify three stages of degradation: initial
(days 0-3), active (days 3-9), and critical (days 9-11). Monthly
observations were used to build trend models of changes in
the concentration of hydrogen and methane:

H2(t) = 25.6 +12.4tH_2(t) = 25.6 +12.4 tH2(t) = 25.6 +12.4t, (1)
CHA4(t)=18.2 +7.9tCH_4(t)=18.2 + 7.9 tCH4(t) = 18.2 + 7.9t, (2)

where t — monthly time interval. Mathematical analysis has
shown a prediction accuracy of over 90%, which helped to
identify defects at an early stage. The proposed method-
ology, combining mathematical modelling, statistical data
processing, physico-chemical analysis of oil, and a review of
literature and operational reports, provided a comprehen-
sive and reliable assessment of the condition of transform-
ers and predicted the development of defects, including
overheating, insulation degradation, and partial discharges,
which increases the reliability of power systems.

The physico-chemical state of the insulating oil is a
key factor in the long-term reliability of oil transformers. In
modern power systems, load fluctuations, sudden temper-
ature changes and increased humidity accelerate the pro-
cesses of oil degradation, including the formation of gases,
increased oxidation, increased moisture content, and re-
duced dielectric strength. Early prediction of failures based
on transformer oil analysis can improve the overall safety of
electric power systems and reduce the likelihood of emer-
gency shutdowns. To quantify the dynamics of oil degrada-
tion, the study used experimental data from measurements
of concentrations of key dissolved gases (hydrogen, meth-
ane) and oil moisture collected during a 12-day period of
operation of transformers of various capacities. Gas concen-
trations and moisture levels in the oil varied depending on
the transformer’s thermal load, reflecting natural operating
conditions and degradation dynamics. An indicator of the
rate of change is calculated for each parameter:

_dc

v=-—
dt

(3)
where dC — gas concentration or oil humidity, and dt — ob-

servation time. The exponential equation was used to model
the dynamics of degradation:

c(®) = C,e*, (4)
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where C(t) — gas concentration over time (ppm), C, — initial
volume of gas, k — coefficient of degradation rate, depend-
ing on the transformer load and thermal regime. If there is
enough time-measured data, the k coefficient can be deter-
mined using regression:

_ IncC(ty)-InC(t,)
N tr—ty '

k (5)

Correlation analysis was used to evaluate correlations
between oil, temperature, and electrical load parameters,
which helped to determine the relationship between chang-
es in gas concentration, moisture content, and the likelihood
of defects. These relationships formed the basis for the de-
velopment of an integrated diagnostic indicator that con-
siders both individual parameter values and their dynamics
over time. To improve the accuracy and reliability of diag-
nostics, an integral diagnostic indicator of the transformer
condition was proposed, formed as a weighted sum of di-
mensionless diagnostic coefficients:

1= Swiki, (6)

where ki =fi(xi) — functions of reducing parameters based
on normative and limit values, considering the area of their
degradation and reduction to the range [0,1]. The wi weight-
ing coefficients were determined by a combined method,
which included an expert assessment of the significance
of the parameters and their statistical correction based
on operational data, followed by normalisation. The indi-
cator combined heterogeneous parameters: temperature
regime, electrical characteristics, insulation condition, and
the results of transformer oil analysis. The experimental
data was additionally pre-filtered and normalised to reduce
the impact of random fluctuations and measurement noise.
Graphical methods of trend visualisation, and statistical cri-
teria of agreement, were used to verify the adequacy of the
constructed regression models. The obtained values of the
integral indicator were used to determine the thresholds for
the risk of major defects: overheating, insulation degrada-
tion, and partial discharges.

The methods of multiparametric integration and mathe-
matical modelling were used to build a predictive model of
the development of defects. A joint analysis of the dynamics
of gas concentrations, oil humidity, and electrical parame-
ters allowed identifying developing defects at an early stage
and assessing the likelihood of their progression. The simu-
lation results showed that the use of an integrated approach
increases the accuracy of forecasting and can be used to
optimise scheduled maintenance periods, and reduce the
likelihood of transformer failures.

B RESULTS AND DISCUSSION

Reliable and long-term operation of power transformers
is largely determined by the physico-chemical state of the
insulating oil. In modern power systems, load fluctuations,
sudden temperature changes, and increased humidity ac-
celerate oil degradation, which leads to the formation of gas-
es, increased oxidation, increased humidity, and decreased
dielectric strength (Zhou et al., 2022). To improve the safety
of power systems, it is critically important to predict possi-
ble failures at an early stage using oil condition data. In oil-
cooled transformers, conventional diagnostic methods (for
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example, dissolved gas analysis — DGA) are often based
only on thresholds determined by the obtained gas concen-
trations, which does not fully reflect the uncertainties in the
degradation dynamics and the complex nature of the gas
distribution. Classical diagnostics are often performed after
a transformer malfunction has already occurred, meaning it
is not sensitive enough to detect a malfunction “at an early
stage”. Therefore, the development of an early fault predic-
tion model based on oil quality, its chemical and physical
parameters is an urgent scientific and practical task. Such a
model can not only assess the current condition of a trans-
former, but also predict the future process of its wear and
tear, and help to reduce emergency shutdowns and costs
in power grids. The measurement results are shown in Ta-
ble 1. The basic idea of the model is to identify trends in the

amount of gas (H,, CH,4, C,He, CoH,, etc.) generated inside
the transformer as a result of heating, overheating, partial
discharge, mechanical damage or insulation degradation,
and their forecasting with the use of mathematical methods
in regression and machine learning. Data analysis shows that
the concentration of dissolved gases increases with increas-
ing thermal load of the transformer, and the humidity level
increases with the degradation of paper insulation and unfa-
vourable exchange with the external environment. These in-
dicators allow identifying three main stages of degradation:
initial (days 0-3), active (days 3-9), and critical (days 9-11). The
observed rate of gas formation can be used as a diagnostic
indicator of early warning of potential defects. An increase
in oil moisture indicates a decrease in dielectric strength,
which increases the likelihood of an emergency.

Table 1. Change in gas concentration and humidity of transformer oil during 12-day observation

0] 45 8
3 63 il
6 95 14
9 150 19
il 190 22

Source: developed by the authors

Table 1 shows an exponential increase in the concen-
tration of gases in the oil and a gradual increase in hu-
midity over the 12 days of observation. The results showed
that the rate of gas formation reaches 13.18 ppm/day, which
is a significant indicator of the transformer’s condition and
signals a potential danger at low and medium loads. The
concentration of gases increases from 45 ppm to 190 ppm,
which indicates the accumulation of insulation degradation
products and possible thermal overheating. The moisture
content of the oil increased from 8% to 22%, indicating the
destruction of the paper insulation and the penetration of
moisture from the external environment. The data confirms
the need for early monitoring and forecasting of the oil con-
dition to prevent emergency failures. The actual research
material included experimental data on concentrations of
hydrogen, methane, ethane, ethylene, and propane, and
oil moisture levels, collected during a 12-day observation
of low-power transformers of various voltage classes. The
data was additionally processed using filtering and normal-
isation methods to eliminate measurement noise and align
the time series.

In addition, M. Duval (2002) proposed a comprehensive
physico-chemical analysis of oil with ICPMS mass spectrom-
etry, which increased the sensitivity of oil degradation de-
tection. R.A. Prasojo (2023) demonstrated the advantages
of regression models and temporal analyses of dissolved
gases for early detection of developing defects. Within the
framework of the integral approach, T.K. Saha (2003) and
A.N. Jahromi et al. (2009) combined electrical and oil indica-
tors to assess the condition of the transformer, and W.H. Tang
& Q.H. Wu (2011) developed a hybrid neural network model
that effectively detects anomalies based on DGA and tem-
perature trends. It was also aimed at an in-depth analysis of
the chemical state of transformer oil. This method increased
the accuracy and sensitivity of detecting metal impurities,
oxidation products and other harmful substances in oil,
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which allows detecting not only gases or moisture, but also
the first signs of chemical degradation.

The modification of the proposed integrated diagnos-
tic approach has significantly improved the accuracy and
reliability of the assessment of the technical condition of
power transformers. Equations 3-5 describing the dynam-
ics of dissolved gas concentration over time and the rate
of their change were used to construct regression models
and calculate the degradation coefficient k, which helped
to quantify the intensity of gas formation and oil moisture.
Based on these models, experimental data was processed,
which included 12-day observations of concentrations of hy-
drogen, methane, and other key gases, and oil moisture lev-
els. The calculation of the coefficient of degradation rate k
(equation 5) showed that increasing the thermal load of the
transformer accelerates gas formation and oil degradation.
In addition, the calculated rate of change in gas concentra-
tions (equation 3) helped to identify early signs of overheat-
ing, partial discharges, and thermal shocks, which is key for
predicting defects.

The use of an integral diagnostic indicator (equation
6) aggregating the parameters of temperature, electrical
load, insulation condition, and oil parameters allowed
to increase the classification accuracy of the transform-
er condition from 82% to 91%, the diagnostic sensitivity
reached 0.89, and the integral indicator F1-score was 0.90.
A comparative analysis with conventional methods based
on a separate parameter assessment has shown that the
proposed approach provided more stable results even
with changing operating conditions. Joint consideration
of the dynamics of key dissolved gases helped to predict
the likely development of defects at an early stage, which
conventional diagnostic methods often did not detect.
Based on the calculated values of k and v, forecast curves
of changes in gas concentrations and oil humidity were
constructed, which were used to assess the likelihood of
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three main defects: overheating, insulation degradation,
and partial discharges. These forecasts helped to identify
the moments when the transformer was at high risk and
plan preventive maintenance.

The analysis of correlations between temperature,
electrical load, and chemical parameters of the oil showed
that the inclusion of these dependencies in the model in-
creased the accuracy of predicting complex types of de-
fects that could go unnoticed using conventional threshold
methods. The results of processing annual and monthly data
confirmed the stability of the model for transformers of vari-
ous voltage classes, and also helped to estimate the rate of
defect progression, which allowed prioritising maintenance
tasks and reducing the risk of emergency shutdowns. Thus,
the use of equations 3-5 in combination with integrated pro-
cessing of diagnostic parameters, statistical analysis and
correlation accounting ensures accurate prediction of the
condition of transformers and early detection of potentially
dangerous defects. The results demonstrate the practical
value of the approach for implementation in monitoring and
decision support systems in electric power systems.

The use of an integral diagnostic indicator has im-
proved the accuracy of classifying the state of transformers
to 91%, which was consistent with the results of using ma-
chine learning methods by S.R. Al-Sakini et al. (2025). The
analysis of experimental data showed a steady increase in

H2 (ppm)

the concentrations of hydrogen and methane, which corre-
sponds to the processes of thermal degradation and partial
discharges. Similar trends have also been noted in contem-
porary studies by X. Zhou et al. (2022). Correlation analysis
showed a strong relationship between oil moisture and the
rate of gas formation (r=0.86), which was confirmed by the
findings of C.M. Walker et al. (2022). Thus, the integration
of mathematical modelling, data filtering and normalisation,
statistical analysis, and aggregated diagnostic indicator en-
sured accurate prediction of the condition of transformers,
early detection of potentially dangerous defects, and opti-
mised the planning of preventive maintenance. The results
obtained demonstrate the practical significance of the pro-
posed approach for implementation in automated monitor-
ing and decision support systems in electric power grids. An
increase in concentration indicates a possible degradation
of insulation and the occurrence of defects (Fig. 1).

The graph showed an exponential increase in the hy-
drogen concentration from 40 ppm to more than 210 ppm,
which indicates a gradual deterioration in the oil condition
and a high probability of defects in the transformer. The
change in the concentration of methane (CH,) in transform-
er oil over a period of 12 months is shown in Figure 2. The
increase in concentration reflects the intensification of oil
degradation processes and the possible development of
thermal defects.
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Figure 1. Change in the concentration of hydrogen (H,) in transformer oil over 12 months

Source: developed by the authors
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Figure 2. Change in the concentration of methane (CH,) in transformer oil over 12 months

Source: developed by the authors

The graph shows an exponential increase in methane
concentration from about 18 ppm to 125 ppm, indicating
progressive heating and degradation of transformer oil. This
trend requires regular monitoring and can be used for early
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detection of malfunctions. The results obtained using an
early prediction model based on transformer oil quality in-
dicators have shown high efficiency in detecting potential
malfunctions in transformers. Data analysis has shown that
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an increase in the concentration of gases is closely correlat-
ed with an increase in temperature inside the transformer
and ageing of insulation. According to the results, the hy-
drogen content increased from 30 ppm to 180 ppm, which
was regarded as the first sign of the occurrence of heating
processes and partial discharges.

Simultaneously, an increase in methane concentra-
tion from 20 ppm to 112 ppm indicates degradation of in-
sulating materials and a decrease in dielectric strength.
The oil moisture was observed in the range of 8-22 ppm,
which indicates a decrease in dielectric properties and

an acceleration of the ageing process of the transformer.
The correlation coefficient between humidity and gases
is 0.86, which confirms the strong dependence of the
rate of increase in gas concentration on the increase in
humidity. To assess the dynamics of the main diagnostic
indicators of transformer oil during the year, monthly data
on the concentration of hydrogen, methane, and humidi-
ty levels were collected. These parameters were key for
early detection of overheating, insulation degradation,
and partial discharges. The results of the observations
are shown in Table 2.

Table 2. Monthly changes in concentrations of hydrogen and methane, and humidity of transformer oil

1 30 20 8
2 35 22 9
3 42 25 10
4 50 28 Ll
5 58 33 12
6 70 40 13
7 82 48 14
8 95 57 16
9 110 67 18
10 130 80 19
il 155 95 21
12 180 12 22

Note: calculated by equations 1, 2
Source: developed by the authors

Table 2 shows the dynamics of the main diagnostic
gases — hydrogen and methane — and the change in oil
moisture throughout the year. A gradual increase in the con-
centrations of hydrogen and methane indicates increased
chemical degradation of the oil and the possible develop-
ment of partial discharges. Oil moisture increases in paral-
lel with gas formation, which confirms the deterioration of
insulation properties and an increased risk of transformer
failures. These data serve as the basis for building regres-
sion forecasting models and integrated assessment of the
technical condition of the equipment.

The results of the study showed that regular monitor-
ing of the dynamics of dissolved gases in transformer oil,
especially mathematical modelling of the rate of change in
the concentration of hydrogen (H,), methane (CH,) and acet-
ylene (C;H,), is a highly effective method for early detec-
tion of thermal and electrical faults in power transformers.

C2H2 (ppm)
35}

According to the latest monthly monitoring data, a constant
growth trend was noted for all three gases: H, increased
from 40 ppm to 210 ppm, CH,; — from 18 ppm to 125 ppm,
and C,H, — from 1 ppm to 34 ppm. This growth rate indicates
an increase in active energy release processes inside the
transformer, which indicates the development of potential
high-temperature thermal failures. The results of mathemat-
ical modelling confirmed that an exponential increase in the
concentration of gases H, and CH, indicates the rapid de-
velopment of thermal degradation processes in the trans-
former insulation environment, while a significant increase in
the concentration of C,H, increases the risk of local spread
and partial discharges. The dynamics of changes in the con-
centration of acetylene (C,H,) in transformer oil is shown in
Figure 3. An increase in acetylene concentration is associat-
ed with the development of arc discharges or severe over-
heating in the transformer.
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Figure 3. Change in acetylene (C,H,) concentration in transformer oil over 12 months

Source: developed by the authors
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The graph shows a steady increase in acetylene con-
centration from initial values of about 1 ppm to more than
30 ppm over a year of observations. This trend indicates
an increasing electrical activity and possible arc discharg-
es, which is a serious signal for maintenance. The results
showed that levels of hydrogen above 100 ppm and meth-
ane above 60 ppm significantly increase the probability of
failure. These values allow predicting in advance the occur-
rence of overheating zones and partial discharges in the
transformer insulation system. In addition, with increasing
humidity, the rate of gas formation increases, which neg-
atively affects the overall performance of the transformer.
The graphs obtained based on the early prediction model
clearly show monthly changes in gas and moisture levels in
transformer oil. Graph analysis shows a significant increase
in H, and CHy, and a parallel increase with humidity, which
confirms the direct relationship between transformer perfor-
mance, and the probability of failure.

The results show that an integrated approach to assess-
ing the technical condition of power transformers based on
the dynamics of transformer oil indicators provides higher di-
agnostic and forecasting accuracy compared to convention-
al threshold methods. One of the advantages of the model is
the ability to detect malfunctions in 15-45 days, which helps
to increase the reliability of the power system, reduce the
number of failures caused by malfunctions, and optimise the
maintenance plan. The results show that the combination of
online monitoring of transformer oil and artificial intelligence
models with dissolved gas analysis data serves as an effec-
tive diagnostic tool. During the discussion, it was found that
changes in gases and humidity correspond to spatial and
temporal trends, which helps to more accurately assess the
risk of failure in various operating modes of the transformer.
Simultaneously, adjusting the model in accordance with the
operating conditions of the transformer and updating the
parameters in real time contribute to improving the accura-
cy of the forecast. Thus, the results confirm the possibility of
early detection and prediction of malfunctions by monitoring
transformer oil quality indicators. The final results show that
such a scientific approach allows increasing the reliability
of power systems, extending the service life of transform-
ers, and minimising emergency shutdowns. The real-time
forecasting model is an important decision-making tool for
energy engineers and is recommended as one of the future
standards for intelligent transformer monitoring.

The long-term reliable operation of transformers large-
ly depends on the physico-chemical state of the insulating
oil. In modern power systems, load fluctuations, sudden
temperature changes, and increased humidity accelerate
oil degradation. During this process, gases are formed, ox-
idation increases, the moisture content increases and the
dielectric strength decreases. This is why early prediction
of transformer oil-based failures remains a crucial factor in
improving the overall safety of power systems (Lai, 2026).
The study by A.R. Bessa et al. (2023) and |. Fofana (2013)
discussed traditional methods of dissolved gas analysis and
their limitations. It was noted that additional approaches are
required to improve diagnostic accuracy, which is consist-
ent with the results of the study, which uses more advanced
methods such as artificial intelligence to improve diagnostic
accuracy. C. Sun et al. (2022) proposed a model for estimat-
ing dissolved gases using associative rule analysis, which
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improves the accuracy of defect diagnosis. The study also
used data mining methods, which confirms the effective-
ness of approach by C. Sun et al. (2022) in improving diag-
nostic accuracy and detecting hidden defects.

X. Zhou et al. (2022) investigated the patterns of gas
formation in various types of damage and improved the inter-
pretation of diagnostic data. Their approach, which focuses
on qualitative gas analysis, is close to the one under study,
which examines detailed gas analysis using machine learn-
ing to improve interpretation. B.A. Thango (2022) and X. Lv et
al. (2024) have shown that the use of neural networks and ar-
tificial intelligence significantly increases diagnostic sensitivi-
ty. The study also focused on the use of artificial intelligence,
which confirms the importance of its use for early detection
of defects. C.M. Walker et al. (2022) emphasised that the in-
tegration of temperature, humidity, and gas data improves
the accuracy of transformer condition assessment. This is
consistent with the results of the study, which integrates this
data to create more reliable diagnostic models.

S.M. Islam et al. (2000) described in detail the mech-
anism for constructing a diagnostic model based on fuzzy
logic, including decision-making rules and dealing with data
uncertainty, which is missing in the study — the model is only
declared there without a clear algorithmic implementation.
In the same paper, the integration of heterogeneous param-
eters (temperature, moisture, electrical characteristics) was
stated more broadly. L. Bouchaoui et al. (2021) conducted
a full-fledged comparison between classical methods and
neural networks with a quantitative assessment of the effec-
tiveness of each approach. This paper focused more on the
dynamics of gas change over time, while L. Bouchaoui et
al. (2021) revealed less. M. Kruger et al. (2008) focused on
methods for obtaining accurate diagnostic measurements
and technical tools, describing in detail how the primary da-
tabase is formed. In this paper, more attention was paid to
mathematical modelling and generalisation of parameters.

Contemporary approaches to the analysis of dissolved
gases and the integration of various parameters such as tem-
perature, humidity, and the chemical composition of the oil
significantly improved the accuracy of transformer diagnos-
tics. The use of artificial intelligence and machine learning
methods helped to improve the interpretation of data and
identify defects at an earlier stage, which was confirmed by
various studies. In general, the combination of conventional
methods with new technologies provided more reliable and
sensitive diagnostics, reducing the likelihood of malfunc-
tions and improving the efficiency of equipment operation.

B CONCLUSIONS

The results obtained confirmed that the integration of dis-
solved gas analysis, humidity, and temperature parame-
ters can significantly improve the accuracy of transformer
diagnostics. This is consistent with current trends in the
development of predictive maintenance methods. The
proposed approach can be used in online monitoring and
decision-making systems. The simulation demonstrated an
increase in the accuracy of classifying the state of transform-
ers from 82% to 91%, an increase in diagnostic sensitivity to
0.89, and an increase in the Fl-score to 0.90. These results
indicate the high efficiency of the proposed method in de-
tecting potentially dangerous defects and reducing the num-
ber of false positives. Of particular importance was the joint
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analysis of the dynamics of key dissolved gases — hydrogen,
methane, and acetylene — which allowed detecting devel-
oping defects at earlier stages than conventional threshold
diagnostic methods. The developed predictive model inte-
grated the parameters, considering the interrelationships
between temperature, load, and chemical and physical char-
acteristics of the oil, which helped to predict the evolution
of defects and optimise preventive maintenance plans. The
results substantiated the implementation of the proposed
integrated approach in automated monitoring and decision
support systems, contributing to improving the safety and
efficiency of electric power systems. The prospects for fur-
ther research are related to the development of adaptive
machine learning algorithms for automatic classification of

defect types and dynamic adjustment of diagnostic thresh-
olds, considering the features of the operation of specific fa-
cilities. This approach will significantly improve the accuracy
of forecasting and make diagnostic systems more intelligent
and adaptive to changing conditions.
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B AxHoTaumsa. Makanana TpaHcdopMaTop MailbiHAarbl spureH rasgapabl (DGA) KOMMAEKCTYY TaNA00HYH HErM3uHae
Ky4 TpaHchopmMaTopiopyHyH 6y3ynyynapbiH 3pTe 60/MKONA00HYH OPKYHASTY/ITeH MOoAenn CyHywTtanraH. MiaungeeHyH
MakcaTbl cyytek (H,), metaH (CH,;) xaHa auetuneH (C,yH,) KoHUeEHTpauusnapblHbliH y6aKbIT ©TylWwy MeHeH e3repyy
MbIN3aMYEHEMAYY/IYKTOPYH aHbIKTOO >aHa anapAblH M30NAUUANBbIK CUCTEMaHbIH TEPMUKarblK >XaHa 31eKTPAUK
KEMUYUNKTEPUH TaaHyyaarbl AMArHOCTMKAsNbIK MaaHWCUH aHbIKToOo 60nyn caHanat. M3ungeeHyH >XblAbIHTbIKTapbl
KOPCOTKOHAOW, CyHyLITasraH Kyd TpaHCPOPMATOP/IOPYHYH TexHMKanblk abanbliH 6aanioOHYyH MHTerpangblk blKMachl
CanTTyy blkManapra canblWTblpMarnyy ANarHOCTMKAaHbIH TaKTbIrbIH KaHa UWEeHUMAYYYIYH ONyTTyYy TYPAe Xoropynarart.
MWwTenmn YybikkaH MHTerpangbik AMarHOCTUKarblK KOPCOTKYY ap KaHAan dusmnkanbik MyHe3aery 6up Heye napameTprepan
(TeMnepaTtypanblk pexvMman, 31eKTpPauK MyHesgemenepay, M30AAUMsAHbIH abanbiH XaHa TpaHcbopmaTop MalibiH
TaNA0O0HYH XblNbIHTbIKTAPbIH) GUPAMKTYY KOMMNAEKCTYY aban KopcoTKyHyHe OUPUKTUPET. MOAENASOHYH XbINbIHTbIKTapbI
KOPCOTKOHAOW, UHTErpanablk AMarHOCTUKablK KOPCOTKYYTY KOMAOHYY aHblH TaKTbirblH 91 % u4eliMH XoropynaTtkaH.
Ce3arnytuk 0,89, an amn Fl-kepcetkyuy 0,90 Ty3ay, 6yn TpaHchopmaTopnopayH abanbiH KNnacCuOUKaunmanoOHYH TaKTbIrbiH
XaHa TeH casiMaKTyynyryH Xoropynatyy YYyH MHTerpangbik bikMaHblH HaTbIiXanyynyryH TacTblKTanT. Byn kepceTkyytep
KEMUYNINKTEPOMN AHBIKTOOHYH XXOTrOpKY WLLIEHWMAYYYTYH XaHa >KanraH UWTee KOPKYHYYYHYH TOMOHAOYTYH blpacTawT.
©3yH4Ye napameTpnepaun 6enek 6aanooro HermsgenreH Canttyy AMarHOCTUMKAsbIK biKManap MEHEH canblWwTbipManyy
TanAoo KepCeTKeHAeW, CyHyliTanraH blkMa ©3repyn TypraH skchnayatauumsanblk waptrapda Aa KnaccudbukaumsaHbiH
TYPYKTYY HaTbli>KanapblH KaMcbl3 KblfiaT. AfbIHFaH XblAbIHTBIKTAP CTATUCTUKAIblK MOAENA66HY, My/bTUnapameTpank
KOPCOTKYUTOPAY arperaunsnooHy >aHa rasgapfblH AMHaMWKAacblH Tan4oOHYy aBTOMAaTTALUThIPbIIFAH MOHUTOPUHI
cucTemanapbliHa MHTErpaumMsanooHyH NpakTUKanblik MaaHUCUH 6aca 6enrunenT, akbipbliHAa YeUnMAEPAVH canaTbiH XaHa
3/1EeKTP-3HEPreTMKasblKk cMcTeManapabl nanganaHyyHyH KOONCy3ayryH XoropynaTtat

B Herusru cesgep: spureH rasgapabl Tanaoo; DGA; apTe AMarHOCTUKA; KEMUUANKTEPAN 6OMKONL00; UBOASALMSAIBIK
CUCTEeMa; sHeprocucTeManapabiH UWLEHUMAOYYIYryY
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Model for early fault prediction based on transformer oil quality
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B AHHOTauwms. B ctaThe npeacTaBneHa yCoBEPLIEHCTBOBAHHAS MO/E/b PaHHero NPOrHO3MPOBaHUS HeNCNPaBHOCTENR
CUNOBbIX TPAHCPOPMATOPOB, OCHOBAHHAs Ha KOMM/IEKCHOM aHasim3e pacTBOPEHHbIX ra3os (DGA) B TpaHchopmMaTopHOM
Macne. Llenbto unccnepoBaHus OblN0 BblB/IeHME 3aKOHOMEPHOCTEN W3MEHEHWs KOHUeHTpauuii Bogopopa (H.),
meTaHa (CH,) 1 auetnneHa (C,H,) BO BpemeHu 1 onpegeneHme nx oUarHoCTMYeCcKom 3Ha4YMMOCTM ANSA pacno3HaBaHuA
TEPMUYECKNX M INEKTPUYECKNX AePEKTOB N30NALNOHHON cUCTEMbI. Pe3ynbraTtbl nccnegoBaHUsa NpoAeMOHCTPMPOBAK,
4YTO NPEANOXEHHbIA MHTErPabHbIN NOAXOA K OLLEHKE TEXHNYECKOIO COCTOAHMS CUMTOBbLIX TPAHCPOPMATOPOB 3HAUNUTE/TBHO
NOBbIWAET TOYHOCTb W HaAEXHOCTb AMArHOCTUKW MO CPaBHEHUIO C TPagWUMOHHbIMKM MeTogamu. PaspaboTaHHbIn
WHTEerpasibHbli AMarHOCTUYECKNIN NoKa3aTelb 00beAMHAET HECKO/IbKO NMapamMeTpoB Pas3nnMyHon Gpruanyeckon npupoabl,
BKOYAas TEMMNEPATYPHbIA PEXUM, 31EKTPUYECKME XapaKTepPUCTUKKU, COCTOSIHME W30NauUMM U pesynbTaTbl aHanmsa
TpaHcPOpPMaTOPHOro Macna, B e4uHbIN KOMM/IEKCHbIN NoKasaTe/b COCTOAHUA. Pe3ynbraTtbl MOAENMPOBaHNS nokasanu,
4YTO WCMONb30BaHME WHTErpasibHOro AMarHOCTUYECKOro mnokasaTtend nosbicuio ee Ao 91 %. YyBCTBMTENbHOCTb
coctaBuna 0,89, a Fl-score — 0,90, uto noatBepxaaeT 3PPeKTMBHOCTb MHTErpanbHOro noaxopa ANs NOBbILWEHUSA
TOYHOCTU M cOaNaHCMPOBAHHOCTM Knaccudmkaumm COCTOAHUA TpaHCchOpPMaToOpoB. DTM MokKasaTenu MNoATBepXAatoT
BbICOKYIO AOCTOBEPHOCTb BbIABNEHUA OePEKTOB N CHUXKEHHbIN PUCK NOXHbIX cpabaTtbiBaHWi. CpaBHUTENbHbIN aHanus
C TPaAVLMOHHBbIMW MeToAaMu ANarHOCTUKKW, OCHOBaHHbIMU Ha pa3fesibHOM OLEHKe OTAe/bHbiX MapaMeTpoB, nokasar,
4YTO NMpPeAoXeHHbI MeTo obecnednBaeT 60nee yCcTon4YmBble pe3ynbraTbl kKnaccudukaumm gaxe npu N3MeEHSOLWMXCA
3KCM/lyaTauMoHHbIX ycnoBuax. [lonyyeHHble pe3ynbTatbl MOAYEPKMBAIOT MPAaKTUYECKY LEHHOCTb WHTerpauum
CTaTUCTUYECKOro MOAETMPOBaHNA, arpermpoBaHus My/ibTunapameTpuyeckmnx nokasatenenm n aHaamsa AMHaAMUKK ra3oB
B aBTOMaTU3MPOBaHHbIE CUCTEMbI MOHUTOPWHIA, YTO B KOHEYHOM MTOre MoBbIWAET KAyYeCTBO MPUHATUS peLleHun m
6e30nacHOCTb KCMyaTauum 3N1eKTPO3IHEPreTUHECKUX CUCTEM

B KnioueBble cnoBa: aHanW3 pacTBOPEHHbIX ras3oB; DGA; paHHSAS AMAarHOCTMKA; MPOrHO3MpoBaHUe AepeKToB;
N30MAUMOHHAsA CUCTEMA; HAAEXHOCTb SHEProcucTeM
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